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Preface

The use of various pharmaceutical carriers to enhance the in vivo efficiency of 
many drugs and drug administration protocols has been well established during 
the last decade in both pharmaceutical research and clinical setting. Surface 
modification of pharmaceutical nanocarriers, such as liposome, micelles, nano-
capsules, polymeric nanoparticles, solid lipid particles, and niosomes, is normally 
used to control their biological properties in a desirable fashion and to simultane-
ously make them perform various therapeutically or diagnostically important 
functions. The most important results of such modification include an increased 
stability and half-life of drug carriers in the circulation, required biodistribution, 
passive or active targeting into the required pathological zone, responsiveness to 
local physiological stimuli, and ability to serve as contrast agents for various 
imaging modalities (gamma-scintigraphy, magnetic resonance imaging, computed 
tomography, ultra-sonography). Frequent surface modifiers (used separately or 
simultaneously) include soluble synthetic polymers (to achieve carrier longevity); 
specific ligands, such as antibodies, peptides, folate, transferrin, and sugar 
moieties (to achieve targeting effect); pH- or temperature-sensitive lipids or 
polymers (to impart stimuli sensitivity); chelating compounds, such as EDTA, 
DTPA, and deferoxamine (to add a heavy metal-based diagnostic/contrast moiety 
onto a drug carrier).

Certainly, new or modified pharmaceutical carriers (nanocarriers) as well as 
their use for the delivery of various drugs and genes are still described in many 
publications. However, looking into the future of the whole field of drug delivery, 
we have to think about the development of the next generation of pharmaceutical 
nanocarriers, combining variety of properties and allowing for the simultaneous 
performance of multiple functions. The current level of engineering pharmaceutical 
carriers in some cases allows for drug delivery systems, demonstrating a combina-
tion of several desired properties. Long-circulating immunoliposomes represent a 
good example of this approach as they combine the ability to remain in the circula-
tion for a long time with the ability to specifically accumulate in target areas. One 
may add pH-sensitive long-circulating liposomes and micelles, or nanocarriers simul-
taneously loaded with a drug and an imaging agent, to the list. Such nanocarriers 
belong to the new, “smart” generation of drug delivery systems. In principle, we can 
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imagine drug delivery systems, which, depending on the immediate requirements, 
can simultaneously or sequentially demonstrate the following properties: (1) circulate 
long in the blood or, more generally, stay long in the body; (2) specifically target 
the site of the disease (accumulate there) via both nonspecific and/or specific 
mechanisms, such as enhanced permeability and retention (EPR) effect and ligand-
mediated recognition; (3) respond local stimuli characteristic of the pathological 
site, such as intrinsic abnormal pH values or temperature or externally applied heat, 
magnetic field, and ultrasound, by, for example, releasing an entrapped drug or 
deleting a protective coating and facilitating the contact between drug-loaded nano-
carriers and target pathological cells; (4) provide an enhanced intracellular delivery 
of an entrapped drug in case the drug is expected to exert its action inside the cell 
(gene delivery to the nuclei or delivery of proapoptotic drugs to the mitochondria 
surface are good examples); (5) supply real-time information about the carrier (and 
drug) biodistribution and target accumulation as well as the outcome of the therapy 
due to the presence within the structure of the carrier of a certain reporter/contrast 
group. Some other less significant and more exotic functions can also be “attached.” 
Strictly speaking, the term “multifunctionality” may also be applicable to pharma-
ceutical carriers simultaneously loaded with more than one drug type. To meet the 
requirements listed above, drug carrier should simultaneously carry various moie-
ties capable of functioning in a certain orchestrated and coordinated fashion. Thus, 
for example, if a system that can provide the combination of longevity (allowing 
for the target accumulation via the EPR effect) and specific cell binding (allowing 
for its internalization by target cells) has to be constructed, two requirements have 
to be met. First, the half-life of the carrier in the circulation should be long to fit 
EPR effect requirements. Second, the internalization of the carrier within the target 
cells should proceed fast to avoid carrier degradation and drug loss in the interstitial 
space. We have to agree that systems like this still represent a challenge, although 
a certain work in this direction has already been done and certain examples of mul-
tifunctional matrices for oral and tumoral delivery already exist.

This book attempts to cover an emerging area of multifunctional pharmaceutical 
carriers. It includes 15 chapters describing different aspects of this approach, from 
stimuli-responsive long-circulating micelles to magnetically sensitive drug carriers, 
which can be simultaneously used as imaging agent. Certainly, a single book can-
not include all the currently available information, and the potential reader may 
discover that certain areas of interest are absent in this volume. Still, I feel that it is 
a good beginning.

I am deeply grateful to all my friends and colleagues who have contributed to 
this book. As an editor, I am open to comments and advices from our readers and 
I believe that they will find this book useful.

Boston, MA Vladimir Torchilin
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Multifunctional Pharmaceutical Nanocarriers: 
Development of the Concept

Vladimir P. Torchilin

1  Multifunctionality of Pharmaceutical Carriers: 
What to Expect?

The use of nanoparticulate pharmaceutical carriers to enhance the in vivo efficiency 
of many drugs and drug administration protocols well established itself over the 
past decade both in pharmaceutical research and in clinical setting. Certainly, new 
or modified nanocarriers as well as their combinations with various drugs and 
genes are still described in multiple publications. However, looking into the future 
of the field of drug delivery, we have to think about the development of the next 
generation of pharmaceutical nanocarriers combining variety of properties and 
allowing for the simultaneous performance of multiple functions. Considering the 
task within our current level of understanding on what is good in drug delivery 
systems (DDSs), we can imagine a DDS, which, depending on the immediate 
requirements, can simultaneously or sequentially demonstrate the following prop-
erties: (1) circulate long in the blood or, more generally, stay long in the body; 
(2) specifically target the site of the disease (accumulate there) via both non-specific 
and specific mechanisms, such as enhanced permeability and retention (EPR) effect 
and ligand-mediated recognition; (3) respond to the local stimuli characteristic of 
the pathological site, such as intrinsic abnormal pH values or temperature or externally 
applied heat, magnetic field or ultrasound, by, for example, releasing an entrapped 
drug or deleting a protective coating and thus facilitating the contact between drug-
loaded nanocarriers and cancer cells; (4) provide an enhanced intracellular delivery 
of an entrapped drug in case the drug is expected to exert its action inside the cell 
(gene delivery to the nuclei or delivery of proapoptotic drugs to the mitochondria 
surface); (5) supply a real-time information about the carrier (and drug) biodistribution 
and target accumulation as well as about the outcome of the therapy due to the pres-
ence of a certain reporter or contrast moiety within the structure of the carrier. Some 
other, less significant and more exotic functions can also be “attached.” Strictly 
speaking, the term multifunctionality may also be applicable to pharmaceutical carri-
ers simultaneously loaded with more than one drug type, but such systems have not 
be discussed here. Any way, to be able to meet the requirement listed earlier, a 
drug carrier should simultaneously carry on its surface various moieties capable of 
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2 V.P. Torchilin

functioning in a certain orchestrated order. The schematic structure of such phar-
maceutical carriers is shown in Fig. 1. We have to agree that systems like this still 
represent a challenge, although a certain work in this direction is already done and 
certain examples of multifunctional matrices for oral and tumoral delivery have 
even been already reviewed (Bernkop-Schnurch and Walker, 2001; Torchilin, 
2006a; van Vlerken and Amiji, 2006).

Various pharmaceutical nanocarriers, such as nanospheres, nanocapsules, lipo-
somes, micelles, cell ghosts and lipoproteins, are widely used for experimental (and 
already clinical) delivery of therapeutic and diagnostic agents (Domb et al., 2007; 
Thassu et al., 2007; Torchilin, 2006b). Surface modification of these carriers is 
often used to control their properties in a desirable fashion and make them to 

Fig. 1 Typical representatives of monofunctional pharmaceutical nanocarriers: (1) traditional 
“plain” nanocarrier (a, nanocarrier; b, drug loaded into the carrier); (2) targeted nanocarrier or 
immunocarrier (c, specific targeting ligand, usually a monoclonal antibody, attached to the carrier 
surface); (3) long-circulating nanocarrier [d, surface-attached protecting polymer (usually PEG) 
allowing for prolonged circulation of the nanocarrier in the blood]; (4) contrast nanocarier for imag-
ing purposes (e, heavy metal atom – 111In, 99 mTc, Gd, Mn – loaded onto the nanocarrier via the 
carrier-incorporated chelating moiety for γ- or MR imaging application); (5) cell-penetrating nano-
carrier (f, cell-penetrating peptide, CPP, attached to the carrier surface and allowing for the carrier 
enhanced uptake by the cells); (6) DNA-carrying nanocarrier such as lipoplex or polyplex (g, DNA 
complexed by the carrier via the carrier surface positive charge); (7) magnetic nanocarrier (h, mag-
netic particles loaded into the carrier together with the drug and allowing for the carrier sensitivity 
towards the external magnetic field and its use as a contrast agent for magnetic resonance imaging). 
First-generation multifunctional pharmaceutical nanocarriers may include different combinations 
of individual functions – see examples I, II and III. Hypothetical “dream” multifunctional pharma-
ceutical nanocarrier combines the properties of all monofunctional carriers 1–7
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Multifunctional Pharmaceutical Nanocarriers 3

simultaneously perform several different functions. The most important results of 
such modification(s) include increased longevity and stability of the carrier (and 
carrier-incorporated drug) in the circulation, favorably changed biodistribution, 
targeting effect, stimuli (pH or temperature)-sensitivity and contrast properties. 
Frequent surface modifiers (used separately or simulatenously) include soluble 
synthetic polymers (to achieve carrier longevity); specific ligands, such as antibod-
ies, peptides, folate, transferrin and sugar moieties (to achieve targeting effect); 
pH- or temperature-sensitive lipids or polymers (to impart stimuli-sensitivity); 
chelating compounds, such as EDTA, diethylene triamine penta acetic acid (DTPA) 
or deferoxamine (to add a heavy-metal-based diagnostic or contrast moiety onto a 
drug carrier). Evidently, different modifiers can present on the surface of the same 
nanoparticular drug carrier in different combinations, providing it with a set of use-
ful properties required in each particular case (e.g. longevity and targetability, tar-
getability and stimuli-sensitivity, or longevity, targetability and contrast properties). 
See the general scheme in Fig. 1.

Chemical or physical conjugation of proteins, peptides, polymers and other 
molecules to the carrier surface required to produce multifunctional pharmaceutical 
nanocarriers with controlled properties can proceed covalently or non-covalently, 
via the hydrophobic adsorption of certain intrinsic or specially inserted hydropho-
bic groups in the ligands. Thus, amphiphilic polymers or hydrophobically modified 
proteins can adsorb on the hydrophobic surface of polystyrene nanoparticles (Yuan 
et al., 1995) or incorporate into the phospholipid membrane of liposomes (Torchilin, 
1998) or hydrophobic core of micelles (Torchilin, 2001). The attachment can also 
be performed chemically, via the reaction of reactive groups generated on the car-
rier surface and certain groups in the molecule to be attached. In many cases, the 
conjugation methodology is based on three efficient and selective reactions: reac-
tion between activated carboxyl groups and amino groups yielding an amide bond, 
reaction between pyridyldithiols and thiols yielding disulfide bonds and reaction 
between maleimide derivatives and thiols yielding thioether bonds (Torchilin and 
Klibanov, 1993). Some other approaches also exist, for example yielding the car-
bamate bond via the reaction of the p-nitropheylcarbonyl groups introduced onto 
the surface of nanocarriers with amino group of various ligands (Torchilin et al., 
2001b). The detailed review of numerous coupling procedures and protocols used 
for attaching the whole variety of surface modifiers to drug carriers can be found in 
Klibanov et al. (2003) and Torchilin et al. (2003c).

It was shown, for example, that carboxylic groups of immunoglobulins can be 
activated by water-soluble carbodiimide; activated protein then can be bound to free 
amino-group-containing surfaces, such as phosphatidyl ethanolamine (PE)-containing 
liposomes (Dunnick et al., 1975). For further ligand attachment,  corresponding reac-
tive groups on the surface of nanocarriers can be pre-modified with the aid of heter-
obifunctional cross-linking reagents, such as popular N-succinimidyl-3 
(2-pyridyldithio)propionate (SPDP) reagent, which was used for the synthesis of a 
PE derivative further used for the coupling to SH-containing proteins (Leserman 
et al., 1980). Another possibility is to rely on the reaction of the thiol groups on a 
 ligand (protein) with the maleimide-group-carrying surfaces. This approach (Martin 
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and Papahadjopoulos, 1982) is now one of the most widely used in research and 
practical applications. For example, various high and low molecular weight com-
pounds have been attached to liposomes, the most popular drug carrier, by using 
pyridyldithiopropionyl-PE or maleimide reagents (Klibanov et al., 2003; Torchilin 
et al., 2003c). The most interesting is the application of free thiol groups on immuno
globulin Fab fragments. The main advantages of this procedure are its simplicity and 
the possibility of controlling the progress of the reaction.

Some ligands carry carbohydrate residues, which can be easily oxidized to yield 
aldehyde groups that can react with surface aminogroups, for example with lipo-
somal aminophospholipids (e.g. PE), with the formation of the Schiff bases (Heath 
et al., 1980). Liposomes containing carboxyl-bearing derivatives of PE were used 
for the attachment of different ligands (Kung and Redemann, 1986) after the activa-
tion with water-soluble carbodiimide directly prior to ligand addition. Same chemical 
reactions can be used to attach non-modified proteins and peptides to various 
nanocarriers, including pre-formed liposomes, containing membrane-incorporated 
reactive lipid derivatives, such as N-glutaryl-PE or glutaryl-cardiolipin (Bogdanov 
et al., 1988; Weissig and Gregoriadis, 1992; Weissig et al., 1990). The use of a four-
tailed hydrophobic cardiolipin derivative instead of a two-tailed PE derivative 
allows for a decrease in the number of amino groups involved in the conjugation 
reaction at the same degree of hydrophobicity. This results in better activity preservation 
by the hydrophobized and liposome-attached protein (Niedermann et al., 1991; 
Weissig et al., 1986). Some methods for attaching various ligands to nanocarriers 
are reviewed in Nobs et al. (2004).

2 Longevity of Pharmaceutical Nanocarriers in the Blood

For the body defence system, “plain” pharmaceutical nanocarriers usually represent 
foreign particles. As a result, they become easily opsonised and eliminated from the 
circulation long before the completion of their function. Thus, the longevity function 
of pharmaceutical nanocarriers becomes prerequisite, and long-circulating pharma-
ceuticals and pharmaceutical carriers represent currently an important and still 
growing area of biomedical research (Cohen and Bernstein, 1996; Lasic and Martin, 
1995; Moghimi and Szebeni, 2003; Torchilin, 1996, 1998; Torchilin and Trubetskoy, 
1995b). The longevity of drug carriers allows maintaining a required level of a phar-
maceutical agent in the blood for extended time intervals. In addition, long-circulating 
drug-containing microparticulates or large macromolecular aggregates can slowly 
accumulate [EPR effect, also termed as passive targeting or accumulation via an 
impaired filtration mechanism; see Maeda (2001) and Maeda et al. (2000)] in pathological 
sites with compromised and leaky vasculature (such as tumors, inflammations and 
infarcted areas), and facilitate drug delivery in those areas (Gabizon, 1995; Maeda, 
2001; Maeda et al., 2000). In addition, the prolonged circulation can help to achieve 
a better targeting effect for targeted (specific ligand-modified) drugs and drug carriers, 
allowing more time for their interaction with the target (Torchilin, 1996).
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The most frequent way to impart the in vivo longevity to drug carriers is their 
chemical modification with certain synthetic polymers, such as poly(ethylene gly-
col) (PEG), as was first suggested for liposomes (Allen et al., 1991; Klibanov et al., 
1990; Maruyama et al., 1991; Papahadjopoulos et al., 1991; Senior et al., 1991). 
Hydrophilic polymers have been shown to protect individual molecules and solid 
particulates from interaction with different solutes providing what is named steric 
stabilization (Napper, 1983). Coating nanoparticles with PEG sterically hinders 
interactions of blood components with their surface and reduces the binding of 
plasma proteins with nanoparticles as was demonstrated for liposomes (Allen, 
1994; Chonn et al., 1991, 1992; Lasic et al., 1991; Senior et al., 1991; Woodle, 
1993), thus preventing drug carrier interaction with opsonins and their fast capture 
by RES (Senior, 1987) due to the formation of the polymeric layer over the particle 
surface, which is impermeable for other solutes even at relatively low polymer 
concentrations (Gabizon and Papahadjopoulos, 1992; Torchilin et al., 1994). 
Currently, there exist many chemical approaches to synthesize activated derivatives 
of PEG and to couple these derivatives with a variety of drugs and drug carriers [see 
reviews in Torchilin (2002), Veronese (2001) and Zalipsky (1995)]. Thus, for exam-
ple, to make PEG capable of incorporating into the liposomal membrane, the reac-
tive derivative of hydrophilic PEG is single terminus modified with hydrophobic 
moiety (usually, the residue of PE or long-chain fatty acid is attached to PEG-
hydroxysuccinimide ester) (Klibanov et al., 1990, 1991). In majority of protocols, 
PEG-PE is used, which must be added to the lipid mixture prior to liposome forma-
tion. Alternatively, it was suggested to synthesize single end-reactive derivatives of 
PEG able to be coupled with certain reactive groups (such as maleimide) on the 
surface of already prepared liposomes, referred to as the post-coating method 
(Maruyama et al., 1995). Spontaneous incorporation of PEG-lipid conjugates into 
the liposome membrane from PEG-lipid micelles was also shown to be very effec-
tive and did not disturb the vesicles (Sou et al., 2000).

Although PEG is the golden standard in making long-circulating drugs and drug 
carriers, quite a few other biocompatible, soluble, and hydrophilic polymers have 
also been suggested as alternative steric protectors for nanoparticular drug carriers 
(Torchilin and Trubetskoy, 1995b; Torchilin et al., 1995b), such as single terminus 
lipid-modified poly(acryl amide) and poly(vinyl pyrrolidone) (Chonn et al., 1992; 
Lasic et al., 1991), poly(acryloyl morpholine) (Monfardini et al., 1995; Ranucci 
et al., 1994; Sartore et al., 1994), phospholipid (PE)-modified poly(2-methyl-2-
oxazoline) or poly(2-ethyl-2-oxazoline) (Woodle et al., 1994), phosphatidyl polyglycerols 
(Maruyama et al., 1994) and polyvinyl alcohol (Takeuchi et al., 1999).

Surface modification of hydrophobic polymeric nanoparticles can be performed 
by physical adsorption of a protecting polymer on a particle surface, or by chemical 
grafting of polymer chains onto a particle. Possible examples of the first case include 
the absorption of series of polyethylene oxide and polypropylene oxide copolymers 
(Pluronic/Tetronic™ or Poloxamer/Poloxamine™ surfactants) on the surface of pol-
ystyrene latex particles via the hydrophobic interaction mechanism, and resulting 
polymer-coated nanoparticles also become protected from the uptake by reticulo-
endothelial system upon intravenous injection (Illum and Davis, 1983). The absorption 
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of the above copolymers leads not only to the decrease of particle uptake by resident 
macrophages in liver but, after coating with some specific copolymers, can redirect 
the injected nanoparticles to other organs (Porter et al., 1992). For example, the 
coating of 60-nm polystyrene latex with Poloxamer 407 results in increased particle 
accumulation in bone marrow. The same group has demonstrated that analogous 
procedure also helps substantially to alter the biodistribution of subcutaneously 
injected nanospheres. Coating of 60-nm diameter polystyrene nanospheres with 
certain Poloxamer/Poloxamine copolymers results in their increased accumulation 
in regional lymph nodes. The optimal length of the copolymer polyoxyethylene 
block for this particular purpose has been found to be 5–15 oxyethylene units. 
Non-coated particles normally stay at the injection site while particles coated with 
longer polyoxyethylene-containing copolymers are not retaining in the nodes and 
eventually appearing in systemic circulation (Moghimi et al., 1994). Surface modi-
fication of polystyrene latexes with PEG was also successfully applied to make 
long-circulating particles and study their penetration into tumors (Hobbs et al., 
1998; Monsky et al., 1999; Yuan et al., 1995).

Another important type of polymeric nanoparticles is based on the block-copolymer 
of PEG and polylactide-glycolide (PEG-PLAGA) (Gref et al., 1994, 1995; Krause 
et al., 1985). Using PLAGA-PEG copolymer, one can prepare long-circulating 
particles with insoluble (solid) PLAGA core and water-soluble PEG shell cova-
lently linked to the core (Gref et al., 1994, 1995). Similar effects on longevity and 
biodistribution of microparticular drug carriers might be achieved by direct chemical 
attachment of protective polyethylene oxide chains onto the surface of preformed 
particles (Harper et al., 1991). Similarly, coating polycyanoacrylate particles with 
PEG resulted in their increased longevity in the circulation, allowing even for their 
diffusion into the brain tissue (Calvo et al., 2001; Peracchia et al., 1999). 
Fluorouracil-containing dendrimer nanoparticles modified with PEG demonstrated 
better drug retention and less hemolytic activity (Bhadra et al., 2003). Grafting 
PEG onto the surface of gold particles via mercaptosilanes expectedly resulted in 
decreased protein adsorption onto modified particles and less platelet adhesion 
(Zhang et al., 2001).

Thus, the most significant biological consequence of nanocarrier modification 
with protecting polymers is a sharp increase in its circulation time and decrease in 
their RES (liver) accumulation (Klibanov et al., 1990; Torchilin, 1998; Torchilin 
et al., 1994). This fact is very important clinically, since various long-circulating 
nanocarriers have been shown to effectively accumulate in many tumors via the 
EPR effect (Gabizon and Papahadjopoulos, 1988; Gabizon, 1995; Maeda, 2001; 
Maeda et al., 2000). Long-circulating liposomes were prepared containing various 
anticancer agents, such as doxorubicine, arabinofuranosylcytosine, adriamycin, and 
vincristin (Allen et al., 1992; Boman et al., 1994; Gabizon et al., 1994; Huang 
et al., 1994). PEG-liposome-incorporated doxorubicine (Doxil®) has already 
demonstrated very good clinical results (Ewer et al., 2004; Gabizon, 1995; Rose, 
2005). From a pharmacokinetic point of view, the presence of protective polymer 
on the carrier surface further improves the parameters favorably influenced by 
drug association with nanocarriers, such as delayed drug absorption, restricted drug 
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biodistribution, decreased volume of drug biodistribution, delayed drug clearance 
and retarded drug metabolism (Allen et al., 1995; Hwang, 1987; Senior et al., 1991; 
Torchilin, 1998).

3 Long-Circulating Targeted Pharmaceutical Nanocarriers

The most evident approach to imparting more than one function to a pharmaceutical 
nanocarrier is to add the property of the specific target recognition to the carrier’s 
ability to circulate for long. Targeting of drug carriers with the aid of ligands selective 
to cell-surface receptors allows for the selective drug delivery to those cells. There 
are, however, certain considerations to be taken into account in the design of 
ligand-coated long-circulating drug carriers: (1) the ligand (antibody, another 
protein, peptide or carbohydrate) attached to the carrier surface may increase the 
rate of its uptake in the liver and spleen, despite the presence of a PEG brush or 
another “long-circulating” molecule on the carrier surface; see, for example, 
Klibanov (1998); (2) ligand-bearing long-circulating nanocarriers could facilitate 
the development of an unwanted immune response in the body against the ligand 
or other carrier components, as was shown with the raise of anti-liposome antibod-
ies, the extent of which depends on the character of the ligand (small peptide or Fv 
fragment is less immunogenic than a complete foreign IgG molecule) and the 
liposome composition (Benhar et al., 1994; Harding et al., 1997; Park et al., 2001); 
(3) the amount of ligand attached to the carrier may be critical to ensure successful 
binding with the target while maintaining the extended circulation of the carrier. 
Thus, the use of drug carriers with lower surface density of the ligand may allow 
to extend the carrier circulation time and to improve the overall in vivo targeting 
efficacy to smaller targets with limited blood flow. Such carriers, however, may not 
be the best to bind to the same target in vitro, when compared with the ones fully 
coated with ligand.

To obtain targeted nanocarriers, a variety of methods have been developed to 
attach corresponding vectors (antibodies, peptides, sugar moieties, folate and other 
ligands) to the carrier surface. Thus, for example, numerous methods for antibody 
coupling to liposomes have been reviewed long ago (Torchilin, 1984, 1985). 
Modification with specific antibodies was also successfully applied to non-
liposomal nanocarriers. Thus, nanoparticles made of gelatin and human serum 
albumin, were modified with HER2 receptor-specific antibody trastuzumab via 
avidin–biotin system (Wartlick et al., 2004). These surface-modified nanoparticles 
were effectively endocytosed by HER2-overexpressing cells. Anti-CD3 antibodies 
are attached to gelatin particles via the same avidin–biotin system in order to 
enhance the interaction of these particles with lymphocytes (Balthasar et al., 2005). 
Antibodies specific for CD14 and prostate-specific membrane antigen were used to 
modify the surface of dendrimer nanoparticles (Thomas et al., 2004), which 
acquired the ability to specifically bind to the cells overexpressing corresponding 
antigens.
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To achieve better selective targeting by long-circulating PEGylated nanopartic-
ulates, targeting ligands were attached to nanocarriers via the PEG spacer arm, so 
that the ligand is extended outside of the dense PEG brush excluding steric hin-
drances for its binding to the target receptors. With this in mind, potential ligands 
were attached to the activated far (distal) ends of some liposome-grafted polymeric 
chain (Blume et al. 1993; Torchilin et al., 2001a). For this purpose several types of 
end-group functionalized lipopolymers of general formula X-PEG-PE (Zalipsky, 
1995; Zalipsky et al., 1998), where X represents a reactive functional-group-
containing moiety and PEG-PE represents the conjugate of PE and PEG, were 
introduced. Most of the end-group functionalized PEG-lipids were synthesized 
from heterobifunctional PEG derivatives containing hydroxyl and carboxyl or 
amino groups. To further simplify the coupling procedure and to make it applicable 
for single-step binding of a large variety of amino-group-containing ligands (includ-
ing antibodies, proteins and small molecules) to the distal end of nanocarrier-attached 
polymeric chains, amphiphilic PEG derivative, p-nitrophenylcarbonyl-PEG-PE 
(pNP-PEG-PE), was introduced (Torchilin et al., 2000, 2001a, 2003b). pNP-PEG-PE 
readily adsorbs on hydrophobic nanoparticles or incorporates into liposomes and 
micelles via its phospholipid residue, and easily binds any amino-group-containing 
compound via its water-exposed pNP group forming stable and non-toxic urethane 
(carbamate) bond.

Several strategies have been suggested to engineer specific ligand-bearing long-
circulating PEGylated nanocarriers, first of all, liposomes (Zalipsky et al., 1997, 
1998). The first approach involves the modification of preformed nanocarriers, 
including liposomes, containing a certain number of reactive groups exposed into 
the aqueous surroundings. According to the second approach, pure ligand-PEG-
lipid conjugate is mixed with other liposomal matrix-forming components, for 
example lecithin and cholesterol, and then made into unilamellar vesicles (DeFrees 
et al., 1996; Gabizon et al., 1999; Wong et al., 1997; Zalipsky et al., 1997). 
According to the third approach, mPEG-DSPE or any ligand modified with the 
reactive PEG-PE is post-inserted into preformed liposomes (Yoshioka, 1991; 
Zalipsky et al., 1997).

The majority of research in this area relates to cancer targeting, which utilizes a 
variety of monoclonal antibodies. Internalizing antibodies are required to achieve 
a really improved therapeutic efficacy of antibody-targeted liposomal drugs as was 
shown using B-lymphoma cells and internalizable epitopes (CD19) as an example 
(Sapra and Allen, 2002). An interesting concept was developed to target HER2-
overexpressing tumors using anti-HER2 liposomes (Park et al., 2001). Antibody 
CC52 against rat colon adenocarcinoma CC531 attached to PEGylated liposomes 
provided specific accumulation of liposomes in rat model of metastatic CC531 
(Kamps et al., 2000).

A nucleosome-specific monoclonal antibody (mAb 2C5) capable of recognition 
of various tumor cells via the tumor-cell surface-bound nucleosomes significantly 
improved Doxil® targeting to tumor cells and increased its cytotoxicity (Lukyanov 
et al., 2004a) both in vitro and in vivo in different test systems, including intracra-
nial human brain U-87 tumor xenograft in nude mice (Gupta and Torchilin, 2007). 
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The same antibody was also used to effectively target long-circulating PEG-
liposomes loaded with an agent for tumor photo-dynamic therapy (PDT) both to 
multiple cancer cells in vitro and to experimental tumors in vivo and provide a sig-
nificantly enhanced tumor-cell killing under the conditions of PDT (Roby et al., 
2007); see Fig. 2.

GD2-targeted immunoliposomes with novel antitumoral drug, fenretinide, 
inducing apoptosis in neuroblastoma and melanoma cell lines, demonstrated strong 
anti-neuroblastoma activity both in vitro and in vivo in mice (Raffaghello et al., 
2003). Combination of immunoliposome and endosome-disruptive peptide improves 
the cytosolic delivery of the liposomal drug, increases cytotoxicity, and opens new 
approach to constructing targeted liposomal systems as shown with diphteria toxin 
A chain incorporated together with pH-dependent fusogenic peptide diINF-7 into 
liposomes specific towards ovarian carcinoma (Mastrobattista et al., 2002).

Surface modification with antibodies was also applied to make other pharma-
ceutical nanocarriers targeted, in particular cancer-targeted; see Brannon-Peppas 
and Blanchette (2004) for review. Nanoparticles made of poly(lactic acid) were 
surface-modified with PEG and with anti-transferrin receptor monoclonal antibody 
to produce PEGylated immunoparticles with the size of about 120 nm and contain-
ing ca. 65 bound antibody molecules per single particle (Olivier et al., 2002). 
Mammalian cells (NIH3T3, 32D, Ba/F3, hybridoma 9E10) were surface-modified 
with distal terminus-activated oleyl-PEG and various proteins (streptavidin, EGFP 
and antibody) were successfully attached to the activated PEG termini (Kato et al., 
2004), producing potentially interesting multifunctional (long-circulating and 
targeted) drug delivery system.
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Fig. 2 a Tumor accumulation of micellar preparations in LLC tumor-bearing mice C57BL/6 
at 0, 6 and 24 h post-injection via tail vein with 111In-labelled TPP-loaded PEG-PE micelles by 
γ-scintigraphy: upper row – mAb 2C5-modified micelles; bottom row – micelles modified with 
non-specific IgG. b In vivo therapeutic effect of various TPP preparations in LLC tumor-bearing 
mice after i.v. injection of 1mg/kg of TPP 14 days post-tumor inoculation (the data expressed as 
tumor volumes): filled diamond, control untreated animals; open square, animals treated with free 
TPP; open triangle, animals treated with TPP in PEG-PE micelles; filled triangle, animals treated 
with TPP in mAb 2C5-PEG-PE-immunomicelles. Arrows indicate TPP injection (left arrow) and 
irradiation (right arrow) time points
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Similar combination of longevity and targetability can also be achieved by using 
some other specific ligands attached to long-circulating preparations. Thus, since 
transferrin (Tf) receptor (TfR) is overexpressed on the surface of many tumor cells, 
antibodies against TfR as well as Tf itself are among popular ligands for targeting 
various nanoparticular drug carriers, including liposomes to tumors and inside tumor 
cells (Hatakeyama et al., 2004). Recent studies involve the coupling of Tf to PEG on 
PEGylated liposomes in order to combine longevity and targetability for drug deliv-
ery into solid tumors (Ishida et al., 2001). Immunoliposomes with OX26 monoclonal 
antibody to the rat TfR were found to concentrate on brain microvascular endothe-
lium (Huwyler et al., 1996).

Targeting tumors with folate-modified nanocarriers also represents a popular 
approach, since folate receptor (FR) expression is frequently overexpressed in many 
tumor cells (Gabizon et al., 2004; Leamon and Low, 1991; Lee and Low, 1994; Lu and 
Low, 2002). Folate-targeted liposomes have been suggested as delivery vehicles for 
boron neutron capture therapy (Stephenson et al., 2003). Folate was also attached 
to the surface of cyanoacrylate-based nanoparticles via activated PEG blocks (Stella 
et al., 2000). Similarly, PEG-polycaprolactone-based particles were surface-modified 
with folate and, after being loaded with paclitaxel, demonstrated increased cytotoxicity 
(Park et al., 2005). Superparamagnetic magnetite nanoparticles were modified with 
folate (with or without PEG spacer) and demonstrated better uptake by cancer cells, 
which can be used for both diagnostic (magnetic resonance imaging agents) and 
therapeutic purposes (Choi et al., 2004; Zhang et al., 2002).

Other specific ligands attached to long-circulating nanocarriers have also been 
described. Thus, hyaluronan-modified long-circulating liposomes loaded with 
mitomycin C are active against tumors overexpressing hyaluronan receptors (Peer 
and Margalit, 2004). Vasoactive intestinal peptide (VIP) was attached to PEG-liposomes 
with radionuclides to target them to VIP-receptors of the tumor, which resulted in 
an enhanced breast cancer inhibition in rats (Dagar et al., 2003). PEG-liposomes 
were targeted by RGD peptides to integrins of tumor vasculature and, being loaded 
with doxorubicin, demonstrated increased efficiency against C26 colon carcinoma 
in murine model (Schiffelers et al., 2003).

4  Long-Circulating, Targeted and Stimuli-Sensitive 
Nanocarriers

An additional function can be added to long-circulating PEGylated pharmaceutical 
carriers, which allows for the detachment of protecting polymer (PEG) chains under 
the action of certain local stimuli characteristic of pathological areas, such as 
decreased pH value or increased temperature usually noted for inflamed and neoplas-
tic areas. In fact, the stability of PEGylated nanocarriers may not always be favorable 
for drug delivery. If drug-containing nanocarriers accumulate inside the tumor, they 
may be unable to easily release the drug to kill the tumor cells. Likewise, if the carrier 
has to be taken up by a cell via an endocytic pathway, the presence of the PEG coat 



Multifunctional Pharmaceutical Nanocarriers 11

on its surface may preclude the contents from escaping the endosome and being 
delivered in the cytoplasm. To solve these problems, for example, in the case of 
long-circulating liposomes, the chemistry was developed to detach PEG from the lipid 
anchor in the desired conditions. Labile linkage that would degrade only in the acidic 
conditions characteristic of the endocytic vacuole or the acidotic tumor mass can be 
based on the diorto esters (Guo and Szoka, 2001), vinyl esters (Boomer and Thompson, 
1999), cystein-cleavable lipopolymers (Zalipsky et al., 1999), double esters and hydra-
zones that are quite stable at pH around 7.5 but hydrolyzed relatively fast at pH values 
of 6 and below (Guo and Szoka, 2001; Kratz et al., 1999; Zhang et al., 2004). When the 
PEG brush is cleaved (e.g. from the liposome surface), the membrane destabilization 
should occur, and the liposome contents would be delivered to its target (e.g. by escap-
ing from the primary endosome into the cell cytoplasm). Polymeric components with 
pH-sensitive (pH-cleavable) bonds are used to produce stimuli-responsive drug delivery 
systems that are stable in the circulation or in normal tissues, however, acquire the abil-
ity to degrade and release the entrapped drugs in body areas or cell compartments with 
lowered pH, such as tumors, infarcts, inflammation zones or cell cytoplasm or endo-
somes (Roux et al., 2002a, 2004;Simoes et al., 2004). A variety of liposomes (Leroux 
et al., 2001; Roux et al., 2002b) and polymeric micelles (Lee et al., 2003a,b;; Sudimack 
et al., 2002) have been described that include the components with acid-labile bonds as 
well as variety of drug conjugates capable of releasing such drugs as adriamycin (Jones 
et al., 2003), paclitaxel (Suzawa et al., 2002), doxorubicin (Potineni et al., 2003), and 
DNA (Cheung et al., 2001; Venugopalan et al., 2002; Yoo et al., 2002) in acidic cell 
compartments (endosomes) and pathological body areas under acidosis. Serum-
stable, long-circulating PEGylated pH-sensitive liposomes were also prepared 
using the combination of PEG and pH-sensitive terminally alkylated copolymer of 
N isopropylacrylamide and methacrylic (Roux et al., 2004) on the same liposome, since 
the attachment of the pH-sensitive polymer to the surface of liposomes might facilitate 
liposome destabilization and drug release in compartments with decreased pH values. 
Combination of liposome pH-sensitivity and specific ligand targeting for cytosolic drug 
delivery utilizing decreased endosomal pH values was described for folate- and 
Tf-targeted liposomes (Kakudo et al., 2004; Shi et al., 2002; Turk et al., 2002).

Dendrimeric systems derived from diaminobutane poly(propylene imine) with 
surface-attached PEG and loaded with various drugs demonstrated acid-sensitivity 
and were capable of releasing incorporated drugs when titrated with acids followed 
by the addition of sodium chloride solution (Paleos et al., 2004).

The stimuli-sensitivity of PEG coats can also allow for the preparation of multi-
functional drug delivery systems with temporarily “hidden” functions, which under 
normal circumstances, are “shielded” by the protective PEG coat, which however 
become exposed after PEG detaches (see Intracellular Drug Delivery). Such sys-
tems require that multiple functions attached to the surface of the nanocarrier 
should function in a certain orchestrated and coordinated way. For the above 
system the following requirements have to be met: (1) the life of the carrier in the 
circulation should be long enough to fit EPR effect or targeted delivery requirements 
(i.e. PEG coat mediating the longevity function or specific ligand mediating the 
targeting function should not be lost by the nanocarrier when in circulation) and 
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(2) the internalization of the carrier within the target cells should proceed fast, not 
allowing for the carrier degradation and drug loss in the interstitial space (i.e. local 
stimuli-dependent removal of the protective function and the exposure of the 
temporarily hidden second function should proceed fast).

In yet another approach, drug carriers, such as microcapsules, can be loaded not 
only with the drug alone, but also with magnetic nanoparticles allowing for manip-
ulation of such capsules in magnetic field or with metallic nanoparticles, which can 
respond to external electromagnetic field and control the rate of drug release by 
oscillating or heating the carrier (Sukhorukov et al., 2007).

5 Intracellular Drug Delivery by Multifunctional Nanocarriers

Intracellular transport of different biologically active molecules, including various 
large molecules (proteins, enzymes, antibodies) and even drug-loaded pharmaceu-
tical nanocarriers, is one of the key problems in drug delivery in general. Many 
pharmaceutical agents need to be delivered intracellularly to exert their therapeutic 
action inside cytoplasm or onto nucleus or other specific organelles, such as lyso-
somes, mitochondria or endoplasmic reticulum. This group includes preparations 
for gene and antisense therapy, which have to reach cell nuclei; pro-apoptotic 
drugs, which target mitochondria; lysosomal enzymes, which have to reach lyso-
somal compartment; and some others. For example, intracytoplasmic drug delivery 
in cancer treatment may overcome such an important obstacle in anti-cancer chem-
otherapy as multidrug resistance. However, the lipophilic nature of the biological 
membranes restricts the direct intracellular delivery of such compounds. The cell 
membrane prevents various soluble small molecules as well as big molecules such 
as peptides, proteins and DNA from spontaneously entering cells unless there is an 
active transport mechanism as in the case of some short peptides. Under certain 
circumstances, these molecules or even small particles can be taken from the extra-
cellular space into cells by the receptor-mediated endocytosis (Varga et al., 2000). 
However, molecules or particles entering cell via the endocytic pathway become 
entrapped into endosomes and eventually end in lysosomes, where active degrada-
tion processes proceed under the action of the lysosomal enzymes. As a result, only 
a small fraction of unaffected substance appears in the cell cytoplasm. Another 
problem is that even after being safely delivered into the cell cytoplasm drugs 
should still find their way to specific organells where they are expected to utilize 
their therapeutic potential. This is especially important in case of gene delivery. 
Viral vectors for DNA delivery suffer from non-specificity and inherent risks of 
virus-induced complications. Non-viral delivery systems, first of all, cationic lipids 
or liposomes (Farhood et al., 1995) also have certain drawbacks, such as non-
specificity and cytotoxic reactions (Filion and Phillips, 1997; Scheule et al., 1997), 
though new cationic lipid derivatives with decreased toxicity are currently under 
development (Tang and Hughes, 1999). Still, the traditional routes of internaliza-
tion of DNA carriers by endocytosis or pinocytosis with subsequent degradation of 
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the delivered DNA by lysosomal nucleases strongly limit the efficacy of transfec-
tion (Xu and Szoka, 1996). From this point of view, the development of a new 
method that can deliver genetic constructs directly into the cytoplasm of the target 
cells would be highly desirable.

Evidently, a certain function providing an efficient intracellular penetration and, 
ideally, even subcellular targeting, is the highly desirable one for multifunctional 
nanocarriers. The addition of the positive charge to the nanocarrier can signifi-
cantly enhance its uptake by cells, and the use of cationic lipids and cationic poly-
mers as transfection vectors for efficient intracellular delivery of DNA was 
suggested about 20 years ago (Wu and Wu, 1987; Xu and Szoka, 1996). Currently 
this is a vast and well-developed field (see one of the recent reviews in Elouahabi 
and Ruysschaert (2005). Complexes between cationic lipids (such as Lipofectin®, 
an equimolar mixture of N-(1-(2,3-dioleyloxy)propyl)-N,N,N-trimethylammonium 
chloride – DOTMA and dioleoyl phosphatidyl ethanolamine – DOPE) and DNA 
(lipoplexes) and complexes between cationic polymers, such as polyethyleneimine 
(PEI) (Kunath et al., 2003), and DNA (polyplexes) are formed because of strong 
electrostatic interactions between the positively charged carrier and negatively 
charged DNA. A slight net positive charge of already formed lipoplexes and poly-
plexes is believed to facilitate their interaction with negatively charged cells and 
improve transfection efficiency (Sakurai et al., 2000). Endocytosis (including the 
receptor-mediated endocytosis) was repeatedly confirmed as the main mechanism 
of lipoplex or polyplex internalization by cells (Ogris et al., 2001). Of special 
importance is the fact that despite endocytosis-mediated uptake of lipolexes and 
polyplexes, DNA does not end in lysosomes but gets released into the cytoplasm 
because of the destabilization of the endosomal membrane provoked by lipid or 
polymeric component of the complexes.

Early studies in this area of the carriers, which can destabilize the endosomal 
membrane have been performed with the liposomal drug carriers, when different 
methods of liposomal content delivery into the cytoplasm have been elaborated by 
adding the pH-sensitivity function to liposomal preparations, which can already 
bear some other functions, such as longevity and targetability (Straubinger et al., 
1985; Torchilin, 1991). It was believed that such pH-sensitive carriers would desta-
bilize the endosomal membrane when inside endosomes liberating the entrapped 
drug into the cytoplasm. For example, according to one of these methods, the lipo-
some is made of pH-sensitive components, and after being endocytosed in the 
intact form, it fuses with the endovacuolar membrane under the action of lowered 
pH inside the endosome and destabilizes it, releasing its content into the cytoplasm 
(Torchilin et al., 1993). Thus, endosomes become the gates, enabling transport 
from the outside into the cell cytoplasm (Sheff, 2004). Cellular drug delivery medi-
ated by pH-sensitive liposomes is not a simple intracellular leakage from the lipid 
vesicle since the drug has to cross the endosomal membrane also (Asokan and Cho, 
2003). The presence of fusogenic lipids in the liposome composition, such as 
unsaturated DOPE, is usually required to render pH-sensitivity to liposomes 
(Shalaev and Steponkus, 1999). Multifunctional long-circulating PEGylated 
DOPE-containing pH-sensitive liposomes, although have a decreased pH- sensitivity, 
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still effectively deliver their contents into cytoplasm [recent review in Simoes et al. 
(2004)]. Antisense oligonucleotides were delivered into the cells by anionic pH-
sensitive PE-containing liposomes, which are stable in the blood, however, undergo 
phase transition at acidic endosomal pH and facilitate oligo release into cell cyto-
plasm (recent review in Fattal et al. (2004) ). Serum stable, long-circulating 
PEGylated pH-sensitive liposomes were also prepared using, on the same lipo-
some, the combination of PEG and pH-sensitive terminally alkylated copolymer of 
N-isopropylacrylamide and methacrylic (Roux et al., 2004). Combination of lipo-
some pH-sensitivity and specific ligand targeting for cytosolic drug delivery utiliz-
ing decreased endosomal pH values was described for both folate and Tf-targeted 
liposomes (Xu et al., 2002). Additional modification of pH-sensitive liposomes 
with an antibody results in pH-sensitive immunoliposomes. A successful applica-
tion of pH-sensitive immunoliposomes has been demonstrated for the delivery of a 
variety of molecules including fluorescent dyes, antitumor drugs, proteins and 
DNA (Torchilin, 2006c). In addition to membrane-destabilizing lipid components, 
there exists a large family of membrane-destabilizing anionic polymers that can 
also enhance the endosomal escape of various drugs and biomacromolecules 
(Yessine and Leroux, 2004). This family includes various carboxylated polymers, 
copolymers of acrylic and methacrylic acids, copolymers of maleic acid, polymers 
and copolymers of N-isopropylacrylamide, which demonstrate lower critical solu-
tion (solubility–insolubility switch) at physiological temperatures, and when pre-
cipitated, destabilize biomembranes they are interacting with (Yessine et al., 2003). 
Such polymers can be attached to the surface of drug or DNA-loaded nanocarriers, 
allowing for endosome destabilization and cytoplasmic escape.

In case of polyplexes, which cannot directly destabilize the endosomal membrane, 
the mechanism of DNA escape from endosomes is associated with the ability of poly-
mers, such as PEI, strongly protonate under the acidic pH inside endosome and create 
a charge gradient eventually provoking a water influx and endosomal swelling and dis-
integration (Boussif et al., 1995). In both cases, however, DNA-containing complexes 
when released into the cytosol dissociate, allowing for nuclear entry of free DNA. 
Nuclear translocation of the plasmid DNA is relatively inefficient because of the barrier 
function of the nuclear membrane and small size of nuclear pores (ca. 25 nm), in addi-
tion DNA degrades rather fast under the action of cytoplasmic nucleases (Pollard et al., 
2001), and only 0.1% of palsmids undergo nuclear translocation from the cytosol 
(Pollard et al., 1998). The attachment of nuclear localization sequences to plasmid DNA 
may enhance its nuclear translocation and transfection efficiency (Branden et al., 1999). 
New approaches in using multifunctional carriers for DNA delivery include the applica-
tion of bimetallic nanorods that can simultaneously bind compacted DNA plasmid and 
targeting ligands in a spatially defined manner (Salem et al., 2003).

Polymeric micelles can also demonstrate pH-sensitivity and ability to escape 
from endosomes. Thus, micelles prepared from PEG-poly(aspartate hydrazone 
adriamycin) easily release an active drug at lowered pH values typical for 
 endosomes and facilitate its cytoplasmic delivery and toxicity against cancer cells 
(Bae et al., 2005). Alternatively, micelles for intracellular delivery of antisense oli-
gonucleotides (ODN) were prepared from ODN-PEG conjugates complexed with a 
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 cationic fusogenic peptide, KALA, and provided much higher intracellular delivery 
of the ODN, which could be achieved with free ODN (Jeong et al., 2003). One 
could also enhance an intracellular delivery of drug-loaded micelles by adding to 
their composition lipid components used in membrane-destabilizing Lipofectin®. 
The compensation of the negative charge of PEG-lipid micelles (Lukyanov et al., 
2004b) by the addition of positively charged lipids to PEG-PE micelles could 
improve the uptake by cancer cells of drug-loaded mixed PEG-PE or positively 
charged lipid micelles. After the enhanced endocytosis, such micelles could escape 
from the endosomes and enter the cytoplasm of cancer cells. This approach was 
used to increase an intracellular delivery and, thus, the anticancer activity of the 
micellar paclitaxel by preparing paclitaxel-containing micelles from the mixture of 
PEG-PE and positively charged lipids (Wang et al., 2005). Multifunctional poly-
meric micelles capable of pH-dependent dissociation and drug release when loaded 
with doxorubicin and supplemented with biotin as cancer cell-interacting ligand 
were also described in Lee et al. (2005).

Another, more recent approach in intracellular drug delivery is based on the 
modification of drugs and drug carriers (including the multifunctional ones) with 
certain proteins and peptides demonstrating a unique ability to penetrate into cells 
(transduction phenomenon). This function can be added on top of the longevity and 
targetability of the pharmaceutical drug-loaded nanocarriers. Thus, the trans-activating 
transcriptional activator (TAT) protein from HIV-1 enters various cells when added 
to the surrounding media (Frankel and Pabo, 1988). The same is true about several 
other cell-penetrating proteins and peptides (CPPs). All CPPs are divided into two 
classes: the first class consists of amphipathic helical peptides, such as transportan 
and model amphipathic peptide (MAP), where lysine (Lys) is the main contributor 
to the positive charge, while the second class includes arginine (Arg)-rich peptides, 
such as TAT (47–57) and Antp or penetratin (Hallbrink et al., 2001). TAT peptide 
(TATp) includes a cluster of basic amino acids 47–57 (11-mer; Tyr-Gly-Arg-Lys-
Lys-Arg-Arg-Gln-Arg-Arg-Arg), which represents the minimal protein transduc-
tion domain (PTD) (Loret et al., 1991; Schwarze et al., 2000). The minimal PTD 
of Antp, called penetratin, is the 16-mer peptide (43–58 residues) (Derossi et 
al., 1994). Other CPPs that can be used for the modification of nanocarriers 
include VP22; transportan, a 27-amino-acid-long chimeric CPP (Pooga et al., 
1998); 18-mer amphipathic model peptide with the sequence 
KLALKLALKALKAALKLA (Oehlke et al., 1998). In terms of the cellular uptake 
and cargo delivery kinetics, MAP has the fastest uptake, followed by transportan, 
TATp (48–60), and penetratin. Similarly, MAP has the highest cargo delivery effi-
ciency, followed by transportan, TATp (48–60), and penetratin. The membrane 
disturbing potential of these peptides is proportional to the hydrophobic moment of 
the peptide (Hallbrink et al., 2001). The available data assume more than one 
mechanism for CPPs and CPP-mediated intracellular delivery of various molecules 
and particles. TAT-mediated intracellular delivery of large molecules and nanopar-
ticles was proved to proceed via the energy-dependent macropinocytosis with 
subsequent enhanced escape from endosome into the cell cytoplasm (Wadia et al., 
2004), while individual CPPs or CPP-conjugated small molecules penetrate cells 
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via electrostatic interactions and hydrogen bonding and do not seem to depend on 
the energy (Rothbard et al., 2004).

It was shown that CPPs could internalize nanosized particles into the cells 
(Josephson et al., 1999). Superparamagnetic iron oxide nanoparticles (SPIONs) con-
jugated with TATp and fluorescein isothiocyanate were taken up quickly by T cells, 
B cells and macrophages followed by migration of the conjugate primarily to the 
cytoplasm, which could be tracked readily by MRI (Kaufman et al., 2003). A bio-
compatible dextran-coated SPION derivatized with TATp were internalized into 
lymphocytes by over 100-fold more efficiently than were non-modified particles. The 
characterization on the number of TATp molecules required for an efficient delivery 
of magnetic nanoparticles revealed that higher numbers of TATp molecules (above 
10 per single SPIO particle) enhanced the intracellular accumulation of such particles 
with the 100-fold increase in cell labeling efficiency (Zhao et al., 2002). The combi-
nation of longevity, magnetic properties and ability to penetrate inside cells results in 
pharmaceutical nanopreparations with new and unique properties, including contrast 
properties, allowing for MR visualization of cells taking up such particles.

It was also demonstrated that even relatively large particles, such as liposomes, 
could be delivered into various cells by multiple TATp or other CPP molecules 
attached to their surface (Gorodetsky et al., 2004; Torchilin et al., 2000; Tseng et al., 
2002). The translocation of TATp–liposomes (both plain and PEGylated) into 
cells required the direct interaction of the liposome-attached TATp with the cell 
surface (Levchenko et al., 2003; Torchilin et al., 2000). Complexes of TATp–liposomes 
with a plasmid (plasmid pEGFP-N1 encoding for the green fluorescence protein, 
GFP) were used for successful in vitro transfection of various tumor and normal 
cells as well as for in vivo transfection of tumor cells in mice bearing Lewis lung 
carcinoma (Torchilin et al., 2003b) (the combination of positive charge for DNA 
complexation and cell-penetrating functions). Antp and TATp coupled to small 
unilamellar liposomes were accumulated in higher proportions within tumor cells 
and dendritic cells than when coupled to unmodified control liposomes (Marty 
et al., 2004). The uptake was time- and concentration-dependent and at least 100 
PTD molecules per small unilamellar liposomes were required for efficient uptake 
inside cells. The uptake of the modified liposomes was inhibited by the preincubation 
of liposomes with heparin, confirming the role of heparan sulfate proteoglycans in 
CPP-mediated uptake. Coupling of TATp to the outer surface of liposomes was also 
described that resulted in an enhanced binding and endocytosis of the liposomes in 
ovarian carcinoma cells (Fretz et al., 2004). Antp-liposomes have also been consid-
ered as a carrier system for an enhanced cell-specific delivery of liposome-
entrapped molecules (Marty et al., 2004).

Talking about the multifunctionality, one would like a nanoparticular DDS to be 
able to (1) specifically accumulate in the required organ or tissue and then (2) pen-
etrate inside target cells delivering its load (drug or DNA) intracellularly. Organ or 
tissue (tumor, infarct) accumulation could be achieved by the passive targeting via 
the EPR effect (Maeda et al., 2000; Palmer et al., 1984) assisted by prolonged cir-
culation of such nanocarrier (e.g. as a result of its coating with protecting polymer 
such as PEG); or by the antibody-mediated active targeting (Jaracz et al., 2005; 
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Torchilin, 2004), while the intracellular delivery could be mediated by certain inter-
nalizable ligands (folate, transferrin) (Gabizon et al., 2004; Widera et al., 2003) or 
by CPPs (Gupta et al., 2005; Lochmann et al., 2004). Evidently, such a DDS should 
simultaneously carry on its surface various active moieties, i.e. be multifunctional 
and possess the ability to “switch on” certain functions (such as intracellular pene-
tration) only when necessary, for example under the action of local stimuli charac-
teristic of the target pathological zone (first of all, increased temperature or lowered 
pH values characteristic of inflamed, ischemic and neoplastic tissues). These 
“smart” DDSs should be built in such a way that during the first phase of delivery, 
a non-specific cell-penetrating function is shielded by the function providing organ- 
or tissue-specific delivery (sterically-protecting polymer or antibody). Upon accu-
mulation in the target, protecting polymer or antibody attached to the surface of the 
DDS via the stimuli-sensitive bond should detach under the action of local patho-
logical conditions (abnormal pH or temperature) and expose the previously hidden 
second function, allowing for the subsequent delivery of the carrier and its cargo 
inside cells (see the general scheme in Fig. 3). This is especially important for 

low intra-tumoral pH
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Fig. 3 Schematic representation of a “double-targeted” pharmaceutical carrier with temporarily 
“hidden” function, for example cell-penetrating peptide; and “shielding” polymeric coat (with or 
without targeting antibody attached to it) providing longevity in the blood and specific target 
(tumor) accumulation and preventing the hidden function from the premature interaction with 
target cells. Polymeric chains are attached to the carrier surface via low pH-degradable bonds. 
After the accumulation in the tumor due to PEG (longevity) or antibody (specific targeting) or 
both, pH-dependent de-shielding of the temporarily hidden cell-penetrating function allow for 
carrier penetration inside tumor cells
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CPP-bearing nanocarriers, since all CPPs are highly non-selective and can lead 
their cargo to any cells, including many non-target ones.

Following this route, “smart” nanoparticular drug delivery system can be pre-
pared capable to accumulate in the required organ or tissue, and then penetrate 
inside target cells delivering there its load (drug or DNA). The initial target (tumor, 
infarct) accumulation could be achieved by the passive targeting via the EPR effect 
or by the specific ligand (antibody)-mediated active targeting, whereas the subse-
quent intracellular delivery could be mediated by certain internalizable ligands 
(folate, transferrin) or by CPPs. When in the blood, the cell-penetrating function is 
temporarily inactivated (sterically shielded) to prevent a non-specific drug delivery 
into non-target cells; however when inside the target, the nanocarrier loses its pro-
tective coat, exposes the cell-penetrating function and provides intracellular drug 
delivery. We have recently suggested and prepared targeted long-circulating 
PEGylated liposomes and PEG-phosphatidylethanolamine (PEG-PE)-based 
micelles possessing several functionalities (Kale and Torchilin, 2007; Sawant et al., 
2006). First, such systems were capable of targeting a specific cell or organ by 
attaching the monoclonal antibody (infarct-specific antimyosin antibody 2G4 or 
cancer-specific anti-nucleosome antibody 2C5) to their surface via reactive pNP-
PEG-PE moieties. Second, these liposomes and micelles were additionally modi-
fied with TATp moieties attached to the surface of the nanocarrier by using 
TATp-short PEG-PE derivatives. PEG-PE used for liposome surface modification 
or for micelle preparation was made degradable by inserting the pH-sensitive 
hydrazone bond between PEG and PE (PEG-Hz-PE). Under normal pH values, 
TATp functions on the surface of nanocarriers were “shielded” by long protecting 
PEG chains (pH-degradable PEG

2000
-PE or PEG

5000
-PE) or by long pNP-PEG-PE 

moieties used to attach antibodies to the nanocarrier (non-pH-degradable 
PEG

3400
-PE or PEG

5000
-PE). At pH 7.5–8.0, both liposomes and micelles demon-

strated high specific binding with antibody substrates, but very limited internaliza-
tion by NIH/3T3 or U-87 cells. However, upon brief incubation (15–30 min) at 
lower pH values (pH 5.0–6.0) nanocarriers lost their protective PEG shell because 
of acidic hydrolysis of PEG-Hz-PE and acquired the ability to be effectively inter-
nalized by cells via TATp moieties.

In vivo, TATp-modified pGFP-loaded liposomal preparations have been admin-
istered intratumorarly in tumor-bearing mice and the efficacy of tumor-cell trans-
fection was followed after 72 h. The administration of pGFP-TATp-liposomes with 
non–pH-sensitive PEG coating has resulted in only minimal transfection of tumor 
cells because of steric hindrances for the liposome-to-cell interaction created by the 
PEG coat, which shielded the surface-attached TATp. At the same time, the admin-
istration of pGFP-TATp-liposomes with the low pH-detachable PEG resulted in the 
highly efficient transfection since the removal of PEG under the action of the 
decreased intratumoral pH leads to the exposure of the liposome-attached TATp 
residues, enhanced penetration of the liposomes inside tumor cells and more effec-
tive intracellular delivery of the pGFP (Kale and Torchilin, 2007).

Interesting multifunctional envelope-type devices have been recently described 
for the cytoplasmic delivery of proteins, DNA and oligonucleotides (Suzuki et al., 
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2007). Nanoparticles have been formed by the condensation of the substances to be 
delivered inside cells with lipid derivatives of CPPs, such as polyarginine, and were 
efficiently internalized by the cells and released their cargo into the cytosol.

6  Multifunctional Nanocarriers for Image-Guided Drug 
Delivery and Therapy

In all clinically relevant imaging modalities, to achieve a sufficient attenuation, 
especially, in case of small lesions, contrast agents are used to absorb certain types 
of signal (irradiation) much stronger than do the surrounding tissues. The contrast 
agents are specific for each imaging modality, and as a result of their accumulation 
in certain sites of interest, those sites may be easily visualized when the appropriate 
imaging modality is applied (Torchilin, 1995). To still further increase a local spa-
tial concentration of a contrast agent for better imaging, it was a natural progression 
to use nanoparticulate carriers to carry multiple contrast moieties for an efficient 
delivery of contrast agents to areas of interest and enhancing a signal from these 
areas (Morawski et al., 2005; Sullivan and Ferrari, 2004).

To use pharmaceutical nanocarriers for diagnostic or imaging purposes simulta-
neously with their therapeutic use and to allow for their real-time biodistribution 
and target accumulation, the contrast reporter moieties can be added to multifunc-
tionalized nanocarriers. Among nanocarriers for contrast agents, liposomes, micelles, 
and later dendrimers draw a special attention because of their easily controlled 
properties and good pharmacological characteristics. Liposomes, for example, may 
incorporate contrast agents in both internal aqueous compartment and membrane. 
Two general approaches are used to prepare liposomes for γ- and MR-imaging, 
when heavy metal atoms are used as contrast moieties. The reporter metal could be 
chelated into a soluble chelator (such as DTPA) and then incorporated into the 
interior of a liposome (Tilcock et al., 1989). Alternatively, DTPA or a similar 
chelating compound could be chemically modified with a hydrophobic group, 
which can anchor the chelating moiety onto the liposome surface during or after 
liposome preparation (Kabalka et al., 1991a). Different chelators and different 
hydrophobic anchors were tried for the preparation of 111In, 99 mTc, Mn-, and Gd-
loaded liposomes (Glogard et al., 2002; Grant et al., 1989; Kabalka et al., 1991b; 
Phillips and Goins, 1995; Schwendener et al., 1990; Tilcock, 1993; Torchilin, 
1997b; Torchilin and Trubetskoy, 1995a). In the case of MR imaging, for a better 
MR signal, all reporter atoms should be freely exposed for interaction with water 
as in the case of membranotropic chelating agents – such as DTPA-stearylamine 
(DTPA-SA) (Schwendener et al., 1990) or DTPA-phosphatidyl ethanolamine 
(DTPA-PE) (Kabalka et al., 1991a), which results in better relaxivity of the final 
preparation when compared with liposome-encapsulated paramagnetic ions 
(Barsky et al., 1992; Putz et al., 1994; Schwendener, 1994; Unger et al., 1990). 
The amphiphilic chelating probes (paramagnetic Gd-DTPA-PE and radioactive 
111In-DTPA-SA) can also be incorporated into PEG(5 kDa)-PE micelles and used 
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for in vivo MR and scintigraphy imaging. In micelles, the lipid part of the molecule 
can be anchored in the micelle’s hydrophobic core while a more hydrophilic chelate 
is localized on the hydrophilic shell of the micelle.

To still further increase liposome load with diagnostic moieties, amphiphilic 
polychelating polymers (PAPs) were synthesized consisting of the main chain 
with multiple side chelating groups capable of firm binding many reporter metal 
atoms and hydrophobic terminal group, allowing for polymer adsorption onto 
hydrophobic nanoparticles or incorporation into hydrophobic domains of 
 liposomes or micelles (Torchilin, 2000). Such surface modification of nanocarri-
ers allows for sharp increase in the number of bound reporter metal atoms per 
 particle and image signal intensity. In case of MR, metal atoms chelated into 
polymer side groups are directly exposed to the water environment that enhances 
the relaxivity of the paramagnetic ions and leads to the corresponding enhance-
ment of the vesicle contrast properties (Torchilin, 1997b, 1999; Trubetskoy and 
Torchilin, 1994).

An intersting example of the application of PAP-nanoparticles for actual in vivo 
imaging is the MRI of lymphatic system components with Gd-loaded nanocarriers. 
Liposomes and micelles have been studied as delivery vehicles to the lymphatic 
(Torchilin et al., 1995c; Trubetskoy and Torchilin, 1996). It has been shown that 
radioactively labeled small negatively charged liposomes are the most efficient in 
targeting rat regional lymph nodes after the subcutaneous administration (Patel et al., 
1984). The optimal diameter of liposomes that localize in the lymph nodes after the 
peritoneal administration in rats is approximately 200 nm (Hirano and Hunt, 1985). 
Liposomes loaded with chelated paramagnetic ions (mostly Gd, Dy, Mn and Fe) 
have been demonstrated to be useful as MRI contrast agents mostly for the visualiza-
tion of the macrophage-rich tissues such as organs of the reticuloendothelial system 
(Unger et al., 1989). The overall performance of Gd-PAP-liposomes or -micelles 
could be further improved in case of the co-incorporation of amphiphilic PEG onto 
the liposome membrane or micelle surface, which can be explained by increased 
relaxivity of PEG-Gd-liposomes because of the presence of increased amount of 
PEG-associated water protons in the close vicinity of chelated Gd ions located on 
the liposomal membrane (Torchilin et al., 1995a; Trubetskoy et al., 1995). 
Multifunctional approach certainly assists here, since in addition to the enhanced 
relaxivity, the coating of liposome surface with PEG polymer can help in avoiding 
the contrast agent uptake in the site of injection by resident phagocytic cells. This 
circumstance might increase penetration of the vesicles into initial lymphatic capil-
laries and further down the chain of lymph nodes. Increased circulation time (the 
result of PEGylation) also allows for better accumulation of long-circulating con-
trast liposomes in areas of leaky vasculature, such as tumors via the EPR effect. In 
case of multifunctional nanocarriers additionally loaded with a drug, the presence of 
a contrast moiety allows for the real-time control of drug accumulation in the target. 
This is also true for other nanoparticulate carriers, including polymeric micelles 
(Torchilin, 1997a; Trubetskoy et al., 1996). Both PAP-bearing liposomes and 
micelles additionally containing PEG on their surface can also serve as long-circu-
lating contrast agents for the blood pool γ- or MR-imaging.
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The combination of longevity, drug loading, targetability, and contrast properties 
results in multifunctional nanopharmaceuticals of new generation as was shown, 
for example, for long-circulating PEGylated liposomes loaded with doxorubicin 
and additionally decorated with a tumor-specific antibody and contrast moieties 
(Elbayoumi et al., 2007; Elbayoumi and Torchilin, 2006; Erdogan et al., 2006). The 
resulting preparations demonstrated an increased therapeutic activity in vivo, and 
their target accumulation coud be easily followed by γ-scintigraphy (see Fig. 4) or 
MRI. Multifunctional nanocarriers for image-guided drug delivery, which combine 
therapeutic and imaging agents merged in one preparation, have also been described 
in Koning and Krijger (2007) and Rapoport et al. (2007), the last one of these stud-
ies combining the ultrasonic tumor imaging with targeted therapy by doxorubicin.
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1 Introduction

Cancer is the second leading cause of morbidity and mortality in the United States, 
with occurrences portraying an upward trend for the future. In 2007, approximately 
10 million cases of cancer will occur globally, with a total of around 1.5 million 
new cancer cases and over 560,000 deaths expected in the United States (U.S. 
National Institute of Health, 2006). Strikingly, remarkable advances in diagnosis 
and therapy of cancer have been made over the past few decades resulting from 
significant advances in fundamental cancer biology. What lacks in this case is clini-
cal translation of these advances into effective therapies. A major hurdle in cancer 
diagnosis and therapy is the targeted and efficacious delivery of agents to the tumor 
site, while avoiding adverse damage resulting from systemic administration. While 
systemic drug delivery already hinges largely on physicochemical properties of the 
drug, such as size, diffusivity, and plasma protein binding affinity, tumors possess 
a dense, heterogeneous vasculature and an outward net convective flow that act as 
hurdles to efficient drug deposition at the target site (Jang et al., 2003). Nanocarrier-
mediated delivery has emerged as a successful strategy to enhance delivery of 
therapeutics and imaging agents to tumors, thereby increasing the potential for 
diagnosis at an earlier stage or for therapeutic success (or both). Based on the initial 
observation by Maeda and Matsumura that tumors possess a fenestrated vascula-
ture, with pores on average ranging between 200 and 800 nm, and a lack of lym-
phatic drainage, together termed the enhanced permeability and retention (EPR) 
effect, it was found that colloidal carriers in the nanometer size range could target 
tumors passively, by specific extravasation through these fenestrations, and are 
retained at the site for prolonged time because of lack of lymphatic drainage 
(Matsumura and Meada, 1986). This physiological advantage has been used suc-
cessfully to enhance delivery of diagnostic and therapeutic agents, leading to the 
U.S. Food and Drug Administration (FDA) approval of nanoparticle formulations 
such as Feridex® for diagnostic applications and Doxil® and Abraxane® for cancer 
therapy (U.S. Food and Drug Administration, 2006).

The most basic and simple nanoparticle platform for tumor drug delivery is 
generally lipid- or polymer-based (Fig. 1). Liposomes are the simplest form of a 
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nanoparticle, and became the first system to receive FDA approval for tumor-tar-
geted applications. Constructed from phospholipids as spherical vesicles, they take 
on the form of aqueous capsules bound by a lipid bilayer, mimicking the plasma 
membrane of mammalian cells in composition, thereby allowing for great biocom-
patibility and versatility. Doxil®, a liposomal form of doxorubicin, received FDA 
approval for the treatment of Kaposi’s sarcoma over a decade ago, and is now addi-
tionally used against breast cancer and advanced ovarian cancer (U.S. Food and 
Drug Administration, 2007). Similarly, DaunoXome®, a formulation of daunoru-
bicin, followed suit for the treatment of Kaposi’s sarcoma, and a myriad of other 
liposomal formulations are undergoing preclincal and clinical evaluations as tumor-
targeted drug delivery vehicles. Alternatively, micelles have broken through as 
potential nanocarriers for oncologic applications as well. Micelles are colloidal car-
riers that spontaneously form through thermodynamically favored aggregation of 
amphiphiles at or above the critical micellar concentration (CMC). Often such 
amphiphiles are lipids (lysophopholipids), but amphiphilic polymers and even 
lipid–polymer hybrids are also frequently used. Micelles are attractive nanocarriers 
for tumor targeting, due to their small (10–100 nm) size and spontaneous assembly, 
even though stability of micelles in vivo has been a questionable parameter given 
their spontaneous disintegration at concentrations below the CMC. Although no 
micellar formulations have thus far been approved for delivery of anticancer drugs, 
several are in clinical trials in Asia, and many others are proving quite promising as 
drug delivery vehicles in early preclinical development. As an example, encapsulation 

Anti-cancer therapeutic (e.g., small
molecule, gene, siRNA, protein,)

Second anti-cancer therapeutic for
combination drug therapy, or contrast
imaging agent (e.g., SPION,
gadolinium, fluorophore) 

Active targeting ligand

PEG
Modification

Nanocarrier, e.g.,
polymeric nanoparticle,

liposome, micelle,
nanoemulsion

SPION, Gold Nanoparticle,
Quantum DotPolymer (and/or PEG

Chains) or Lipid Coating

Fig. 1 Typical multifunctional nanoparticle platforms for tumor-targeted therapy
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of paclitaxel into a block-copolymer micelle, composed of monomethoxy 
poly(ethylene oxide)- block-poly(lactide), not only increased the maximum tolerated 
dose (MTD) threefold, but mice bearing subcutaneous MX-1 breast tumors experi-
enced complete tumor regression by day 24 after treatment initiation, while treatment 
with Taxol®, a clinically used paclitaxel formulation in Cremophore EL®:ethanol 
mixture, resulted merely in a partial tumor regression followed by complete regrowth 
by day 24 (Kim et al., 2001). Similar results were seen when the treatment was 
repeated on mice bearing subcutaneous SKOV3 ovarian tumors (Kim et al., 2001).

On the other spectrum, nanoparticles constructed of natural or synthetic poly-
mers are another group of nanoscale drug delivery systems widely employed in 
cancer treatment, whose successes to date also include an FDA approved formula-
tion, Abraxane® – paclitaxel bound into albumin nanoparticles (U.S. Food and Drug 
Administration, 2007). Polymeric nanoparticles offer a particular advantage as drug 
delivery vehicles since a myriad of different polymers exist or can be developed for 
the formulation of nanoparticles (Table 1). Over the past several years, our group 
has developed a variety of polymeric nanoparticles for tumor drug delivery, all 
leading to an enhanced in vivo therapeutic efficacy. Some examples of these 

(continued)

Table 1 Illustrative examples of multifunctional nanoparticle systems used in cancer therapy

Active ingredients Nanoparticle platform Malignancy Reference

Combination Drug Therapy
Doxorubicin and com-

bretastatin-A4
Poly(d,l-lactic-co-glycolic 

acid) nanoparticle 
core in liposome

Lewis lung carci-
noma and B16/
F10 melanoma

Sengupta et al. 
(2005)

Doxorubicin and 
cyclosporine-A

Poly(alkylcyanoacrylate) 
nanoparticles

P388 leukemia Soma et al. (2000)

Doxorubicin and elac-
ridar

Polymer-modified lipid 
nanoparticles

MDA-MB-435 breast 
carcinoma

Wong et al. (2006)

Paclitaxel and C
6
-

ceramide
PEO-modified 

poly(epsilon-caprolac-
tone) nanoparticles

SKOV3 ovarian 
carcinoma

van Vlerken et al. 
(2007)

Combination Hyperthermia and Drug Therapy
TNF-α PEG-modified gold 

nanoparticles
MC38 colon carci-

noma
Paciotti et al. 

(2005)
Bleomycin Microgels Small intestine Blanchette and 

Peppas (2005)
Doxorubicin PEG-modified liposomes Hepatic carcinoma Goldberg et al. 

(2002)
Combination Imaging and Drug Therapy
Doxorubicin Iron oxide nanoparticles 

inside PEG-poly
(l-lactide) micelles

SLK tumor endothe-
lium

Nasongkla et al. 
(2006)

Doxorubicin Dermatan sulfate-
modified iron oxide 
nanoparticles

AT1 prostate carci-
noma and MX1 
breast carcinoma

Ranney et al. 
(2005)
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include the delivery of tamoxifen in poly(ethylene oxide)-modified poly(caprolactone) 
(PEO-PCL) nanoparticles to MDA-MB-231 breast cancer (Shenoy and Amiji, 2005), 
the delivery of paclitaxel in PEO-modified PCL and PEO-modified poly(β-amino 
ester) nanoparticles to SKOV3 ovarian cancer (Devalapally et al., 2006), and even 
the delivery of a gene therapeutic encoding for sFlt-1 or VEGF-R1 to MDA-MB-
435 breast cancer from gelatin nanoparticles (Kommareddy and Amiji, 2007). This 
versatility of polymer platforms allows for fine tuning of the drug delivery formula-
tion to meet specific advantages. For example, the composition of polymeric matrix 
can be chosen to match the chemical properties of the encapsulated drug(s) to 
match loading efficiency and release behavior. Or the composition can be tuned to 
provide precise drug capture or release in response to environmental triggers. 
Alternatively, the composition can even be optimized to allow for inclusion of 
multifunctional properties, such as a combination of therapeutics, targeting, and/or 
imaging modalities, all within one nanoparticle platform.

A versatile function that is applicable to nearly all nanocarrier platforms is the 
inclusion of active targeting ligands. While the nanoparticle platform enhances 
targeting of therapeutics or imaging agents through passive means of the EPR 
effect, active targeting of these nanoparticles to tumor tissue and cellular surface 
components uniquely present on target cells can aide in the nanoparticle’s ability 
to locate the target cell type in the tumor mass, or can even enhance internalization 
of these nanoparticles into their target cells. A wide variety of tumor targeting lig-
ands have been successfully used for active targeting of nanoparticles. Depending 
on the tumor or cell type, surface proteins overexpress or uniquely express, such 
as the HER2 receptor, prostate-specific membrane antigen, the folate receptor, the 
thiamine transporter, integrins, and a myriad of other surface factors that can serve 
as specific targets to active targeting approaches through inclusion of small molecule 

Table 1 (continued)

Active ingredients Nanoparticle platform Malignancy Reference

Methotrexate Iron oxide nanoparticles MCF7 breast 
carcinoma and 
HeLa cervical 
carcinoma

Kohler et al. (2005)

Daunorubicin 3-Mercaptopropionic 
acid – modified gold 
nanoparticles

K562 leukemia Li et al. (2007)

Sialyl-Tn and Lewis-y 
antigens

Carbohydrate-coated gold 
nanoparticles

n/a Ojeda et al. (2007)

TNF-α PEG-modified gold 
nanoparticles

MC38 colon 
carcinoma

Paciotti et al. 
(2004)

Combination Ultrasound and Drug Therapy
5-Flurouracil Perfluorocarbon C32 melanoma Larina et al. (2005)

PEG poly(ethylene glycol); PEO poly(ethylene oxide); TNF-a tumor necrosis factor-α
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ligands such as folate (Kim et al., 2005; Sun et al., 2006) and thiamine (Oyewumi 
et al., 2003), sugar residues such as galactose (Jeon et al., 2005), peptides such as 
argenine-glycine-aspartic acid (RGD) (Schiffelers et al., 2004), proteins such as 
transferrin (Bellocq et al., 2003) lectins (Gao et al., 2006), as well as antibodies and 
antibody fragments (Hayes et al., 2006; Elbayoumi and Torchilin, 2006). However, 
more recent high-throughput construction and validation have led to the use of 
aptamers (Farokhzad et al., 2006a) and sequences identified by phage display 
(Nielsen et al., 2002; Simberg et al., 2007) as alternative active targeting ligands, 
thereby greatly widening the pool of targeting constructs to direct nanoparticles 
more specifically. Regardless of the targeting moiety, the principle outcome is 
essentially the same, mainly improved tumor-cell recognition, improved intracel-
lular penetration, and reduced recognition at nonspecific sites.

Nanoparticle platforms are of great use in tumor targeting for enhanced delivery 
of anticancer therapeutics, spanning the range from small molecule drugs through 
biotherapeutics such as genes and peptides or proteins. However, the same princi-
ple has been widely applied to cancer detection, where passive or active tumor 
 targeting of fluorescent probes or contrast imaging agents can help increase sensi-
tivity of tumor detection or even metastatic behavior to advance diagnostics to 
improve patient prognosis from the other spectrum. Current nanoparticle research 
and  development is moving towards multifunctionalization of these nanoparticle 
platforms for cancer treatment, whereby all the applicable uses of nanoparticles are 
essentially merged together. These advances lead to therapeutic systems that, from 
a single dose, administers combination drug therapies, combination therapies of 
chemotherapeutic drugs with physical stressors (such as thermal therapies, radia-
tion, and photodynamic therapies), or even combines therapeutics with imaging 
agents for envisioning a “real-time” therapeutic approach. Not only does nanotech-
nology make these advances possible, but many such successful multifunctional 
nanoparticle strategies are already in circulation. This chapter describes the most 
recent approaches in use that employ multifunctional nanoparticle strategies to 
enhance overall cancer therapy (Fig. 2).

2  Multifunctional Nanocarriers to Overcome Biological 
Barriers

2.1 Nanocarriers for Oral Absorption

The oral route is one of the most attractive methods of drug administration in the 
body because of opportunities for self-administration and associated high patient 
compliance. The oral route is also amenable for administration of different formula-
tions, including solid, semi-solid, and liquid dosage forms. For certain drugs (includ-
ing majority of anticancer therapeutics), their oral route bioavailability is relatively 
much lower to provide meaningful therapeutic outcomes. This is partly due to the 
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presence of large number of multidrug transporters, such as multidrug resistance 
protein (MRP), p-glycoprotein (p-gp), and the multispecific organic anion trans-
porter (MOAT) on the enterocyte membrane of the gastrointestinal (GI) tract 
(Taylor, 2002; Thomas and Coley, 2003). These transporters recognize the therapeu-
tic agent as a substrate and actively effluxes the molecule out of the cells. Different 
types of strategies have been used to enhance oral bioavailability of drugs, including 
co-administration of p-gp transporter inhibitors and formulation in different nano-
carrier delivery systems. Co-administration of a p-gp inhibitor with the active thera-
peutic agent can decrease the efflux of the agent by preferential binding with the 
p-gp pump on the cell membrane (Sadeque et al., 2000; Savolainen et al., 2002). 
However, this strategy has generally shown higher toxicity in vivo, mostly from the 
high doses of the p-gp inhibitor that are needed, and the additional undesirable phar-
macokinetic interactions between the therapeutic of interest and p-gp inhibitor.

Another challenge in oral administration is the presence of high concentrations 
of metabolizing enzymes in the GI lumen. Besides proteases and nucleases, which 
can degrade protein and nucleic acid therapeutics, respectively, the GI lumen also 
expresses cytochrome P-450 metabolizing enzyme systems. Premature drug metab-
olism at the GI lumen before the active molecule can be absorbed into the systemic 
circulation significantly limits the bioavailability at the active site. Prodrugs have 
been designed to improve the stability of therapeutic agents in the GI tract by pro-
moting the conversion to active moiety after absorption in the systemic circulation 
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or, more preferably, at the disease target (Somogyi et al., 1998). In cancer therapy, 
the prodrug approach can have significant benefit in limiting the toxicity of the 
agent, if the drug can be selectively activated at the tumor site.

Spray-dried poly(d,l-lactide-co-glycolide) (PLGA) nanoparticles have been 
investigated for oral delivery of amifostine (Pamujula et al., 2004), an organic 
thiophosphate prodrug that is metabolized by tissue alkaline phosphatase into 
active thiol metabolite. When administered orally to mice, the amifostine-
 encapsulated PLGA nanoparticles promoted absorption and the drug was present 
in blood and other highly-perfused tissues within 30 min of administration. 
Other polymeric nanoparticles, especially after surface modification to enhance 
muco- or bioadhesion can be used to enhance the residence time in the GI tract. 
For instance, tocopheryl poly(ethylene glycol) (PEG) 1,000 succinate (vitamin 
E-TPGS) modified biodegradable PLGA nanoparticles were proposed for oral 
administration of paclitaxel. In vitro studies in Caco-2 cells showed a 1.4-fold 
higher cellular uptake of the TPGS-modified PLGA nanoparticles relative to 
aqueous solution control.

2.2 Enhancement of Transport Across Other Biological Barriers

Another limitation for drug delivery, especially for systemic brain tumor therapy, 
is the poor transport across the blood–brain barrier (BBB). The BBB selectively 
restricts drug transport into the brain because of very tight endothelial cell junctions 
in the capillary as well as expression of efflux transporters (e.g., p-gp) and drug-
metabolizing enzymes (Koziara et al., 2004; Ningaraj, 2006). Several studies have 
shown that poly(alkylcyanoacrylate) nanoparticles promote the delivery of several 
chemotherapeutic drugs, including doxorubicin, across the BBB when the nanopar-
ticle surfaces are coated with polysorbate (e.g., Tween® 20, 40, 60, and 80) and 
certain types of poloxamers (e.g., Pluronic® F68). In one example, the therapeutic 
benefit of doxorubicin administration in sterically stabilized poly(alkylcyanoacrylate) 
nanoparticulate system was examined in rats bearing intracranial glioblastoma. The 
investigators proposed that the enhancement in cerebral delivery could probably be 
due to preferential nanoparticle endocytosis by the low-density lipoprotein recep-
tors on brain capillary endothelial cells after systemic administration. Following 
cellular internalization, the drug would be able to diffuse out of the nanoparticle 
matrix and be transported into the brain tissue by transcytosis. The therapeutic 
potential of this formulation in vivo was studied in rat model with established 
intracranial 101/8 glioblastoma. Systemic administration of doxorubicin in the 
polysorbate-modified poly(alkylcyanoacrylate) nanoparticles enabled significantly 
greater fraction of the animals to survive than did the administration of doxorubicin 
in solution. Additional opportunities for brain delivery of polymeric nanoparticles 
can be realized with delivery of combination chemotherapeutic agent and p-gp 
efflux transporter inhibitor. Co-encapsulation of these agents can provide an oppor-
tunity to enhance brain delivery of chemotherapeutic agent.
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2.3  Enhancement of Drug Availability and Residence
at the Tumor Site

For systemic therapy, passive and active targeting strategies are used. Passive tar-
geting relies on the properties of the delivery system and the disease pathology in 
order to preferentially accumulate the drug at the site of interest and avoid nonspe-
cific distribution. For instance, PEG- or PEO-modified nanocarrier systems can 
preferentially accumulate in the vicinity of the tumor mass upon intravenous 
administration based on the hyperpermeability of the newly-formed blood vessels 
by a process known as EPR effect. Maeda et al. (Maeda, 2001; Jun-Fang et al., 
2006) first described the EPR effect in murine solid tumor models and this phenom-
enon has been confirmed by others. When polymer–drug conjugates are adminis-
tered, 10–100 fold higher concentrations can be achieved in the tumor (due to EPR 
effect) than when free drug is administered. Some investigators have also suggested 
that the EPR effect is present in inflammatory areas and in myocardial infarction. 
Other approaches for passive targeting involve use of specific stimuli-sensitive 
delivery system that can release the encapsulated payload only when such a stimuli 
is present. For instance, the pH around tumor and other hypoxic disease tissues in 
the body tend to be more acidic (i.e., ∼5.5–6.5), relative to physiological pH (i.e., 
7.4). We found significant enhancement in drug delivery and accumulation in the 
tumor mass when pH-sensitive PEO-modified PbAE nanoparticles were used; in 
contrast drug delivery using non-pH sensitive PEO-PCL nanoparticles in aqueous 
solution was not as effective (Shenoy et al., 2005). Other approaches for passive 
targeting involve optimization of nanocarrier size and surface charge modulation. 
Nanoparticles of <200 nm in diameter and those with positive surface charge are 
known to preferentially accumulate and reside in the tumor mass for longer dura-
tion than do either neutral or negatively charged nanoparticles (van Vlerken and 
Amiji, 2006). Besides PEG or PEO, other hydrophilic polymers including 
poly(vinyl alcohol), poly(acryl amide), poly(N-vinylpyrrolidone), poly-(N-(2-
hydroxypropyl)methacrylamide), polysorbate 80 (Tween® 80), and block co-poly-
mers such as poloxomer and poloxamine are also being used to modify the physico-
chemical properties of the colloidal carriers (Torchilin, 1996; Oupicky et al., 2000; 
Fenske et al., 2001).

Active targeting to the disease site relies, in addition to PEG modification of 
nanocarriers to enhance circulation time and achieve passive targeting, coupling of 
a specific ligand on the surface that will be recognized by the cells present at the 
disease site. Using solid tumor as an example again, there are several strategies that 
can be adopted for surface modification of nanocarrier systems for effective tar-
geted delivery to the tumor cells or to endothelial cells of the tumor blood vessels. 
Since tumor cells are rapidly proliferating, they over-express certain receptors for 
enhanced uptake of nutrients, including folic acid, vitamins, and sugars. When the 
surface of nanocarriers is modified with folic acid, they can be targeted to the tumor 
cells that over-express folate receptors. Tumor and capillary endothelial cells also 
express specific integrin receptors, such as α

v
β

5
 or α

v
β

3
 that can bind to RGD 
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tripeptide sequence. RGD-modification, therefore, has been used to direct nanocar-
riers to tumor cells and capillary endothelial cells of the angiogenic blood vessels 
(Cegnar et al., 2005; Chiellini et al., 2006; Gabizon et al., 2006). The phage display 
method has been used to identify specific peptide sequences that can be used for 
targeting to tumors and other disease areas in the body. Development of mono-
clonal antibodies against specific epitopes present only on tumor cells allows for 
other targeting strategies. Using a monoclonal antibody 2C5 that specifically rec-
ognizes antinuclear histones, Torchilin’s group (Torchilin, 1994; Torchilin et al., 
2001, 2003; Lukyanov et al., 2004; Gupta et al., 2005a) has developed various 
strategies for active targeted delivery of drugs to the tumor mass using liposomes 
and micellar delivery systems. Other groups have used transferrin, an iron-binding 
protein, for surface modification of nanocarriers for delivery to tumors. Recently, 
Farokhzad et al. (2004, 2006a,b) have elegantly described the use of aptamers, 
nucleic acid constructs that specifically recognize prostate membrane antigen on 
prostate cancer cells. The aptamer technology provides an additional strategy for 
active targeting to tumor cells in the body.

2.4 Enhancement of Intracellular Uptake

Once the nanocarriers are delivered to the specific diseased organ or tissue, they 
may need to enter the cells of interest and ferry the payload to subcellular 
organelles. In this case, nonspecific or specific cell penetrating strategies need to 
be adopted. Nonspecific cell uptake of nanocarriers occurs by endocytotic process, 
where the membrane envelops the nanocarriers to form a vesicle in the cell called 
an endosome (Panyam and Labhasetwar, 2003). The endosome then shuttles the 
content in the cell and can fuse with lyososomes, which are highly acidic organelles 
rich in degrading enzymes. Endocytosed nanocarriers usually travel in a specific 
direction and converge at the nuclear membrane. Weissig’s group (Weissig, 2005; 
Weissig et al., 2006) has attempted to direct various nanosized delivery systems to 
mitochondria using delocalized cationic amphiphiles and other mitochondriotropic 
vector systems. Specific cellular uptake can occur through receptor-mediated endo-
cytosis, where upon binding of the ligand-modified nanocarrier with the cell-surface 
receptor leads to internalization of the entire nanocarrier–receptor complex and 
vesicular transport through the endosomes (Panyam and Labhasetwar, 2003). 
Following dissociation of the nanocarrier–receptor complex, the receptor can be 
re-cycled back to the cell membrane. Recently, to enhance cellular uptake, a surge 
of research effort has been directed towards development of argenine-rich cell pen-
etrating peptides (CPPs) (Torchilin, 2002; Torchilin and Levchenko, 2003; Gupta 
et al., 2005b; Emerich and Thanos, 2006; Gupta and Torchilin, 2006). Based on the 
initial work of Dowdy’s group (Schwarze and Dowdy, 2000; Becker-Hapak et al., 
2001) HIV-1 Tat peptide was identified to promote nonspecific intracellular locali-
zation of various molecules upon systemic delivery. This observation has been 
supported by other groups and a number of cationic peptides have been identified, 
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including penetratin, to enhance intracellular delivery. The exact mechanism of 
how Tat and other CPPs enhance cell permeation is still a subject of controversy, 
but recent data show that it may be through endocytosis as well. Following cellular 
internalization, stability of the payload in the cytosol and uptake by specific 
organelle, such as the nucleus, is also essential for nucleic-acid-based therapeutics. 
For efficient systemic gene therapy using nonviral vectors, nuclear import of plas-
mid DNA in nondividing cells is considered to be the major limiting factor.

3  Multifunctional Nanocarriers for Combination Drug 
Therapy

The versatility of nanocarrier platforms opens up possibilities to incorporate com-
bination therapies into a single drug delivery system. Combination drug therapy for 
cancer was first proposed in a legendary move by Drs. Frei, Freireich, and Holland 
who revolutionized cancer therapy by implementing combination chemotherapy to 
treat acute lymphoblastic leukemia (ALL), a malignancy that prior to 1950 was 
largely incurable (Frei et al., 1958). In this case, it was hypothesized that concurrent 
use of multiple drugs with differing mechanisms of action would circumvent the 
development of drug resistance, the likely cause for prior therapeutic failure in 
ALL. The success of this strategy caused the approach to quickly gain widespread 
acknowledgement to become a common consideration in current cancer therapy. 
Furthermore, the idea has been extended beyond combination chemotherapy to 
combine drugs with entirely distinct pharmacological targets – e.g., combinations 
of chemotherapeutic agents with angiogenesis inhibitors, protease inhibitors, 
immunotherapeutics, hormone therapeutics, and modulators of multidrug resist-
ance (MDR) – therapies largely stemming from advances in cancer molecular and 
cell biology leading to identification of alternate therapeutic targets.

3.1 Combination Antiangiogenic and Cytotoxic Chemotherapy

Angiogenesis is the process of new blood vessel formation (neovascularization), 
and has been established as the key factor for tumor growth and development past 
the primary stage (Folkman, 1972). Anti-angiogenic therapy quickly became a 
popular alternative in cancer therapeutic development versus conventional chemo-
therapy (Folkman, 1972), leading to FDA approval of the first anti-angiogenesis 
drug for cancer therapy in 2004. However, since angiogenesis is only implicated in 
tumor growth and survival beyond the initial avascular tumor core, to date it is 
standard practice to combine this treatment option with conventional chemother-
apy. Such clinically approved regimens include the combination of the angiogen-
esis inhibitor bevacizumab with standard chemotherapy (ironotecan, 5-fluorouracil, 
and leucovorin) for metastatic colorectal cancer and with carboplatin and paclitaxel 
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against non–small-cell lung cancer (Fayette et al., 2005), although an additional 
variety of such combination therapies also persists in clinical use or clinical trials.

Given the success of nanoparticles in chemotherapeutic drug delivery to tumors, 
it followed suit that antiangiogenic therapies were delivered in nanoparticles as well, 
for similar enhancement of tumor-targeting, leading to enhanced therapeutic effi-
cacy, particularly aiding delivery of labile gene therapeutics that have recently found 
a trend in angiogenesis inhibition. For example, treatment of mice bearing MDA-
MD-435 breast tumors with an antiangiogenic gene therapeutic, namely sFlt-1, 
delivered within long-circulating thiolated gelatin nanoparticles resulted in a nearly 
sixfold higher transfection efficiency of the gene therapeutic at the tumor-site, a cor-
responding fourfold decrease in microvessel density in the tumor mass, and a com-
plete tumor growth delay over the course of 25 days (Kommareddy and Amiji, 
2007). Similarly, an siRNA therapeutic directed against VEGF-R2 encapsulated 
within cationic polyplexes bearing an RGD-active targeting moiety also caused a 
significant inhibition of tumor growth, due to the significant decrease in tumor vas-
cualarity (Schiffelers et al., 2004). However, thus far clinical antiangiogenesis thera-
pies are co-administered with chemotherapeutics, leading to an interest in the 
development of multifunctional nanoparticle formulations for co-administration of 
the therapeutics. Furthermore, research has alluded to the fact that simultaneous 
administration of angiogenesis inhibitors and chemotherapeutics may actually cause 
detrimental effects, where a breakdown of vascularity not only prevents the chemo-
therapy from accumulating throughout the tumor site, but that it can also lead to 
tumor hypoxia, which may promote drug resistance and metastasis (Tran et al., 
2002). Given this dilemma, it was thought that this form of combination therapy 
may actually benefit from temporal controlled release, a feat that can well be medi-
ated by using nanoparticles as drug delivery vehicles. On this premise, Sengupta et 
al. developed a novel multifunctional nanoparticle formulation that, upon localiza-
tion in the tumor mass, first releases the antiangiogenic drug combretastatin-A4 to 
shut down tumor vasculature, followed by the sustained release of the cytotoxic 
agent doxorubicin, already localized within the tumor mass, thereby avoiding the 
aforementioned problems associated with chemotherapeutic delivery after vascular 
shutdown (Sengupta et al., 2005). By this mechanism, survival and tumor growth 
delay of mice bearing either Lewis Lung carcinoma or B16/F10 melanoma models 
drastically improved when compared with simultaneous nanoparticle administration 
of the combination therapy lacking temporally controlled release.

3.2 Combination Therapy to Overcome Tumor Drug Resistance

Another treatment target in cancer that greatly benefits from a therapeutic approach 
that utilizes drug combinations is the treatment of tumors that present with drug 
resistance, a phenotype whereby the cancer is largely resistant to chemotherapeutic 
treatment alone. Combination chemotherapy has been extensively used in the clinic 
to treat cancers that develop resistance, and it is of interest to note that the original 
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use of combination chemotherapy derived by Frei, Freireich, and Holland was 
intended to circumvent the establishment of drug resistance in ALL. However, treat-
ment with multiple cytotoxic chemotherapeutic agents lacks in benefit, since these 
potently toxic drugs can provoke detrimental adverse effects in patients, not to men-
tion the fact that the occurrence of MDR, a cross-resistance to structurally and func-
tionally unrelated classes of anticancer drugs, rules out hope for much of combination 
chemotherapy (Harris and Hochhauser, 1992). Decades of research into the cellular 
mechanisms that cause drug resistance to develop have opened up a new avenue of 
therapeutic targets for combination therapy against drug resistance, most notably 
aimed at inhibiting drug efflux pumps of the ATP-binding cassette (ABC) family of 
transporters (most notably p-gp/MDR-1), inhibiting drug detoxification mecha-
nisms, and restoring or lowering the apoptotic threshold of MDR cancer cells 
(Bradley et al., 1988; Harris and Hochhauser, 1992). Initial and some ongoing clini-
cal strategies against MDR used inhibitors of p-gp to revert resistance in combina-
tion with chemotherapeutic drugs (Gottesman et al., 2002). This principle was 
quickly combined with the benefits of nanoparticle drug delivery, as demonstrated 
by Soma et al. who used poly(alkylcyanoacrylate) nanoparticles for co-administra-
tion of doxorubicin with the p-gp inhibitor cyclosporin A to successfully reverse 
MDR in monocytic leukemia cell line (p388) (Soma et al., 2000). Similarly, Wong 
et al. used polymer–lipid nanoparticles to co-administer doxorubicin with GG918 
(Elacridar – a third generation p-gp inhibitor that has been undergoing testing in 
clinical trials for the treatment of MDR), to also observe a significantly improved 
chemosensitization in MDR MDA-MB-435 breast cancer cells (Wong et al., 2006). 
In the most basic form, intracellular uptake of nanoparticles by endocytotic mecha-
nisms has been explored as a mechanism for chemotherapeutic drugs to bypass drug 
efflux pumps from the ABC family. Although shown to be a successful approach to 
chemosensitize MDR cancer types, this benefit of nanoparticles on a cellular level 
can be used to still deliver a combination therapy against alternate mechanisms of 
MDR to further improve therapeutic success. We have recently explored this strat-
egy by using PEO-modified PCL nanoparticles to administer a combination therapy 
of paclitaxel with ceramide, an apoptotic modulator aimed to restore apoptotic sign-
aling in the MDR phenotype. While it was found that the combination therapy 
 significantly improved chemosensitivity in an MDR ovarian cancer model through a 
restoration of apoptotic activity in response to paclitaxel poisoning, encapsulation of 
this combination therapy into nanoparticles further enhanced the MDR modulation 
efficacy on a cellular level, as shown by the multifunctional strategy of simultane-
ously evading p-gp drug efflux as well (van Vlerken et al., 2007).

4  Multifunctional Nanocarriers for Combination 
Hyperthermia and Drug Therapy

The National Cancer Institute defines hyperthermia as a form of cancer treatment 
wherein high temperatures of up to 45 °C are applied to the tumor tissue (National 
Cancer Institute Fact Sheet, 2005). As opposed to thermal ablation, where significantly 
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higher temperatures (up to 70–80 °C) are used to completely coagulate the tissue 
for a brief period of time, hyperthermia extends for up to an hour and causes dam-
ages to the cellular proteins and organelles, eventually leading to cell death as evi-
dent by the tumor shrinkage (National Cancer Institute Fact Sheet, 2005). For 
general hyperthermia, hot-water baths are commonly used, but local temperature at 
the tumor site can be raised by 5–8 °C over the physiological temperature using 
various other thermal techniques such as high radio frequency, ultrasound, infra-
red, and microwave radiation. High temperatures (43 °C–45 °C) over a fixed period 
of time (30–60 min) are also used to sensitize tumors to chemotherapy and radiation 
(National Cancer Institute Fact Sheet, 2005). As such, combination of heat and 
chemo- or radiotherapy can be used very effectively to augment the therapeutic 
benefit in cancer leading to better clinical outcomes.

In the context of cancer therapy, hyperthermia has been studied mostly for its 
increased drug uptake and therapeutic activity enhancement properties. For a long 
time, hyperthermia has been speculated to preferentially cause changes in tumor 
metabolism and tumor vasculature by increasing cellular permeability (National 
Cancer Institute Fact Sheet, 2005). This has been the applied principle in thermal 
medicine with combination therapy. However, until recently, hyperthermic therapy 
was not a widely accepted treatment modality due to problems associated in main-
taining homogenous temperatures in the target tumor mass and prevention of heat-
induced injury to neighboring normal tissue (National Cancer Institute Fact Sheet, 
2005). This is particularly challenging in thermotherapy of deep-seeded solid 
tumors, such as those in the liver, pancreas, prostate, and lung as heat-inducing 
probes are applied from the exterior, thus making it an invasive and complicated 
procedure (National Cancer Institute Fact Sheet, 2005). Even to date, clinical 
hyperthermia is yet to achieve the significance as an adjuvant therapeutic modality. 
Nevertheless, this treatment option combined with various delivery applications in 
chemotherapy and radiotherapy can have significant implication in the future.

4.1  Rationale for Combination Thermal Medicine 
and Drug Therapy

In any cell, hyperthermia triggers the synthesis of heat shock proteins (HSPs), 
which mediate various cellular defenses, including dynamic protein folding and 
chaperoning functions throughout the cell, thus inducing thermo-tolerance. 
Hyperthermic damage to tumor cells is greater when compared to normal cells (van 
der Zee, 2002), due to various tumor micro-environmental factors, including 
hypoxia, low pH, and susceptible vasculature, which makes this quite an attractive 
treatment modality (Ciocca and Calderwood, 2005).

At the molecular level, heat shock factor 1 (HSF-1), in association with heat 
shock elements (HSEs), mediates the heat shock gene expression (Brade et al., 
2000). In the cancerous cell, excessive heat induces production of HSPs leading to 
cell repair. Cell signaling, apoptosis, and nuclear function involving HSPs have 
been a prime focus in recent research because of their potential as therapeutic targets. 
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For example, therapeutic genes that transcribe for cytokines, such as interleukin-2, 
interleukin-12, and tumor necrosis factor-α (TNF-α), have been successfully tar-
geted in tumor models by using adjuvant hyperthermia (Siddiqui et al., 2007; Visaria 
et al., 2006). Wild-type HSP-70b promoter was used to control the expression of 
β-galactosidase reporter gene carried by an adenoviral vector (Brade et al., 2000).

The idea of adjuvant hyperthermia provides some hope as several investigators 
have recently attempted to address the problems of achieving homogenous thera-
peutic thermal dose within the tumor interstititum over the necessary period of 
time. The increased thermal and radio-sensitization brought about by small mole-
cules, which function as radiosensitizers and lower HSF-1 activation, also has 
shown to cause loss of mitochondrial membrane potential, thus leading to mito-
chondrial damage (Sekhar et al., 2007).

Systemic chemotherapy has been the most successful mode of cancer therapy 
for a long time. However, infusing therapeutic doses of cytotoxic drugs into the 
blood stream and achieving the desired concentration in the tumor without produc-
ing toxic effects in the healthy body tissues has been the biggest challenge in cancer 
chemotherapy. Similarly, gene delivery systems encountered the problem of insuf-
ficient uptake, cytotoxicity, and undesirable immunogenic side effects due to the 
lack of safe tissue- or cell-specific vectors. This problem is being largely addressed 
by the advent of numerous surface-modified nano-sized drug delivery systems that 
can escape the reticulo-endothelial system and reach the target tissue with the aid 
of various target-specific ligands upon systemic administration.

4.2  Select Examples of Nanocarriers for Combination 
Thermal Medicine and Drug Delivery

Over the last decade, liposomes have been the most studied group of drug delivery 
systems. Ponce et al. (2007) observed increased uptake of liposomes, loaded with 
chemotherapeutic drugs when administered in combination with local hyperther-
mia induced via catheter inserted in the tumor. Further, the drug delivery pattern 
was observed by magnetic resonance imaging (MRI) to study the antitumor effect 
of drug loaded liposomes, and reported an increase in the tumor accumulation when 
administered with hyperthermia (Ponce et al., 2007).

Polymeric nanoparticles are not far behind liposomes or micelles in competing 
for candidacy of efficient drug delivery systems. Researchers have successfully 
exploited certain stimuli-responsive polymeric nanocarriers, which undergo ther-
modynamically reversible lower critical solution temperature (LCST) phase transi-
tion, also known as inverted phase transition (Meyer et al., 2001). This means that 
the polymeric nanocarriers become soluble upon injection in vivo, and then become 
insoluble only to accumulate at the tumor site due to induction of local hyperther-
mic state. Poly(N-isopropylacrylamide) and certain elastin-like peptides are ideally 
suited for such thermally-targeted drug delivery in cancer (Meyer et al., 2001). 
This strategy employs the high loading capacity of the polymeric carriers and the 
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synergistic effect of macromolecular extravasation by hyperthermia to localize the 
delivery system at the tumor site (Meyer et al., 2001). Local precipitation of the 
delivery system in the tumor vasculature due to increase in temperature can also 
lead to site-specific micro-embolization to prevent oxygen and nutrients diffusing 
into the tumor mass (Meyer et al., 2001). This is quite an elegant strategy that com-
bines drug delivery with antivascular therapeutic approach to synergistically inhibit 
tumor growth.

Colloidal gold and microgels are other emerging examples of drug delivery sys-
tems that are being used in combination with thermotherapy. A recent study reported 
that the antitumor efficacy of TNF-α increased significantly upon encapsulation in 
PEG-coated colloidal gold particles and when administered in combination with 
thermotherapy (Visaria et al., 2006). In a similar gene-based approach, adjuvant 
hyperthermia was shown to enhance the anti-angiogenic efficacy of interleukin-12 
upon administration with the aid of adenoviral vectors (Siddiqui et al., 2007). 
Microgels, which are microscopic particles of hydrogels, have gained substantial 
attention in controlled drug release. Upon cross-linking into mesh systems, various 
polymers can be used to formulate hydrogels holding large water content 
(Vinogradov, 2006). Microgels made with polymeric materials that undergo marked 
volume transitions upon exposure to external stimuli, such as temperature, can be 
quite useful in chemo-embolization in combination with hyperthermia, especially 
for liver cancer (Vinogradov, 2006). Certain anticancer drugs such as bleomycin 
can be encapsulated in the microgels, and upon oral administration, preferential 
release of the drug at higher pH (of the small intestine) was observed (Blanchette 
and Peppas, 2005). Further, release of certain encapsulated biomolecules, such as 
pDNA, can be targeted and controlled by hydrogen or hydrophobic bonding 
(Vinogradov, 2006).

Radio-frequency (RF) ablation is an image-guided, percutaneous ablative proce-
dure, which applies the principle of tumor necrosis mediated by targeted heat 
delivery to the tumor mass (Chang, 2003). Electric probes are introduced into the 
center of the tumor through which high frequency alternating current (up to 
550 kHz) is passed to generate heat by agitation of conductive ions, leading to irre-
versible cellular damage and tumor coagulation (Chang, 2003). Current clinical 
applications of RF ablation have found importance in the treatment of large lung 
and liver tumor masses (Chang, 2003).

Recently, RF ablation has become an increasingly popular mode of treatment in 
malignancies, although tumors larger than 3 cm have shown discouraging outcome 
(Hines-Peralta et al., 2006). This has prompted several researchers to investigate 
RFA in conjunction with chemotherapy. Goldberg’s group has observed significant 
increases in tumor accumulation of doxorubicin and antitumor efficacy of the drug 
encapsulated in PEG-modified liposomes (Doxil®) upon administration in combi-
nation with RF ablation. Preliminary results of clinical studies involving patients 
with hepatic tumors show that high tumor necrosis levels were achieved when RF 
ablation was used in combination with targeted chemotherapy (Goldberg et al., 
2002). Furthermore, favorable results have been reported when the liposomal 
chemotherapeutic agent was modified to achieve greater tumor coagulation levels. 
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However, the success of RFA-chemotherapy combination is also influenced by 
formulation characteristics such as nanoparticle size, the nature, and circulation 
time of cytotoxic drug delivered there in (Ahmed, 2005). Interestingly, arsenic tri-
oxide (As

2
O

3
) has been used to enhance RF ablation in solid tumors through its 

apoptotic activation, antivascular, and thermo-sensitizing properties (Hines-Peralta 
et al., 2006).

It is critical to evaluate and optimize the current and emerging image-guidance 
tools applied in tumor ablation with patient-specific temperature maps, also known 
as isotherms (Wood et al., 2007). Technetium-99 m radiolabeled chemotherapeutic 
liposomes could be used to monitor drug release, which helps in the calculation of 
the desired intensity of hyperthermic intervention (Kleiter et al., 2006). X-ray com-
puted tomography may also be used to study the release kinetics of the adjuvant 
chemotherapeutic agent released in response to thermal trigger at the tumor site and 
localization in the tumor mass. This is important in the context of physiological 
changes brought about by the severe tissue damage by RF ablation treatment. 
Despite the large scope of RF ablation in the treatment of cancer, the size and loca-
tion of the tumor pose great challenges for successful clinical outcomes as deep-
seated solid tumors are often poor targets for RF ablation due to poor visualization, 
higher probability of incomplete ablation, and potential for cancer relapse (Wood 
et al., 2007). In deep-seated tumor mass, intense damage to nontarget tissues is also 
highly possible because of the invasive nature of the treatment modality.

Deep-tissue solid tumors require innovative strategies, which employ minimally 
invasive, targeted implantation of “thermoseeds” to sensitize the tumor mass to radio-
therapy or chemotherapy (or both) (Johannsen et al., 2005). Recently, liposomes or 
polymeric nanoparticles encapsulating magnetic iron oxide particles have been 
recruited to induce hyperthermia in tumors and also to serve as MRI contrast agents. 
In one clinical study, magnetic nanoparticles were evaluated for interstitial thermo-
therapy where-in iron oxide nanoparticles were suspended in water and administered 
to 22 patients with pelvic, thoracic, and head-and-neck tumors and exposed to alter-
nating magnetic field to generate local heat (Wust et al., 2006). The results showed 
good tolerance of magnetic heating of iron oxide nanoparticles by these patients. In 
a separate study, the same group of investigators evaluated the efficacy of aminosi-
lane-coated iron oxide nanoparticles for thermotherapy of recurrent glioblastoma 
multiforme and reported that magnetic nanoparticles were safe and efficacious in 
achieving hyperthermia-mediated tumor control (Maier-Hauff et al., 2007).

5  Multifunctional Nanocarriers for Imaging and Drug 
Therapy

Perhaps the most common form of nanocarrier multifunctionalization finds itself in 
the combination of imaging modalities and drug therapy into a single nanoparticle 
platform. Since the improvement in survival outcome of cancer patients over the 
last few decades can be largely attributed to improvements in both therapy as well 
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as diagnostics, the combination of both modalities seems obvious, particularly 
since the tumor targeting properties of nanoparticles would benefit both therapy 
and imaging. A concept that is readily attainable through nanoparticles, and would 
be greatly beneficial to cancer patients, is the idea of “real-time” therapy, a situa-
tion whereby a clinician can visually track where in the body the administered dose 
disperses and how much accumulates at the tumor site, and as a result, can either 
predict therapeutic outcome, or even go as far as to visually monitor tumor shrink-
age over time. Multifunctionalization of nanoparticles through the co-inclusion of 
therapeutics and imaging contrast agents will allow for such major advances.

Superparamagnetic iron oxide nanoparticles are colloidal suspensions of mag-
netite (Fe

3
O

4
) that were approved over a decade ago by the FDA for parental use as 

a contrast agent in MRI. Originally approved for liver imaging, the superparamag-
netic nature of iron oxide nanoparticles enhances contrast of their area of accumula-
tion on a T

2
 weighted MRI image, a feat that is advantageous in the tumor detection 

as well. While MRI in itself is a very useful technique for detection of solid tumors, 
by providing clear anatomical detail and soft tissue contrast, in the past MRI has 
been quite insensitive for smaller events in cancer imaging, such as the detection of 
lymph node metastasis and therapeutic efficacy of cancer treatment. Iron oxide 
nanoparticles were successful in the detection of 90.5% lymph node metastasis in 
patients with prostate cancer as opposed to 35.4% detection using conventional 
MRI, a 2.5-fold greater increase in diagnostic sensitivity (Harisinghani et al., 
2003). In a more advanced use of contrast imaging, iron oxide nanoparticles have 
been shown to image cellular events in vivo. Zhao et al. (2001) targeted iron oxide 
nanoparticles to anionic phospholipids present on the surface of apoptotic cells by 
incorporating the C2-domain of synaptotagmin I onto the surface of the nanoparti-
cles, allowing for a real-time visualization of apoptotic activity as an indicator of 
chemotherapeutic efficacy. Magnetite nanoparticles formulated with PLGA have 
been successful in combining delivery of chemotherapeutic drugs to the tumor, 
while retaining enough magnetic strength for imaging contrast enhancement, a 
potential use for real-time tracking of therapeutic efficacy. This potential has also 
been demonstrated by Reichardt et al. (2005) who used iron oxide nanoparticles as 
a tumor contrast enhancement in MRI to visualize the tumor therapeutic response 
of MV522 colon carcinoma xenografts to a VEGF receptor tyrosine kinase inhibi-
tor over time. From this study, they were able to show a statistically significant 
decrease in relative vascular volume fraction in real-time over the duration of treat-
ment, as measured by sequential MRI of the tumors using these iron oxide nano-
particles as a tumor-imaging enhancer. Similarly, Nasongkla et al. (2006) developed 
multifunctional polymeric micelles loaded with doxorubicin and superparamag-
netic nanoparticles in the core, and surface modified by inclusion of cyclic RGD 
for active tumor targeting. Self-assembling dermatan sulfate based nanoparticles 
formulated as a superparamagnetic nanoparticle with inclusion of the chemothera-
peutic drug doxorubicin, is another example of a multifunctional nanoparticle for 
tumor imaging and treatment (Ranney et al., 2005). Not only have these nanoparti-
cles been shown successful in imaging AT1 tumors in vivo by MRI, surprisingly, 
therapeutic efficacy against MX-1 breast tumor xenografts increased significantly 
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when doxorubicin was delivered encapsulated in these nanoparticles, versus 
treatment with free doxorubicin, as indicated by the drastic tumor growth delay in 
60% of mice and complete tumor regression in 40% of mice treated with the nano-
particle formulation, as opposed to the lack of tumor regression and shorter tumor 
growth delay in mice treated with doxorubicin alone (Ranney et al., 2005). An 
alternative approach to a similar multifunctional nanoparticle by Kohler et al. 
(2005) multifunctionalized iron oxide nanoparticles by binding methotrexate to the 
surface to produce a targeting construct to folate receptors; however, once internalized 
by the cancer cell, lysosomal pH cleaved methotrexate from the surface, allowing it to 
further serve as a chemotherapeutic for cancer eradication, thereby producing a 
multifunctional system that allows for simultaneous tumor therapy and real-time 
imaging of drug delivery.

Another MRI contrast agent applicable in nanotechnology is gadolinium. 
Gadolinium-157 is a stable (nonradioactive) nuclide that is frequently used as a 
contrast agent in MRI diagnostics, to enhance contrast in T1 weighted images 
(Aime et al., 2004), for example, in MRI in vivo models of lymph node metastasis 
(Kobayashi et al., 2006). However, an additional benefit of gadolinium nanoparti-
cles is that upon irradiation with thermal neutrons gadolinium-157 produces cyto-
toxic γ-ray radiation (Barth and Soloway, 1994), enabling gadolinium for the 
additional use in neutron capture therapy (NCT) of cancer. Thus, the combined 
therapeutic and imaging properties of gadolinium make it an excellent candidate for 
multifunctional cancer treatment. Using gadolinium nanoparticles as such as thera-
peutic modality, tumor growth was significantly suppressed and survival time 
increased through NCT in mice bearing a radio-resistant melanoma (Tokomitsu et 
al., 2000). Delivery of gadolinium through gadopentatic acid (Gd-DTPA) allows 
for association of gadolinium into polymeric nanoparticles, a principle proven by 
Tokomitsu et al. (Tokumitsu et al., 2000; Shikata et al., 2002) who utilized this 
concept to associate gadolinium into chitosan nanoparticles for NCT. Although, 
prior use of Gd-DTPA as an MRI contrast agent and use of chitosan nanoparticles 
in delivery of chemotherapeutics such as paclitaxel and doxorubicin to tumors 
(Nsereko and Amiji, 2002) seem evident, the dual use of these gadolinium-containing 
chitosan nanoparticles in imaging and therapy is yet to be investigated. Thus far, 
multifunctionalization of gadolinium nanoparticles has been improved through 
conjugation of folic acid or thiamine to the surface of gadolinium-containing nano-
particles (through distearoylphosphatidylethanolamine (DSPE) and a PEG spacer), 
greatly enhancing cell uptake of gadolinium to cancer cells expressing receptors for 
folate and thiamine respectively in vitro and in vivo, thereby potentially improving 
localization and tumor eradication by NCT (Oyewumi and Mumper, 2002; 
Oyewumi et al., 2003, 2004). Already, gadolinium nanoparticles present multifunc-
tional properties in their ability to image and ablate the tumor in one system. 
However, further multifunctionalization of these vectors by conjugation with 
tumor-specific targeting ligands and incorporation of a drug load remains to be 
examined.

As another imaging modality, gold nanoparticles and gold nanoshells (silica 
core nanoparticles surrounded by a layer of gold coating) are favorable to be used 
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as contrast agents in optical coherence tomography (OCT), since variations in their 
size and shape allows for precise tuning of their resonance wavelength between 
near-ultraviolet and mid-infrared (Oldenburg et al., 1999). For example, a gold 
nanoshell with a 20-nm shell on a 60-nm silica core will resonate at around 
700–750 nm, while a nanoshell with a 5-nm shell on the same 60-nm core will res-
onate at around 1,000–1,050 nm (Loo et al., 2004). In this manner, multifunctional-
ized gold nanoparticles have been used for tumor imaging and drug delivery. For 
example, delivery of daunorubicin from gold nanoparticles was shown to cause 
15–20% greater inhibition of cell growth of multidrug resistant K562 leukemia 
cells and over administration of free drug, while retaining imaging capabilities of 
these cells through fluorescence detection (Li et al., 2007). Similarly, gold nanopar-
ticles have been conjugated to a carbohydrate coating to incorporate glycogen anti-
gens to develop a multifunctional anticancer vaccine (Ojeda et al., 2007). The 
disperse range permissible to these nanoparticles spans the near-infrared (NIR), and 
since NIR light experiences maximal tissue penetration with minimal en route 
absorption, they become beneficial for use in thermal ablation, a property that, like 
gadolinium nanoparticles, gives these platforms an inherent multifunctional capa-
bility in cancer imaging and therapy, aside from the additional inclusion of antican-
cer drugs. Such combined imaging and therapeutic use of these gold nanoshells has 
been proven in several cancer models, both in vitro and in vivo (Hirsch et al., 2003; 
Loo et al., 2004, 2005). It has been shown that thiolated PEG easily assembles onto 
the nanoshell surface providing a linker for surface incorporation of active tumor 
targeting moieties or even biotherapeutic agents. Paciotti et al. (2004) have used 
colloidal gold particles in this manner to successfully deliver TNF-α as an antican-
cer therapeutic to an MC-38 colon carcinoma in vivo. Mukherjee et al. (2005) 
reported the inhibition of angiogenesis by gold nanoparticles, through direct bind-
ing of the particles to heparin-binding growth factors (VPF or VEGF and FGF spe-
cifically), a property that is very useful in halting tumor proliferation. Hainfeld et 
al. (2004) have shown that gold nanoparticles can help to localize radiotherapy to 
prolong one-year survival rates of mice bearing EMT-6 mammary carcinomas 
(86% survival with gold nanoparticles versus 20% survival with x-rays alone). 
Although the latter three examples used colloidal gold nanoparticles rather than the 
silicon–gold nanoshells, which bear the combined use of imaging and thermal abla-
tion, future research may allow for the development of a gold nanoshell or a particle 
that ties together all these uses.

Finally, a more recent nanoparticle platform that emerged for cancer diagnos-
tics, and has further allowed for the multifunctional modality of imaging and ther-
apy is the semiconductor nanocrystal, otherwise known as the quantum dot. 
Quantum dots are semiconductor-based nanoparticles that function as fluorescent 
probes for imaging purposes (Gao et al., 2005). Similar to gold nanoshells, quan-
tum dots are favorable imaging agents, that is their absorption properties can be 
tuned from visible to infrared wavelengths, they emit highly intense signals, and 
they are chemically, photochemically, and thermally stable (Chan et al., 2002). 
Quantum dots have the unique property that, from a single excitation wavelength, 
emission photons can span any wavelength between blue and infrared depending 
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on the nanocrystal size and composition (Voura et al., 2004). Therefore a number 
of quantum dots, each actively targeted to a different tumor marker, can be visual-
ized simultaneously, a useful property in real-time cancer imaging. This function 
has been particularly useful in the tracking of metastatic tumors (Voura et al., 
2004). Quantum dots, miniscule in size (2–8 nm in diameter), are easily bioconju-
gated with peptides, antibodies, and small-molecule drugs through polymer linkers 
without loss of their fluorescence or tumor localization properties (Gao et al., 
2005). Typically, high quality quantum dots are prepared in the organic solvent 
mixture tri-n-octyl phosphine/tri-n-octylphosphine oxide (TOP/TOPO) at high 
temperatures, which caps the quantum dots with a monolayer of the nonpolar sol-
vent. This capping allows for surface adhesion of amphiphilic polymers (such as 
PEG and poly(ethylene oxide)-containing block copolymers), which not only facil-
itate solubility and bioavailability of the nanoparticles, but provide a linker for bio-
conjuation of peptides, antibodies, oligonucleotides, or small molecule drugs, 
thereby multifunctionalizing the quantum dot for tumor targeting, tumor imaging, 
and potential drug delivery. A few examples of such incorporation to quantum dots 
in this manner include antibodies against HER2 (Wu et al., 2003), prostate specific 
membrane antigen (Gao et al., 2004), HSPs (Medintz et al., 2005), and p-gp 
(Sukhanova et al., 2004). Although from this step forward it seems inherent that 
drugs can be loaded into the bulk of the polymer coating or grafted onto the surface 
(successful multifunctionalization of this degree), while retaining the imaging, bio-
compatibility, and bioavailability properties remains to be proven. Nevertheless, 
through a recent discovery it appears that quantum dots, such as gold and gadolinium 
nanoparticles, may possess an inherent therapeutic capability, thereby maintaining 
the combined tumor imaging and therapy functions that makes these nanoparticles 
multifunctional. It appears that quantum dots can act as photosensitizers in photo-
dynamic therapy (PDT) (Bakalova et al., 2004). PDT utilizes light, oxygen, and a 
photosensitizer to selectively destroy target tissue by generating reactive oxygen 
species, which promotes apoptosis of the target cells. In this, Samia (2006) have 
shown that cadmium selenide quantum dots can generate the singlet oxygen species 
that take part in PDT, although generation is at a lower rate than conventional pho-
tosensitizers. However, with this nanoparticle tumor therapy system the promise 
exists for a multifunctional imaging and therapeutic approach, with great benefit to 
cancer treatment.

6 Other Examples of Multifunctional Nanosystems

6.1 Combination Drug Delivery and Ultrasound

Perfluorocarbon emulsion nanoparticles are under investigation as ultrasound con-
trast agents and ultrasonically enhanced drug delivery vehicles. With a mean 
diameter on the order of hundreds of nanometers, approximately 10-fold smaller 
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than commercially available microbubble contrast agents, targeting of, and extrava-
sation through tumor endothelium may be superior to microbubbles (Kong et al., 
2000, 2001). Compared with microbubbles, liquid-filled nanodroplets are more 
stable under pressure and mechanical stress and are capable of carrying a larger 
drug payload, although they are also less echogenic. Both microbubbles and liquid-
filled nanoparticles can be encapsulated by a molecularly targeted lipid shell.

Lanza and coworkers (Lanza et al., 2002; Lanza and Wickline, 2003; Wickline 
and Lanza, 2003) have described the use of perfluorocarbon emulsion nanoparticles 
as ultrasound contrast agents and have developed theoretical models for estimating 
acoustic reflectivity of different perfluorocarbon nanoparticle formulations (Marsh 
et al., 1998, 2002a&b; Hall et al., 2000, 2001). Nanoparticles have low acoustic 
reflectivity in solution; however, their echogenicity increases when they are depos-
ited in a layer, resulting in a targeted contrast agent that is detectable only when 
adherent at the target site (Lanza and Wickline, 2003). Perfluorocarbon nanoparti-
cles can also serve as MRI contrast agents when gadolinium is incorporated into 
their lipid shell useful for multimodality imaging studies (Anderson et al., 2000; 
Winter et al., 2003a,b; Lanza et al., 2004; Morawski et al., 2004; Cyrus et al., 2005; 
Schmieder et al., 2005). In addition to their application as ultrasound contrast 
agents, perfluorocarbon nanoparticles have also been used as therapeutic delivery 
vehicles for doxorubicin, paclitaxel, and other therapeutic agents (Lanza and 
Wickline, 2001; Wickline and Lanza, 2003; Larina et al., 2005). Crowder et al. 
(2005) have shown that ultrasound enhances trans-membrane delivery of fluores-
cent dye from nanoparticles to C32 melanoma cells. Ultrasonic molecular imaging 
is unique, that is, the optimal application of these agents depends not only on the 
surface chemistry but also on the applied ultrasound field, which can increase 
receptor–ligand binding and membrane fusion (Dayton et al., 1999; Zhao et al., 
2004; Rychak et al., 2005). Dayton et al. (1999) and Rychak et al. (2005) have pre-
viously demonstrated that acoustic radiation force produced by ultrasound can 
enhance the efficiency of targeted imaging with microbubble-based agents by 
deflecting targeted particles to the endothelium and facilitating bond formation. 
Lum et al. (2006) and Shortencarier et al. (2004) have demonstrated that physically 
localizing drug delivery vehicles with acoustic radiation force can enhance local-
ized drug delivery. Recently, Crowder et al. (2005) have observed acoustically 
enhanced dye delivery from perfluorocarbon nanoparticles and postulated that 
acoustic radiation force is partially responsible for this effect.

Using microbubbles as a carrier particle and attaching nanoparticles containing a 
higher payload of drug allows the biodistribution of such a carrier particle to be 
controlled by insonation, using ultrasound pulse schemes that are designed to deflect 
the vehicle to a target vessel wall and then to rupture the larger lipid carrier. When 
a traveling ultrasonic wave is absorbed by a particle, the momentum associated with 
the wave produces a net primary ultrasound radiation force (USRF), whereby the 
radiating sound wave is transferred to the particle. While incompressible objects do 
experience USRF, compressible objects such as gas bubbles experience far larger 
forces and are displaced by low-amplitude ultrasound waves (Aaron et al., 2006). 
Avidinated neutravidin-coated fluorescent nanobeads bound to the biotinylated 
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lipid shells of preformed microbubbles that specifically targets using USRF and 
biotin–avidin interactions is demonstrated (Aaron et al., 2006). Targeting of 
nanobeads was molecularly specific and dependent on, in order of importance, 
vehicle concentration, wall shear stress, nanobead size, and insonation time. This 
method of delivery is shown to enable targeted deposition of nanoparticles in shear 
flow and can be modified to carry therapeutic agents for controlled release in tar-
geted delivery applications.

6.2 Combination Drug Delivery and PDT

Photodynamic therapy (PDT), the activation of a tumor-localized photosensitizer 
by light, is generally applied as a single modality for the treatment of a variety of 
solid tumors. Its dominant mechanism of action is the local generation of cytotoxic 
singlet oxygen, which causes the destruction of tumor cells and damage of the 
tumor microvasculature (Henderson and Gollnick, 2003). It has been applied to 
both treatment of superficial tumors (such as cutaneous basal-cell carcinoma and 
head and neck tumors) and to deeper tumors accessible by endoscopies (including 
esophageal and lung cancers) (Hopper, 2000). PDT with photofrin has been 
approved by FDA for the treatment of Barrett’s esophagus and endobronchial and 
esophageal carcinomas, and perhaps the most successful approval of PDT is with 
verteporfin for injection (Visudyne®) to treat age-related macular degeneration 
(AMD) (Dolmans et al., 2003).

In general, a photosensitizer is confined within the tumor vasculature initially after 
injection and PDT that employs a short drug-light interval largely damages tumor 
vasculature (Veenhuizen et al., 1997). This mechanism is mainly responsible for some 
of the more successful clinical implementations of PDT today, including AMD treat-
ment with verterpofin (Brown and Mellish, 2001) and prostate cancer treatment with 
Pd-bacteriopheophorbide TOOKAD (Chen et al., 2002a; Koudinova et al., 2003).

While many studies have explored ways to maximize the therapeutic effect of 
PDT (Gudgin Dickson et al., 2002), recent efforts are more focused on utilizing tar-
geting strategies that are directed at the tumor vasculature. However, it should be 
realized that neither vascular targeting nor cellular targeting PDT regime alone is 
perfect for tumor cell killing. Solely vascular targeting may be a good approach for 
purely vascular diseases such as AMD (Schmidt-Erfurth et al., 1994), yet it may not 
be enough for tumors because peripheral tumor vessels are shown to be somewhat 
resistant to both vascular-targeting agents (Pedley et al., 2001) and PDT-induced 
vascular effects (Uehara et al., 1998; Chen et al., 2002b; Koudinova et al., 2003).

Despite the extensive central tumor necrosis induced by vascular targeting PDT, 
tumor vessels or cells can re-grow from the peripheral rim after treatment. The 
major problem for cellular-targeting PDT is that it suffers from complex issues 
such as heterogeneity of tumor microenvironment and inhomogeneous photosensi-
tizer distribution. Additionally, tissue hypoxia has been identified as a major obsta-
cle to direct targeting tumor cells by PDT (Dougherty et al., 1998).
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Inadequate photosensitizer delivery due to heterogeneous tumor perfusion, vascular 
permeability, and tumor interstitial pressure can also affect the effectiveness of cellular 
targeting PDT. Combination of tumor vascular and cellular targeting approaches can be 
a way to overcome the problem associated with each individual targeting strategy and 
to achieve maximal opportunity of tumor eradication (Wachsberger et al., 2003). Also, 
most photosensitizers are hydrophobic and difficult to prepare in an injectable form.

Nanocarriers can provide solution to all the above problems by not only provid-
ing a stable dispersion of these drugs into aqueous systems, but also upon systemic 
administration, these carriers are preferentially taken up by tumor tissues by virtue 
of the “enhanced permeability and retention effect”, which is the property of such 
tissues to engulf and retain circulating macromolecules and particles owing to their 
“leaky” vasculature. The carriers include oil dispersions (micelles), liposomes, low-
density lipoproteins, polymeric micelles, and hydrophilic drug–polymer complexes. 
In one study (Qing et al., 2006), Profrin II nanoparticles-PDT results in inhibition of 
Lovo colon carcinoma growth in post-PDT earlier period in vivo, and were shown 
to prolong the survival time of nude mice bearing xenografts significantly, whereas 
Profrin II-PDT could not inhibit the growth of colon tumor completely. In another 
study (Reddy et al., 2006), multifunctional polymeric nanoparticle consisting of a 
surface-localized tumor vasculature targeting F3 peptide and encapsulated PDT and 
imaging agents were shown to specifically bound to the surface of MDA-435 cells 
in vitro and were internalized conferring photosensitivity to the cells. Treatment of 
glioma-bearing rats with targeted nanoparticles followed by PDT showed a signifi-
cant improvement in survival rate when compared with animals who received PDT 
after administration of nontargeted nanoparticles or systemic photofrin.

Zinc(II) phthalocyanine (ZnPc), a second generation loaded PLGA nanoparticle, 
was shown to maintain its photo-physical behavior after encapsulation (Ricci-
Junior and Marchetti, 2006). Photosensitizer release from nanoparticles was sus-
tained with a moderate burst effect of 15% for 3 days. The photocytotoxicity of 
ZnPc loaded PLGA Np was evaluated on P388-D1 cells that were incubated with 
ZnPc loaded Np (5 µM) by 6 h and exposed to red light (675 nm) for 120 s, and light 
dose of 30 J/cm2. After 24 h of incubation, the cellular viability was determined, 
obtaining 61% of cellular death. From the physical–chemical, photophysical, and 
photobiological measurements performed it was concluded that ZnPc loaded 
PLGA nanoparticles is a promising drug delivery system for PDT. In another study, 
Prasad’s group (Cinteza et al., 2006) described the ceramic-based nanoparticles 
capable of selectively delivering photosensitizers to tumor cells and damaging 
them in vitro. These studies establish the role of nanocarriers in PDT.

7 Conclusions

Over the last decade, a wide range of nanocarrier systems, such as liposomes, poly-
meric nanoparticles, nanoemulsions, micelles, and hydrogels have shown tremen-
dous progress in pharmaceutical applications. These engineered multifunctional 
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nanocarrier systems have successfully evolved to possess some very useful properties 
such as prolonged circulation in blood, target specificity, and increased cell penetra-
tion of the therapeutic drugs and molecules. Prompted by the clinical success of some 
nanocarriers, most drug delivery research has focused on integrating the various ben-
eficial properties of the nanovectors to make the treatment strategies more direct, 
specific, stable, less invasive, and in some cases to tackle the problem of MDR.

Current research is also focused on understanding and taking advantage of the 
features of tumor microenvironment such as pH and temperature changes. 
Developing nanocarriers that employ various beneficial properties require the 
assembly of a number of chemical moieties on a single nanoparticle. However, 
immediate challenges in the formulation of such nanovector system include char-
acteristics such as size, surface charge, cytotoxicity, immunogenicity, cell mem-
brane, and organelle barriers to name a few.

Nanovectors, in their simplest form, could enable deliver a combination of drugs 
or genes (or both) to take advantage of synergistic or bystander properties of the 
biomolecules. Currently, various nanocarrier systems undergo surface modifica-
tion, by synthetic polymers such as PEG and targeting ligands such as peptides, 
antibodies, or sugar moieties, in order to escape the physiological attack by the 
reticulo-endothelial sytem in the body and target the disease site. In certain cases, 
the surface modification could enable the nanovector to pass through the blood–
brain barrier. The protective PEG coat of the nanocarriers may inhibit the release 
of the encapsulated drug, thus encouraging the development of drug delivery sys-
tems that could be pH- and temperature-responsive, especially in conditions such 
as inflammation, infarction, and cancer.

Hyperthermia has been emerging as an important adjuvant mode alongside of 
chemotherapy, radiotherapy, and surgery. Increased local or whole body tempera-
tures brought about by radiofrequency ablation, ultrasonic waves, or by the admin-
istration of magnetic nanoparticles that act in alternating magnetic fields are some 
of the tested strategies in the clinic. Nanocarriers that enable contrasting agents to 
transmit a signal drug accumulated site provide for diagnostic and imaging tech-
niques. Gold nanoparticles, quantum dots, liposomes, and micelles are among the 
successful nanovectors. When formulated in combination, these drug delivery sys-
tems could enable imaging and controlled release of drugs or therapeutic molecules 
in a spatiotemporal pattern. Such multifaceted, versatile nanocarriers and drug 
delivery systems promise a substantial increase in the efficacy of diagnostic and 
therapeutic applications in pharmaceutical sciences.
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1 Introduction

Nanogels are nanosized networks of chemically or physically cross-linked polymers 
that swell in a good solvent. The term “nanogel” (NanoGel™) was first introduced by us 
to define cross-linked bifunctional networks of a polyion and a nonionic polymer for 
delivery of polynucleotides (cross-linked polyethyleneimine (PEI) and poly(ethylene 
glycol) (PEG) or PEG-cl-PEI) (Lemieux et al., 2000; Vinogradov et al., 1999). However, 
some other studies also described nanoparticles of polymeric hydrogels. For example, 
work by Akiyoshi and Sunamoto proposed nanosized swollen aggregates of 
cholesterol-modified polysaccharide (pullulan) for delivery of insulin (Akiyoshi et al., 
1998). Altogether, nanogels represent a novel family of nanoscale materials for delivery 
drugs, genes, and imaging agents. Publications using nanogels in pharmaceutics and 
nanomedicine have greatly increased after 2002 (Fig. 1), when the first review on this 
subject was published (Vinogradov et al., 2002). This demonstrates an increasing inter-
est in nanogels by biomaterial and pharmaceutical scientists.

Nanogels are very promising in drug delivery applications due to their high load-
ing capacity that is unique for pharmaceutical nanocarriers. Unloaded nanogels in 
a swollen state contain considerable amount of water. Loading of biological agents 
is often achieved through self-assembly mechanisms involving electrostatic, Van 
der Waals, and/or hydrophobic interactions between the agent and the polymer 
matrix. As a result, nanogels collapse forming stable nanoparticles, in which bio-
logical agent is entrapped. To stabilize nanogels in dispersion, water-soluble noni-
onic polymers, such as PEG, can be introduced in nanogel structure. Such polymers 
form protective soluble layer around a collapsed core, similar to a shell of poly-
meric micelles that prevents phase separation. Novel methods have been proposed 
for self-assembly and cross-linking of double hydrophilic block copolymers allow-
ing strict control over special distribution of nanogel chains between their internal 
and external layers. Nanogel surface groups have been modified with ligands to 
enable receptor-mediated delivery to target cells. Various nanogels have been 
shown to deliver their payload inside cells and cross biological barriers. Due to ele-
vated stability inside cells, nanogels demonstrate good potential for enhancing oral 
and brain bioavailability of low molecular drugs and biomacromolecules.
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2 Synthesis of Nanogels

Current approaches used for preparation of nanogels can be divided into (1) chemical 
synthesis by polymerization (copolymerization), (2) chemical cross-linking of poly-
meric chains, and (3) physical self-assembly of polymers. Polymerization or cross-
linking is usually carried out in colloidal dispersions to ensure formation of 
nanoscale-sized species. In this case, cross-linking agents are often introduced to 
form nanogels. For example, Peppas et al. have been able to produce hydrogels 
composed of PEG grafted on poly(methacrylic acid) (PMAA), as a nanosphere 
suspension using a UV-initiated solution/precipitation polymerization method in 
water (Donini et al., 2002). DeSimone et al. have synthesized cationic nanogels 
by inverse microemulsion polymerization of 2-acryloxyethyltrimethylammonium 
chloride (AETMAC), 2-hydroxyethylacrylate (HEA), and poly(ethylene 
glycol)diacrylate (PEGdiA) in heptane (PAETMAC nanogel) (McAllister et al., 
2002). This technique was in essence similar to inverse microemulsion copolym-
erization of acrylamide adopted for immobilization of enzymes in nanoparticles 
(Khmelnitsky et al., 1992). Labile bonds are also frequently introduced into 
hydrogels to make them (bio)degradable to facilitate drug delivery (Park et al., 
2007). Frechet and coworkers reported inverse emulsion polymerization utilizing 
free radical polymerization to prepare degradable acrylamide-based nanogels 
containing acid-liable acetal cross-linkers for protein, antigen, and DNA delivery 
(Goh et al., 2004; Kwon et al., 2005b; Murthy et al., 2003). Matyjaszewski et al. 
used atom transfer radical polymerization (ATRP) in inverse miniemulsion for 
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synthesis of stable cross-linked nanogels of water-soluble polymers (Oh et al., 
2006). A disulfide-functionalized cross-linker was used in this work to synthesize 
cross-linked biodegradable nanogels. Matyjaszewski and Kataoka further 
extended this approach to synthesize biodegradable, cross-linked 
poly(oligo(ethylene oxide) monomethylether methacrylate) (POEOMA) nano-
gels (Oh et al., 2007a). Another study fabricated hyaluronic acid (HA) nanogels 
containing biodegradable disulfide linkages by inverse water-in-oil emulsion 
method (Lee et al., 2007).

Chemical cross-linking is a highly versatile method of creating polymeric 
hydrogels with large pore sizes (Hennink and van Nostrum, 2002). The cross-
linking method was used to synthesize the PEG-cl-PEI nanogel for polynucle-
otide delivery (Vinogradov et al., 1999). In this case, a bis-activated PEG was 
conjugated to a branched PEI (25 kDa) in an oil-in-water emulsion, followed 
by evaporation of the solvent in vacuo and maturation of the nanogel in aque-
ous solution. Subsequently, PEI was cross-linked to bis-activated pluronic 
block copolymers in aqueous micellar solutions (Vinogradov et al., 2006). 
Reactions were carried out in the presence of pluronic micelles, which, pre-
sumably, resulted in the formation of nanogels with pluronic micelle core sur-
rounded by PEI shell. Strict control of spatial distribution of polymer chains 
in nanogel was achieved by Bronich and coworkers (Bronich et al., 2005). 
This work developed a procedure, in which block ionomer complexes were 
initially prepared by self-assembly of ionic blocks of double hydrophilic block 
copolymers with an oppositely charged condensing agent, followed by chemi-
cal cross-linking of ionic blocks in the core and removal of the condensing 
agent. Nanogels prepared using this approach from PEG-b-PMAA diblock 
copolymers contained a hydrophilic PEG shell and a cross-linked hydrophilic 
PMA ionic core, which swelled in water and incorporated hydrophilic drugs 
(Bontha et al., 2006). Similar technique was also used to prepare core–shell 
nanogels by condensation and cross-linking of PEG-grafted poly(acrylic acid) 
(PEG-g-PAA) (Bronich et al., 2006).

Physical self-assembly of polymers to produce nanogels was used by several 
groups. These methods usually involve controlled aggregation of hydrophilic 
polymers containing side groups capable of hydrophobic or electrostatic interac-
tions with each other and/or hydrogen bonding sometimes followed by covalent 
(e.g., disulfide) bond formation. The sizes of the resulting nanogels can be con-
trolled by proper selection of the concentration of the polymers and environmen-
tal parameters of the system, such as pH, ionic strength, and temperature. For 
example, Yu et al. prepared protein nanogels by temperature-induced gelation of 
oppositely charged proteins, such as ovalbumin and lysozyme or ovotransferrin 
(Yu et al., 2006b). Similarly, nanogels were obtained by pH- and temperature-
induced gelation of chitosan and ovalbumin (Yu et al., 2006a). A hybrid nanogel has 
also been developed based on interpenetrating networks of thermosensitive poly-
(N-isopropylacrylamide) (PNIPAAm) gels and tailored nanoporous silica (Shin et 
al., 2001). Akiyoshi and Sunamoto prepared hydrogels by hydrophobic associa-
tion of cholesterol-modified pullulan (Akiyoshi et al., 1998). Gref and colleagues 
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described self-assembly of nanogels of various sizes by association of a lauryl-
modified dextran and β-cyclodextrin polymer in aqueous media (Daoud-
Mahammed et al., 2007).

3 Swelling of Nanogel Particles

In water, swelling of nanogels is controlled by several factors: the cross-linker 
concentration, charge concentration (for polyelectrolyte gels), and environmen-
tal parameters (such as pH, ionic strength, temperature). It is well recognized 
that a balance between the osmotic pressure and the polymer elasticity sets the 
physical dimensions of a hydrogel particle (Ricka and Tanaka, 1984). For poly-
electrolyte hydrogels, osmotic pressure results from the net difference in con-
centration of mobile ions between the interior of the gel particle and exterior 
solution. The fixed charged groups attract hydrated counterions, which tend to 
expand the gel, while the conformational entropy elasticity of the cross-linked 
polymer chains opposes this expansion. Neutralizing the polyelectrolyte gel 
reduces the net ion concentration difference (osmotic swelling pressure). This 
reduction in the number of counterions results in dehydration and compression 
of the gel to an extent when the excluded volume of the polymer chains limits 
further compression. Hydrophobic interactions and hydrogen bond formation 
between hydrogel chains and solutes can further contribute to gel condensation 
and collapse.

For weak polyelectrolytes, variation of pH alters the number of charged 
groups and results in nanogel particle size change. For example, core–shell 
nanogels of cross-linked PEG-b-PMA swelled as pH increased from 5 to 9 due 
to ionization of carboxylic groups of PMA (Bontha et al., 2006). Conversely, the 
size of PEG-cl-PEI nanogel decreased as pH increased from ca. 8.5 to 10 due to 
deprotonation of PEI amino groups (Bronich et al., 2001). Despite relatively 
high concentration of fixed charged groups, these PEG-cl-PEI nanogels exhib-
ited relatively little size variation upon changes in pH. This behavior was attrib-
uted to high degree of cross-linking of the PEG-cl-PEI network that limits the 
extent of its swelling. As a general rule, the swelling ratio decreases as the number 
of cross-links increases (Bontha et al., 2006; McAllister et al., 2002). Swelling 
of polyelectrolyte hydrogels also depends on ionic strength. For example, at 
high ionic strengths, the swelling of cationic PAETMAC nanogels was governed 
by the cross-linker concentration, while at low ionic strengths the swelling was 
influenced by both the cross-linker and charge concentration (McAllister et al., 
2002). Temperature, in selected cases, can affect the quality of the solvent, and, 
therefore, the nanogel particle size. Temperature sensitivity of swelling was 
observed, for example, for nanogels of N-isopropylacrylamide (NIPAm) copol-
ymers (Shin et al., 2002; Varga et al., 2006). Altogether, one of the advantages 
of highly dispersed hydrogels is that they usually respond very rapidly to 
changing environmental conditions (Eichenbaum et al., 1998), which facilitates 
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incorporation and release of biological agents in pharmaceutical applications. In 
contrast, the swelling equilibrium for the macrogels requires periods in the order 
of days.

4 Loading with Biological Agents

Biological agents can be incorporated in nanogels by (1) covalent conjugation, 
(2) physical entrapment, or (3) self-assembly. Covalent conjugation of biological 
agents can be achieved using preformed nanogels or during nanogel synthesis. For 
example, enzymes modified with acrylic groups were copolymerized with acryla-
mide either in inverse microemulsion (Khmelnitsky et al., 1992) or dilute aqueous 
solutions (Yan et al., 2006, 2007) to obtain nanosized hydrogels. Physical entrap-
ment was employed for incorporation of proteins in cholesterol-modified pullulan 
nanogels (Akiyoshi et al., 1998) and siRNA in HA nanogels (Lee et al., 2007). In 
addition, hydrophobic molecules can incorporate into nonpolar domains formed by 
hydrophobic chains present in selected nanogels. For example, prostaglandin E

2
 

was solubilized in nanogels of cholesterol-modified pullulan (Kato et al., 2007). In 
another study, N-hexylcarbamoyl-5-fluorouracil (HCFU) was noncovalently 
incorporated in cross-linked nanogels of N-isopropylacrylamide (NIPAAm) and 
N-vinylpyrrolidone (VP) copolymers (PNIPAAm/VP) (Soni et al., 2006). Doxorubicin 
was also loaded in amphiphilic cross-linked nanogels based on pluronic F127 
(Missirlis et al., 2005) and POEOMA (Oh et al., 2007a). In most cases, loading 
achieved due to hydrophobic interaction of the drug molecules with the nanogel 
result in relatively low degrees of loading (not more than ca. 10%).

A different approach based on interaction of polyelectrolyte-based nanogels 
with oppositely charged solutes can produce nanoscale materials, with high con-
tent of biological agents. Like linear and block polyelectrolytes, polyelectrolyte-
based nanogels were shown to interact with oppositely charged surfactants, 
synthetic polyions, polynucleotides, and proteins (Bronich et al., 2001; Ogawa 
et al., 2005, 2007; Vinogradov et al., 1999). These processes are characterized by 
high binding cooperativity and efficiency. For example, binding of an anionic sur-
factant, such as sodium tetradecyl sulfate, with cationic PEG-cl-PEI nanogels has 
an onset at a “critical association concentration” (cac), which is two orders of 
magnitude lower than critical micelle concentration (cmc) of this surfactant alone 
(Bronich et al., 2001). Decrease in cac compared to cmc is explained by coopera-
tive stabilization of surfactant aggregates as a result of the surfactant headgroup 
electrostatic interaction with PEI chains of the nanogel. Charged and amphiphilic 
biologically active molecules such as sodium oleate (OA), indomethacin, and 
retinoic acid (RA) were also incorporated into PEG-cl-PEI nanogels (Bronich et 
al., 2001). For example, RA-loaded nanogels formed nanosized dispersions stable 
at physiological pH and ionic strength, which could be lyophilized, stored, and 
then redispersed. This suggested that a useful pharmaceutical formulation of RA 
can be prepared by its immobilization in nanogel system. In another study, cisplatin 
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was loaded into a cross-linked polyion core of PEG-b-PMA nanogels through a 
reversible covalent attachment of cisplatin to PMA carboxylic groups (Bronich et 
al., 2005). Furthermore, hydrophobic regions of PEG-cl-PEI/surfactant complexes 
can serve as nonaqueous reservoirs for solubilizing water-insoluble molecules 
(Bronich et al., 2001). Hence, polyelectrolyte nanogels are a versatile platform 
technology for incorporation of various low molecular mass compounds via com-
binations of electrostatic and hydrophobic interactions as well as hydrogen bond 
formation.

One of the most important features of weakly cross-linked polyelectrolyte 
nanogels is the ability to incorporate biomacromolecules of opposite charge. 
Accommodation of biomacromolecules in hydrogels is usually hindered by 
effects of excluded volume. However, if biomacromolecules and polymer net-
work have opposite charges, they effectively react with each other forming a 
polyelectrolyte complex. In the cases when the polyelectrolyte chains can pene-
trate nanogels, the process develops as a frontal reaction between oppositely 
charged polyions and spreads from the exterior of the gel to its core (Kabanov 
et al., 2004). As a result, efficient loading with biomacromolecules can be achieved 
even in the case of a bulk polyelectrolyte network (Fig. 2) (Kabanov et al., 2004; 
Oh et al., 2007b). This principle has been exploited to immobilize polynucle-
otides in cationic nanogels. For example, cationic nanogels or PEG-cl-PEI and 
PAETMAC were used for incorporation of single strand antisense oligonucle-
otides and DNA (McAllister et al., 2002; Vinogradov et al., 1999). Addition of 
phosphorothioate oligonucleotide to PEG-cl-PEI nanogel dispersion at physio-
logical pH resulted in immediate formation of polyelectrolyte complexes between 
the oligonucleotide and PEI chains (Vinogradov et al., 1999). The nanogel load-
ing capacity with respect to the oligonucleotide was 15–30% by weight. The oli-
gonucleotide binding with nanogel was almost complete, which is important to 
minimize the loss of agents available in small quantities. Furthermore, anionic 

polymer gel
Protein
(CytC)

Protein-loaded gel

loaded gel

polyanion
nonionic

Protein releaseH+, Ca2+

Fig. 2 Loading and release of cationic protein (cytochrome C) in cross-linked PEG and PAA 
hydrogels. Spontaneous loading is achieved due to polyion complex formation between protein and 
PAA chains. Acidification or addition of Ca2+ ions results in the protein release (Oh et al., 2007b)
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compounds bearing only few charges, such as nucleoside analog 5'-triphosphates 
(NTPs) (5'-triphosphate derivatives of fludarabine, zidovudine, ribavirin, and 
cytarabine) were also efficiently loaded into nanogels of cross-linked PEI and 
PEG or PEI and Pluronic block copolymers (Kohli et al., 2007; Vinogradov et al., 
2005). In these studies, the loading capacity of nanogels with respect to NTPs 
was reported to be over 30%. Altogether, approaches based on binding of polye-
lectrolyte nanogels with oppositely charged solutes are very convenient and effi-
cient and can be used with many biological agents and preformed well-characterized 
nanogel carriers.

5 Release of Biological Agents

The biological agents can be released from the nanogels as a result of (1) diffusion, 
(2) nanogel degradation, or (3) displacement by ions present in the environment. 
Examples include diffusional release of doxorubicin from stable hydrogel nanopar-
ticles based on pluronic block copolymer (Missirlis et al., 2006). This release 
mechanism is simple and has been successfully employed in various nanomedi-
cines, such as polymeric micelles that have already reached a clinical stage 
(Kabanov and Alakhov, 2002). At the same time, there is an increased interest in 
developing nanogels that can release biological agents in response to environmen-
tal cues at the targeted site of action. For example, disulfide cross-linked POEOMA 
nanogels biodegraded into water-soluble polymers in the presence of a glutathione 
tripeptide, which is commonly found in cells (Oh et al., 2007a). The degradation of 
these nanogels was shown to trigger the release of encapsulated molecules includ-
ing rhodamine 6G, a fluorescent dye, and Doxorubicin, an anticancer drug, as well 
as facilitate the removal of empty vehicles. In another study, a release of siRNA 
from disulfide cross-linked HA nanogels was facilitated by adding glutathione 
(GSH), an intracellular reductive agent that induced nanogel dissolution (Lee et al., 
2007). Dispersed hydrogels based on acrylamide copolymers with acid-liable acetal 
cross-linker were shown to be stable at extracellular pH 7.4 but degraded releasing 
entrapped protein at acidic pH 5.0 (Murthy et al., 2003).

Polyelectrolyte hydrogels that incorporate biological agents via electrostatic 
bonds allow for release of biological agents in response to environmental changes. 
For instance, hydrogels of cross-linked PEG and PAA were shown to release an 
oppositely charged protein upon 1) addition of calcium ions that reacted with car-
boxylate groups of PAA and displaced the protein or 2) acidification of the media 
by decreasing pH from 7.4 to 5.5 (Fig. 2) (Oh et al., 2007b). A similar mechanism 
was proposed for release of oligonucleotides from PEG-cl-PEI nanogels (Vinogradov 
et al., 1999). In this case, electrostatically bound oligonucleotides are believed to 
be displaced by negatively charged cellular components. Cell membrane-triggered 
release of negatively charged drugs from complexes with cationic nanogels was 
also proposed to explain cellular accumulation of an NTPs drug delivered with 
nanogels (Vinogradov, 2006).
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6 Chemical Modification of Nanogels for Targeted Delivery

Nanocarriers can be delivered to disease-affected sites after injection in the blood 
stream. Major impediments to this delivery strategy include (1) interaction of nano-
carriers with serum proteins resulting in opsonization or agglutination, (2) clearance 
of nanocarriers by reticuloendothelial system (RES), and (3) clearance of nanocarri-
ers through kidney glomerules. To reduce interaction with serum proteins, extend 
circulation time and decrease renal clearance nanocarrier surface is often modified 
with hydrophilic inert polymers, such as PEG (Francis et al., 1996). For example, 
PEG-cl-PEI nanogels can be additionally modified by PEG chains grafted to its sur-
face (Lemieux et al., 2000; Vinogradov et al., 1999). Similarly, PEG chains can be 
tethered to polymetacrylate nanogels during the emulsion polymerization procedure 
(Hayashi et al., 2005). Nanogels with cross-linked polyion cores and PEG corona 
were also prepared by condensation of block ionomers into polyion complex 
micelles and subsequent cross-linking of the core (Bronich et al., 2005).

Targeting ligands can be also attached to nanogels to enhance their site-specific 
delivery in the body. For example, we described biotinylated PEG-cl-PEI nanogels 
that were vectorized via (strepta)avidin by biotinylated ligands (transferrin or insulin) 
(Vinogradov et al., 2004). Biotin groups were also attached to OH-functionalized 
POEOMA nanogels (Oh et al., 2007a). However, biotin-(strepta)avidin conjugation 
of targeting groups is not practical for in vivo delivery because of biological activity 
of biotin. Hence direct conjugation of nanogels with targeting groups is being devel-
oped. For example, 1–5% of primary amino groups in PEG-cl-PEI nanogels were 
modified with folic acid using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
(EDC) in aqueous media (Vinogradov et al., 2005). Polymetacrylate microgels 
modified with folate demonstrated increased and selective cellular uptake in cancer 
cell lines overexpressing folate receptors (Nayak et al., 2004). To reduce problems 
associated with conjugated folate availability for corresponding cellular receptors, 
several authors recommended insertion of a polymer linker, e.g., PEG between the 
folate moiety and drug carrier (Shiokawa et al., 2005). Nanogels were also conju-
gated with human transferrin (hTf), a tumor-specific receptor target protein 
(Vinogradov, 2006). In this method, amino groups in hTf were first reacted with a 
bifunctional reagent, sulfosuccinimidyl 4-(N-meleimidomethyl)-cyclohexane-1-car-
boxylate (SMCC), to obtain a maleimide derivative of hTf. Second, thiol groups 
were introduced into PEG-cl-PEI nanogels by reaction with 2-iminothiolane (Trout’s 
reagent). Finally, reaction between maleimide-hTf and thiol-nanogels led to the for-
mation of hTf-nanogels with 4–12 hTf molecules per particle. Because of the protein 
size, most conjugated hTf molecules were located at nanogel surface, which facili-
tated easy access to cellular transferrin receptors. Additionally, proteins and peptide 
ligands were also attached to nanogels through a disulfide bridge using a PEG linker 
(Vinogradov, 2006). First, a mono-N-acetylcystamine-PEG linker was prepared, 
activated by 1,1'-carbonyldiimidazole, and conjugated to a PEG-cl-PEI nanogel. 
Next, amino groups of proteins or peptides were reacted with N-succinimidyl 
3-(2-pyridyldithio)-propionate (SPDP), and 2,2'-dipyridyldisulfide to form thiol-specific 
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derivatives. Finally, nanogels were treated with dithiothreitol (DTT), followed by the 
thiol-specific derivatives to yield the modified nanogels. Several short homing pep-
tides and monoclonal antibodies to prostate-specific membrane antigen (PSMA) 
were also conjugated to nanogels using this synthetic approach.

7 Delivery of Small Biological Agents Using Nanogels

Significant progress was made in the application of nanogels as for delivery of 
small biologically active molecules. We encapsulated RA into PEG-cl-PEI nano-
gels (Bronich et al., 2001). This formulation is of interest for application in 
complex drug therapies since RA is known to provide an anticancer effect 
(Soprano et al., 2004). More recently, a similar formulation of valproic acid 
(VA) in PEG-cl-PEI nanogels was prepared and studied in a cellular model of 
the blood–brain barrier (BBB), bovine brain microvessel endothelial cells 
(BBMEC) monolayers (Vinogradov et al., 2004). At least 70% increase in the 
transcellular transport of VA in nanogel across BBMEC monolayers was 
observed compared to a free drug, suggesting that this nanogel formulation may 
be useful for drug delivery to the brain. In another study, HCFU, a prodrug of 
5-fluorouracil (5-FU), has been encapsulated into PNIPAAm/VP nanogels (Soni 
et al., 2006). After coating with polysorbate 80, these nanogels were shown to 
target brain tissue across BBB in rabbits. An antileishmaniasis drug, arjungluco-
side I, was also incorporated into PNIPAAm/VP nanogels (Tyagi et al., 2005). 
This formulation showed enhanced therapeutic efficacy against parasites com-
pared to free drug and a similar activity compared to poly(lactic acid) (PLA) 
nanoparticles. Both nanogel and PLA nanoparticles were effective in reducing 
hepatotoxicity and nephrotoxicity of the drug.

Another application of nanogels involves delivery of nucleoside analogs as 
anticancer agents. These agents usually undergo complex biochemical transfor-
mations in a cell including (1) phosphorylation into nucleoside 5'-phosphates by 
intracellular nucleoside kinases (Hatse et al., 1999), (2) formation of nucleoside 
5'-diphosphates, (3) conversion of ribonucleotides into deoxyribonucleotides by 
nucleoside reductases, and (4) synthesis of nucleoside analog NTPs. The latter 
are actual active molecules, which arrest DNA replication and transcription in 
cancer cells (Galmarini et al., 2002). Previously, many prospective nucleoside 
analogs were discarded in earlier preclinical studies, or withdrawn later from 
clinical studies, because their intracellular conversion into NTPs was insufficient. 
However, using PEG-cl-PEI nanogels as carriers, it became possible to directly 
deliver NTPs into cancer cells (Kohli et al., 2007; Vinogradov et al., 2005, 2006). 
For example, fludarabine in folate-conjugated nanogels demonstrate greatly 
increased uptake and cytotoxicity in several cancer cell lines as well as increased 
transport across intestinal cells, Caco-2, compared to the free drug (Vinogradov 
et al., 2005). Furthermore, antiviral NTPs, such as 5'-triphosphorylated ribavirin 
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were evaluated in cationic nanogel formulations and showed increased activity in 
MDCK cells infected with influenza A virus (Kohli et al., 2007).

8 Delivery of Biomacromolecules Using Nanogels

There are a few examples of in vitro or in vivo delivery of biomacromolecules 
using nanogels. For instance, nanogels loaded with oligonucleotides were 
shown to cross cellular barriers. One work evaluated permeability of a phos-
phorothioate oligonucleotide in polarized Caco-2 cell monolayers as in vitro 
model of gastrointestinal epithelium (Vinogradov et al., 1999). Incorporation of 
oligonucleotide into PEG-cl-PEI nanogel resulted in drastic increase in cellular 
permeability compared to the free oligonucleotide. Permeability of 3H-mannitol, a 
paracellular marker, was not affected suggesting that permeability enhancement 
was due to transcellular delivery of oligonucleotide/nanogel complexes rather 
than increased leakiness of the cell monolayers. Furthermore, the oligonucle-
otide immobilized in nanogel particles crossed cells practically without degra-
dation, while the free oligonucleotide was essentially degraded. Thus, 
PEG-cl-PEI nanogel appears to be a promising carrier for oral delivery of 
oligonucleotides.

Another study evaluated transport of a phosphorothioate oligonucleotide 
across polarized BBMEC monolayers, an in vitro model of BBB (Vinogradov 
et al., 2004). It was found that oligonucleotide in PEG-cl-PEI nanogel was 
effectively transported across the cell monolayers. Permeability was further 
increased when the surface of the nanogel was modified with hTf or insulin. 
The oligonucleotides were transported through a transcellular pathway. After 
release at the abluminal side of the cells, they remained nondegraded and 
incorporated in the nanogel. Biodistribution studies further demonstrated that 
brain accumulation of oligonucleotide 1 h after intravenous injection in a 
mouse was increased by over 15-fold for nanogel-incorporated oligonucle-
otide compared to the free oligonucleotide. At the same time, liver and spleen 
accumulation of oligonucleotide was decreased by twofold. Overall, this study 
suggested that cationic nanogels have potential for delivery of oligonucle-
otides to the brain.

Frechet and colleagues used acid-degradable cationic nanogels for antigen 
presentation in vitro and vaccination in vivo (Goh et al., 2004; Kwon et al., 
2005a–c; Murthy et al., 2003; Standley et al., 2007). For example, incubation 
of these nanogels loaded with ovalbumin, as a model antigen, with dendritic 
cells derived from bone marrow (BMDCs) resulted in enhanced presentation 
of ovalbumin-derived peptides. Cationic nature of the particles contributed to 
phagocytosis, while their acid sensitivity served to release ovalbumin in acidic 
lysosomes and to enable ovalbumin peptides processing and presentation via 
the major histocompatibility complex (MHC) class I pathway. It was also 
shown that adjuvant molecules such as unmethylated CpG oligonucleotides 
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and anti-interleukin-10 oligonucleotides could be codelivered with the protein 
antigen for maximized cellular immune response (Standley et al., 2007).

9 Conclusions

In conclusion, nanogels are promising novel pharmaceutical carriers for small biologi-
cally active agents and biomacromolecules. The advantages of these systems include 
simplicity of formulation with the drugs, high loading capacity, and stability of the 
resulting formulation in dispersion. These systems allow immobilization of biologi-
cally active compounds of diverse structure including charged drugs, low molecular 
mass hydrophobes, and biopolymers. Furthermore, nanogels can be chemically modi-
fied to incorporate various ligands for targeted drug delivery. The in vitro and in vitro 
studies suggest that nanogels can be used for efficient delivery of biopharmaceuticals 
in cells as well as for increasing drug delivery across cellular barriers.
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Multifunctional Water-Soluble Polymers 
for Drug Delivery

Huaizhong Pan and Jindřich Kopeček

1 Introduction

Water-soluble polymer–drug conjugates are multifunctional nanomedicines at the 
interface of polymer chemistry and biomedical sciences. Advances in chemistry 
and applied biology have provided scientists with powerful and flexible tools to 
tailor the features of synthetic polymers and design functions according to their 
ultimate usage. The techniques used to synthesize polymer conjugates (copolymeri-
zation of polymerizable bioactive compounds and polymeranalogous reactions) 
afford a vast variety of designs to match their ultimate applications. Incorporation 
of hydrophilic groups confers polymers with water solubility and improved 
biocompatibility. Charged groups or hydrophobic groups can be introduced into 
polymers to endow them with special interactions, or environmental response abili-
ties. Targeting moieties bestow biorecognizability; attachment of drug(s) provides 
specific pharmaceutical properties. Reporter (labeling) groups are frequently incor-
porated into the structure to permit the evaluation of the fate of the conjugate. The 
possibility to insert multiple functions into one macromolecule gives the scientists 
the opportunity to mimic natural functional macromolecules (Torchilin, 2006a). 
Multifunctional polymer–drug conjugates have abilities to store inactive drugs as 
prodrugs or pro-enzymes, protect drugs that do not reach the target place, direct 
drugs to the proper site by passive or active targeting, activate the drugs at a suitable 
site, have impact on cellular signaling pathways, block or prompt reactions, etc.

Polymer–drug conjugates (macromolecular therapeutics) emerged half a century 
ago. Jatzkewitz (1955) first attempted to attach mescaline to polyvinylpyrrolidone 
through a glycyl-l-leucyl spacer as a drug depot formulation to improve the drug 
efficiency. In the sixties and seventies, numerous polymer–drug conjugates with the 
drug covalently bound to the water-soluble polymer carrier have been evaluated 
(Panarin and Ushakov, 1968). Finally, Ringsdorf (1975) presented the first clear 
concept of the use of polymers as targetable drug carriers. The model is based on 
the understanding of internalization and subcellular trafficking of macromolecules 
in cells. It consists of a polymeric carrier, drug attached via a hydrolytically or 
enzymatically cleavable spacer, and a targeting group complementary to a receptor/
antigen at the target cell (Fig.1).

V. Torchilin (ed.), Multifunctional Pharmaceutical Nanocarriers, 81
© Springer Science + Business Media, LLC 2008
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The unique structural, physicochemical, and biological properties of macromolecular 
therapeutics result in advantageous properties when compared with low molecular 
weight drugs: (1) improved water solubility of hydrophobic low molecular weight 
drugs with concomitant improvement of bioavailability; (2) protection of unstable 
drugs from deterioration; (3) long-lasting circulation in the bloodstream; (4) 
decreased nonspecific toxicity of the conjugated drug; (5) increased active accumulation 
of the drug at the tumor site by targeting and/or increased passive accumulation of 
the drug at the tumor site by the enhanced permeability and retention (EPR) effect; 

Fig. 1 Polymer–drug conjugate. D: drug; S: sol-
ubilizer; T: targeting moiety

Table 1 Polymer–antitumor drug conjugates that entered clinical trials

Conjugate Name Status References

HPMA copolymer–Dox PK1, FCE28069 Phase II Vasey et al. (1999)
HPMA copolymer–Dox–galactos-

amine
PK2, FCE28069 Phase I/II Seymour et al. (2002)

HPMA copolymer–paclitaxel PNU166945 Phase I Meerum Terwogt et al. 
(2001)

HPMA copolymer–camptothecin MAG-CPT, 
PCNU166148

Phase I Bissett et al. (2004), 
Sarapa et al. (2003), 
and Wachters et al. 
(2004)

HPMA copolymer–platinate AP5280 Phase I/II Rademaker-Lakhai 
et al. (2004)

HPMA copolymer–DACH–platinate AP5346 Phase I/II Campone et al. (2007)
HPMA copolymer–Dox ZencoDox Phase I
PEG–camptothecin Prothecan Phase II Rowinsky et al. (2003)
PEG-aspartic acid–Dox NK911 Phase I Nakanishi et al. (2001) 

and Tsukioka et al. 
(2002)

Polyglutamic acid–paclitaxel CT-2103, Xyotax Phase III Langer (2004a,b) and 
Sabbatini et al. 
(2004)

Polyglutamic acid–camptothecin CT-2106 Phase I Bhatt et al. (2003)
Dextran–Dox AD-70, DOX-OXD Phase I Danhauser-Riedl et al. 

(1993)
Carboxymethyldextran–polyalco-

hol–camptothecin
DE-310 Phase I Kumazawa and Ochi 

(2004)

HPMA: N-(2-hydroxypropyl)methacrylamide; Dox: doxorubicin; DACH: diaminocyclohexane; 
PEG: poly(ethylene glycol)
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(6) ability to deliver two or more drugs with different (complementary) properties 
to the same target site, enhancing the drug efficiency by cooperative effects.

The systematic research in this area and improved design of conjugates based on 
a sound biological rationale resulted in the evaluation of numerous conjugates in 
clinical trials (Table 1) and translation into clinical use (Table 2).

2 Design and Synthesis of the Polymer–Drug Conjugates

Polymer–drug conjugates are composed of distinct parts; the choice and variation of 
functional parts permit the design of multifunctional conjugates with desired proper-
ties. The structure and conformation of the water-soluble main chain has a major 
impact on water solubility and biocompatibility, the choice of spacers linking the 
drugs to the polymer backbone controls the drug release kinetics, and the use of tar-
geting moieties may direct the drug to a particular cell or subcellular compartment.

2.1 Water-Soluble Polymeric Carriers

The strength and flexibility of synthetic chemistry provide a tool for scientists to 
design polymers with different composition, desired architecture (Qiu and Bae, 
2006), and tailor-made properties. A water-soluble polymer with good biocompati-
bility can provide an ideal platform for the design of a variety of polymer–drug 
conjugates. Although thousands of natural and synthetic polymers exist, only a 
small subset of polymers has been widely used as drug carriers. These polymers 
include poly(ethylene glycol), N-(2-hydroxypropyl)methacrylamide copolymers, 

Table 2 Polymer–protein conjugates used in the clinics

Conjugate Name Indication Market References

PEG–adenosine 
deaminase

Adagen SCID syndrome 1990 Levy et al. (1988)

SMANCS Zinostatin, 
Stimalmer

Hepatocellular carcinoma 1993 Matsumura and 
Maeda (1986)

PEG-L-asparaginase Oncaspar Acute lymphoblastic 
leukemia

1994 Graham (2003)

PEG-IFNα 2b Pegintron Hepatitis C 2000 Wang et al. (2002)
PEG-IFNα 2a Pegasys Hepatitis C 2002 Rajender Reddy 

et al. (2002)
PEG-HGF Pegvisomant Acromegaly 2002 Mukherjee et al. 

(2003)
PEG-G-CSF PEG-filgrastim, 

Neulasta
Chemotherapy associated 

neutropenia
2002 Molineux (2004)

SMANCS: styrene-maleic anhydride copolymer-neocarzinostatin; INFα: interferon-α; HGF: 
human growth hormone; G-CSF: granulocyte-colony stimulating factor
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polyvinylpyrrolidone, polyethyleneimine, polyamidoamine, poly(amino acid)s, 
dextran, dextrin, and chitosan.

Poly(ethylene glycol) (PEG). PEG is synthesized by the anionic ring-opening 
polymerization of ethylene oxide. It is water soluble, but can also dissolve in many 
organic solvents. Its good water solubility and biocompatibility have shown it to be a 
versatile carrier in polymer–drug conjugates (Garnett, 2001; Khandare and Minko, 2006).

With the development of recombinant technologies, many peptides and proteins 
have been developed as therapeutic agent, but their intrinsic instability, degradability, 
and immunogenicity often hinder their potential usage. Attachment of PEG to 
proteins has been used to improve their solubility, immunogenicity, pharmacokinetics, 
and pharmacodynamics. Antibodies against unmodified proteins do not recognize 
the PEG-modified protein as an antigen. Increased intravascular half-life is the 
result of decreased degradation of the protein by enzymes in the blood stream, and 
reduced renal clearance. (Greenwald et al., 2000a, 2003; Harris and Chess, 2003).

ADAGEN, a PEGylated bovine enzyme adenosine deaminase (ADA) for treatment 
of ADA-deficient severe combined immunodeficiency disease, and ONCASPAR, a 
PEGylated L-asparaginase used for treatment of lymphoblastic leukemia were 
commercial products approved for use in the early 1990s. Now, several PEGylated 
proteins have been cleared for clinical use (Table 2).

PEG is commercially available with either one or two attachment points. It can 
be produced as a linear or branched polymer. The –OH groups at the chain termini 
can be conjugated with drugs or other functional groups. PEG was used intensively 
as a carrier of low molecular weight anticancer drugs. For example, PEG–
camptothecin conjugate (PEG–CPT) demonstrated improved pharmacokinetics, 
enhanced solid tumor accumulation, and increased anticancer activity when compared 
to free CPT (Yu et al., 2005).

The lack of reacting functional groups limits the loading capacity and the poten-
tial use for PEG in polymer–drug conjugates. To overcome this limitation, reactive 
groups on PEG chains can be multiplied by reaction with multifunctional com-
pounds. For example, Greenwald and coworkers coupled PEG with aspartic acid 
(Asp) and AspAsp dendrons to introduce –COOH groups in PEG. These carboxyl 
groups were conjugated with cytosine arabinoside (Ara-C) via spacers (Choe et al., 
2002a,b). Compared to the native drug, the tetrameric and octameric PEG-ara-C 
amide prodrugs were much more effective in the treatment of cancer.

Schiavon et al. (2004) presented another approach to increase PEG drug loading. 
The hydroxyl groups were repeatedly modified with adipic acid yielding four or 
eight functional derivatives capable of binding Ara-C (Fig. 2). The conjugates pos-
sessed increased stability of conjugated Ara-C, improved blood residence time in 
mice, and reduced cytotoxicity with respect to the free Ara-C form. A similar 
approach to multiply PEG functional groups was published by Pasut et al. (2005).

Pechar et al. (2005) synthesized biodegradable multiblock polymers of PEG by 
reacting N-hydroxysuccinimide-activated PEG (mw 2,000) with an enzymatically 
degradable tripeptide derivative, N2,N6-diglutamyllysine triethyl ester. The ethyl 
ester groups of the block copolymer were converted to hydrazide by hydrazinolysis. 
Doxorubicin (Dox) was attached to the polymer carrier via a hydrazone bond 
susceptible to acid hydrolysis at pH 5.0 (Fig. 3). Human immunoglobulin (IgG) 
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was modified with 2-iminothiolane to introduce –SH groups and then coupled to 
the polymer–Dox conjugate by using succinimidyl 3-(2-pyridyldisulanyl)propanoate 
(SPDP). These polymer conjugates have shown antiproliferative and antitumor 
activities in vitro and in vivo.
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N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers. HPMA copolymers 
are one of the most studied platforms for polymer–drug conjugates. It is a water-soluble, 
neutral, nonimmunogenic copolymer. The bulk of the work with the polymer has 
been focused on the delivery of anticancer drugs (Kopeček, 1977; Kopeček et al., 
2000; Kunath et al., 2000; Putnam and Kopeček, 1995a,b), tumor-specific antisense 
oligonucleotides (Jensen et al., 2002), and site-specific delivery to the gastrointestinal 
(GI) tract (Gao et al., 2006a,b, 2007). Biologically active HPMA copolymers were 
synthesized by free-radical polymerization of HPMA monomer with other 
functional comonomers. These comonomers included drug-containing monomers 
(Obereigner et al., 1979), monomers with targeting moieties (Rathi et al., 1991), or 
reactive monomers for subsequent polymer analogous reactions (Fig. 4) (Rejmanová 
et al., 1977) and attachment of biologically active compounds (Chytrý et al., 1978; 
Lääne et al., 1985; Solovskij et al., 1983). The molecular weight of the copolymers 
was controlled by the concentration of monomers, initiator, or by the addition of 
chain transfer agents (Strohalm and Kopeček, 1978). Using functionalized initiators 
or chain transfer agents, functional groups may be introduced at one end of the 
polymer chain to create semitelechelic (co)polymers (Kamei and Kopeček, 1995; 
Lu et al., 1998).

In recent years, living free radical polymerization methods, including atom 
transfer radical polymerization (ATRP) and reversible addition-fragmentation chain 
transfer (RAFT) polymerization, have been used for the synthesis of HPMA copolymers 
with narrow molecular weight distributions.
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Polymerization of HPMA by the ATRP method was first reported by the 
Matyjaszewski laboratory (Teodorescu and Matyjaszewski, 1999, 2000). Here, methyl 
2-bromopropionate/CuBr/1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane 
(Me4Cyclam) and 2-chloropropionate/CuCl/tris(2-dimethylaminoethyl)amine were 
used as initiators in organic solvent. It was found, however, that the polymerization 
was difficult to control and the yield low in some cases. Using the ATRP method, 
block copolymers of HPMA with butyl acrylate were synthesized (Fig. 5) (Koňák 
et al., 2002).

McCormick and coworkers first reported the polymerization of HPMA using the 
RAFT method (Scales et al., 2005). Here, 4-cyanopentanoic acid dithiobenzoate 
was the chain transfer agent (CTA) and 4,4′-azobis(4-cyanopentanoic acid) the 
initiating species. Using an aqueous acetic buffer, polymer was obtained at high 
yields and a low polydispersity. RAFT polymerization was also used for the synthesis 
of different HPMA copolymers (Fig. 6). Using the RAFT process, poly(HPMA-block-
N-[3-(dimethylamino)propyl]methacrylamide) (DMAPMA) was synthesized with 
well-defined block lengths and charge distributions. These block copolymers were 
used as block ionomer complexes (BICs) for stabilization and the delivery of small 
interfering RNAs (siRNA), to silence specific genes (Scales et al., 2006). Hong 
et al. synthesized biotinylated trithiocarbonate as a new RAFT agent, and used 
RAFT polymerization to prepare temperature-responsive, biotin-terminating HPMA 
and poly(N-isopropylacrylamide) (PNIPAAm) block copolymers (Hong and Pan, 
2006). It is known that a large difference in the reactivity ratios of monomers 
always results in significant variations in copolymer composition with increasing 
conversion during batch copolymerization. Because it is a “living” polymerization, 
the RAFT method allows to add additional amounts of monomers during the reaction. 

Fig. 5 Synthesis of butyl acrylate-HPMA block copolymer by ATRP method (Koňák et al., 2002)
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Kane et al. used the RAFT method along with semibatch copolymerization by the 
gradual addition of the more reactive monomer. They obtained homogeneous 
HPMA copolymers containing active ester functional groups (Yanjarappa et al., 2006).

Poly(styrene-co-maleic anhydride) (SMA). Styrene-maleic anhydride copolymer 
(SMA) was synthesized by the copolymerization of styrene and maleic anhydride 
in cumene using dicumyl peroxide as the initiator at 152–153 °C. Partial half-esterification 
or partial hydrolysis of SMA was performed in dioxane at 90 °C using lithium acetate 
as a catalyst (Fig. 7) (Maeda et al., 1985). SMA was used for the quantitative modi-
fication of the amino group of neocarzinostatin (NCS). Neocarzinostatin is an 
inhibitor tumor cell growth at the nanomolar range, but shows severe toxicity and 
very short half-life. The conjugate (SMANCS) demonstrated improved half-life 
and bioavailability.

Poly(glutamic acid) (PG) and poly(b-L-malic acid). High-molecular-weight 
homopolymers and copolymers of glutamic acid may be synthesized by ring-opening 
(co)polymerization of the corresponding N-carboxyanhydrides (NCA), initiated by 
amines or nucleophilic agents (Fig. 8). PG is water-soluble, nontoxic, and biode-
gradable. It has been found to be more susceptible to lysosomal degradation than 
poly(l-aspartic acid) and poly(d-glutamic acid) (Kishore et al., 1990). Cysteine 
proteases, particularly cathepsin B, play key roles in the lysosomal degradation of 
PG (Chiu et al., 1997). PG has a γ-carboxyl group in each repeating unit of l-glutamic 
acid that offers potential drug attachment points. These properties make PG a good 
drug carrier (Li, 2002).

Poly(β-l-malic acid) can be prepared in the myxomycete Physarum polycephalum 
(Cheremisinoff, 1997). It is a biodegradable, nonimmunogenic, nontoxic polymer, 
containing carboxy groups in side chains that can be used for attachment of biologically 
active compounds (Fujita et al., 2006; Lee et al., 2006).

Fig. 6 Synthesis of (a) polyHPMA and (b) copolymer of HPMA and N-(3-dimethylaminopropyl) 
methacrylamide (DMAPMA) by the RAFT polymerization method (Scales et al., 2005, 2006)
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Fig. 7 Synthesis and partial esterification (hydrolysis) of styrene-maleic anhydride copolymer

Fig. 8 Synthesis of poly(glutamic acid) by ring-opening polymerization of N-carboxyanhydride

Cationic polymers – polyethyleneimine (PEI), polyamidoamine, and poly(amino 
acid)s. Multifunctional PEIs, PEI derivatives, polymers containing amino acids, 
including poly(l-lysine) (PLL), and polyamidoamine have been used for gene deliv-
ery (Brown et al., 2003; Brownlie et al., 2004; Esfand and Tomalia, 2001; Gebhart 
et al., 2002; Malik et al., 2000; Thomas and Klibanov, 2002; Wiwattanapatapee et al., 
2000). The structures of these polymers are shown in Fig. 9. For gene delivery, the 
polymer should have a controllable quantity and density of positive charges. These 
bind with DNA via electrostatic interactions and release DNA after cell uptake.

DNA is reversibly condensed into tightly packed complexes after binding to 
cationic polymers. Studies have shown that DNA binding to linear or low molecular 
weight PEI created large complexes, but DNA binding with higher molecular 
weight or branched PEIs lead to more compact complexes (Godbey et al., 1999a,b). 
The size and shape of the final complex also depend on other conditions, such as 
temperature (Bloomfield, 1996).

Dextran. Dextran is a natural polysaccharide obtained by fermenting sucrose 
using Leuconostoc mesenteroides or Streptococcus mutans. It is an α-d-1,6-glucose-
linked glucan with 1–2 glucose units long side chains 1–3 linked to the backbone 
of the biopolymer. The degree of branching is typically about 5% (Fig. 10).

Dextran is a water-soluble biopolymer, but it can also dissolve in some organic 
solvents, such as DMSO, DMF, formamide, ethylene glycol, and glycerol. Dextran 
is biocompatible and biodegradable in blood and in the GI tract (Vercauteren 
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et al., 1992), however, it is not degraded in lysosomes (Chiu et al., 1994). It has 
been used extensively for prodrug conjugation research. Dextran possesses multiple 
primary and secondary hydroxyl groups that can be used for binding drugs or pro-
teins directly or via spacers (Fig. 11). For example, the hydroxyl groups of dextran 
can directly link the carboxylates of drugs using dicyclohexyl carbodiimide (DCC) 
as a coupling agent (Arefjev et al., 1999), or by using a functional linker (Mehvar 
and Hoganson, 2000; Rensberger et al., 2000). The dextran chain contains vicinal 
diol structure. Consequently, it can be oxidized by periodic acid or salts into two 
aldehyde groups (Fig. 12), which can then be used to react with amino groups 

Fig. 9 Structures of some polycations for drug and gene delivery

Fig. 10 Structure of dextran

Fig. 11 Carboxymethyl dextran–camptothecin analogue conjugate (Okuno et al., 2000)
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(Mehvar, 2000). The application of dextran in polymer–drug conjugates has been 
reviewed by Khandare and Minko (2006).

Environmentally sensitive polymers. Smart or stimuli-responsive polymers 
exhibit sharp changes in behavior in response to an external stimulus, such as pH, 
temperature, solvents, salts, electrical field, light, and chemical or biochemical 
agents. Linear (co)polymers containing stimuli-sensitive groups change their 
conformation as a result of environmental change. Covalent attachment of stimuli-
sensitive polymers to proteins may alter their bioactivity and/or permit an on–off 
switch of their biological activity in response to the changes of the conformation of 
the attached macromolecules. Similarly, the biorecognition of a ligand bound to a 
stimuli-sensitive macromolecule can be controlled by conformational changes 
induced by external stimuli (Kopeček, 2003). In a living organism, polymer-based 
drug delivery systems may be exposed to a stimulus after moving from one compartment 
to another. For example, the pH near and inside the tumor tissue is slightly acidic; 
the glucose concentration is higher in diabetes patients than in healthy people. 
During subcellular trafficking, polymer–drug conjugates are exposed to a pH 
change, from 7.4 in the extracellular fluid to 5.5–6.5 in endosomes and 4.5–5 in 
lysosomes. Smart polymers have been designed which disrupt the endosomal 
membrane and permit the escape of biologically active compounds before fusion of 
endosomes with lysosomes. This is of utmost importance for the delivery of (lysosomally) 
labile drugs, such as antisense oligodeoxynucleotides, and short interfering RNA 
(siRNA). Hoffman et al. synthesized a series of pH sensitive poly(2-alkylacrylic 
acid)s that can selectively disrupt endosomes and release their contents into the 
cytosol. Poly(propylacrylic acid) (PPAA) enhanced translocation of a biotinylated 
PPAA complex containing a biotinylated anti-CD3 antibody and streptavidin to the 
cytoplasm (Bulmus et al., 2003; Lackey et al., 2002). The same research group also 
found that propylamine, butylamine, and pentylamine derivatives of poly(styrene-alt-
maleic anhydride) (PSMA) copolymers also show an endosome membrane disability 
property. These polymers are hydrophilic and membrane inactive at physiological 
pH; however, they become hydrophobic and membrane disruptive in response to 
endosomal pH, and the pH-dependent membrane-destabilizing activity of PSMA 
derivatives can be controlled by varying the length of the alkylamine group, the 
degree of modification of the copolymer, and the molecular weight of the PSMA 
copolymer backbone (Henry et al., 2006).

Copolymers. Random, graft, and block copolymers provide the opportunity to 
combine properties of the individual polymers and beyond. For example, copolymers 
containing hydrophilic and hydrophobic polymer segments may form polymeric 
micelles and polymersomes (Dalheimer et al., 2004; Discher and Ahmed, 2006; Lin 
et al., 2004); the phase transition point of a particular polymer may be adjusted by 

Fig. 12 Oxidation of dextran by 
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the incorporation of comonomer units. Synthesis of block copolymers provides an 
opportunity to design systems responsive to multiple stimuli. For example, poly
(N-isopropylacrylamide-block-acrylic acid) possesses both pH- and temperature-sensitive 
properties (Kulkarni et al., 2006).

2.2 Design of Spacers

Spacers between the polymer backbone and the drug play an important role in poly-
mer–drug conjugates. The stability of the conjugate, the drug release rate, and the 
drug release site often depend on its specific structure. A spacer should have high 
stability in the bloodstream and the extracellular interstitium, but be cleavable at the 
target site (i.e., in lysosomes). If the spacer is designed to be cleaved by an enzyme 
at a particular site, then the spacer can confer some targeting ability. The spacers 
typically used in polymer–drug conjugates are either enzymatically cleavable, 
pH-sensitive, or degradable by bacteria (Fig. 13).

Enzymatically cleavable oligopeptide spacers. Kopeček and coworkers thor-
oughly studied the enzymatic cleavage of oligopeptide spacers in the 1970s and 
1980s (Drobník et al., 1976; Duncan et al., 1980; Kopeček and Rejmanová, 1983; 
Kopeček et al., 1981a,b; Putnam and Kopeček, 1995b; Rejmanová et al., 1981, 
1983, 1985; Ulbrich et al., 1980, 1981). Using the substrate–enzyme interaction 
model (Schechter and Berger, 1967), they demonstrated the relationship between 
the structure of oligopeptide and cleavage rate.

In contrast to low-molecular-weight drugs that enter the cell by diffusion, water-soluble 
polymer–drug conjugates enter the cell via endocytosis and are then trafficked to 
the lysosomes. Many different classes of enzymes including nucleases, proteases, 
phosphatases, lipases, etc. are present in the lysosomes, and cathepsin B, a cysteine 
proteinase, is one of the major lysosomal enzymes.

HPMA copolymers containing oligopeptide spacers (Kopeček, 1984; Kopeček 
and Rejmanová, 1983) terminated with drug and susceptible to enzymatically catalyzed 
hydrolysis (drug release) in the lysosomes were utilized in numerous drug delivery 
systems (Kopeček et al., 2000). The cathepsin B-cleavable tetrapeptide Gly-Phe-Leu-
Gly was used in HPMA copolymer conjugates for delivery of anticancer drugs, for 
example in HPMA copolymer–doxorubicin (Dox) conjugates. This spacer is stable 
in blood (Rejmanová et al., 1985), but can be cleaved by cathepsin B in the lysosomal 
compartment of cells (Duncan, 2003; Rejmanová et al., 1983).

The Gly-Gly-Pro-Nle spacer has been used in polymer–drug conjugates to 
deliver drugs to bone for the treatment of bone diseases. The Gly-Gly-Pro-Nle 
linker was designed to be cleaved by cathepsin K. Cathepsin K, a cysteine protein-
ase of the papain superfamily (Brömme and Okamoto, 1995; Kafienah et al., 1998), 
is expressed at high levels in osteoclasts, while cathepsins B, L, and S are expressed 
at relatively low or undetectable levels (Drake et al., 1996).

Acid-labile spacers. The environment in endosomal and lysosomal compart-
ments is acidic. The extracellular pH surrounding tumor tissue is also slightly lower 



Multifunctional Water-Soluble Polymers for Drug Delivery 93

Fig. 13 Structures of HPMA copolymer–drug conjugates with different spacers. (a) Enzymatically 
cleavable GFLG spacer, (b) Aromatic azo bond containing spacer for colon-specific delivery, 
(c) acid-labile N-cis-aconityl spacer, and (d) acid-labile hydrazone spacer
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than that of normal tissue. These differences in pH are the rationale for the design 
of acid-sensitive N-cis-aconityl and hydrazone linkers. The N-cis-aconityl linker 
was first introduced into polymer–drug conjugates in daunorubicin conjugates in 
1981 (Shen and Ryser, 1981). The N-cis-aconityl spacer in the conjugate has con-
siderable stability at pH 6, but was readily hydrolyzed at pH 4. Since then, many 
polymeric prodrugs used the cis-aconityl amide linkage; poly(aminopropyl)dextran-
daunorubicin (Mann et al., 1992), alginate-daunomycin (Al-Shamkhani and 
Duncan, 1995), HPMA copolymer–doxorubicin (Choi et al., 1999; Ulbrich et al., 
2003), etc., have been synthesized targeting drug release in the endosomes and 
lysosomes of tumor cells.

Another frequently used acid-labile attachment is the hydrazone linker (Kratz et al., 
1999). The aliphatic aldehyde-based hydrazone bond is hydrolyzed at pH 5, but 
relatively stable at pH 7.4, whereas the aromatic aldehyde-based hydrazone bond is 
highly stable at both pH values (Kale and Torchilin, 2007). Many polymer–drug 
conjugates, such as PEG–doxorubicin (Rodrigues et al., 1999, 2006), PEG–paclitaxel 
(Rodrigues et al., 2003), polyglutamine–streptomycin, and dextran–streptomycin 
(Coessens et al., 1996) were synthesized using hydrazone as a pH-sensitive spacer. 
Ulbrich et al. synthesized a series of HPMA copolymer–doxorubicin (Dox) conjugates 
containing hydrazone linkers. In vitro and in vivo tests showed higher cytotoxicity 
antitumor activity than the free drug. Hydrazone-linked HPMA copolymer–Dox 
conjugates containing positively or negatively charged groups, or a hydrophobic 
substituent were also evaluated. The presence of carboxylate groups in the copolymer 
structure resulted in an increase in the Dox release rate, whereas positively charged 
groups in the conjugate had no effect. Oleoyl-containing conjugate formed polymeric 
micelles in aqueous solution with a concomitant decrease in the Dox release rate 
(Chytil et al., 2006; Mrkvan et al., 2005; Ulbrich and Šubr, 2004).

Aromatic azo bonds. To achieve colon-specific delivery, a drug possessing an 
aromatic amine group may be attached to polymeric carriers via an aromatic azo 
bond cleavable by the azoreductase activities present in the colon (Brown et al., 
1983). For example, the release of 5-aminosalicylic acid bound to HPMA copoly-
mers via an aromatic azo bond was demonstrated using Streptococcus faecium, an 
isolated strain of bacteria commonly found in the colon (Grim and Kopeček, 1991), 
the cecum contents of rats, guinea pigs, and rabbits, and in human feces (Kopečková 
et al., 1994). The combination of colon-specific aromatic azo bond cleavage and a 
1,6-elimination reaction resulted in the rapid and highly efficient release of unmodi-
fied 9-aminocamptothecin (9-AC) from the HPMA copolymer–9-AC conjugate in 
cecal contents. In simulated upper GI tract conditions, the conjugate was shown to 
be stable (Gao et al., 2006a). The conjugate possessed favorable pharmacokinetics 
(Gao et al., 2007) and was effective in colon cancer models (Gao et al., 2006b).

Ester bonds. Spacers containing ester bonds have been used in polymer–drug 
conjugates. The hydrolysis rate of the ester bond is sensitive to steric hindrance and 
to the presence of electron-withdrawing or electron-donating substituents close to 
the reaction center. Table 3 shows the t

1/2
 of hydrolysis of ester bonds possessing 

different structures in PBS, plasma, and cell culture media (Greenwald et al., 
2000a,b, 2003).



Multifunctional Water-Soluble Polymers for Drug Delivery 95

Disulfide bonds. Spacers containing disulfide bonds (–S–S–) have been used to 
control subcellular cleavage. Disulfide bond reduction and oxidation are mediated 
by small redox molecules such as glutathione or redox enzymes. The extracellular 
space is usually an oxidizing environment that favors the retention of disulfide 
bonds. Inside cells, due to the presence of reduced glutathione (GSH) and thioredoxin 
reductase, the cytosol is a reducing environment (Saito et al., 2003). In polymer 
conjugates internalized via endocytosis and localized in lysosomes, disulfide bonds 
may be cleaved by γ-interferon-inducible lysosomal thiol reductase (GILT). 
Cysteine is actively transported into lysosomes and acts as a reducing buffer to 
maintain the activity of the enzyme (Arunachalam et al., 2000; Phan et al., 2000).

Table 3 In vitro and in vivo hydrolysis of the prodrugs with ester bond (Greenwald et al., 2000b)

Compound
t
1/2

 (h) PBS 
pH 7.4

t
1/2

 (h) 
Rat plasma

t
1/2

 (h) 
Cell media

>24 0.2 80

>24 1.9 14

>24 17 32

>24 8 94

>24 21 36

>24 1.1 8

>24 >24 53
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Self-eliminating linkers. If a drug cannot be directly linked to an enzymatically 
cleavable spacer, a self-elimination group can be introduced between the spacer 
and the drug (Fig. 14). Elongated spacers that separate the enzymatically cleaved 
bond from the drug by a self-eliminating group have been designed by several labo-
ratories (Carl et al., 1981; de Groot et al., 2001; Toki et al., 2002). The most pre-
dominant example of an electronic cascade spacer is the 1,6-elimination spacer 
(Carl et al., 1981). One example is bifunctional p-aminobenzyl alcohol group 
linked to an enzymatically cleavable group through an amine moiety. Amine-con-
taining drugs can be bound through the benzylic hydroxyl group forming a carbamate 
functionality. After enzymatic cleavage, the strong electron-donating amine group 
of the 1,6-elimination spacer is unmasked and immediately initiates an electronic 
cascade that leads to cleavage of the benzyl-carbamate bond and the release of car-
bamic acid. The unstable carbamic acid rapidly releases carbon dioxide to yield the 
unmodified drug (de Groot et al., 2001; Toki et al., 2002). Such an approach was 
used for the design of oral drug delivery systems based on HPMA copolymer–9-amino-
camptothecin conjugates (Gao et al., 2006a).

2.3 Targeting Groups

Passive targeting. Enhanced permeability and retention (EPR) effect was first 
proposed by Maeda (Matsumura and Maeda, 1986) to describe the observation that 
macromolecular conjugates tend to accumulate in tumor tissues more compared to 
normal tissues. The EPR principle is shown in Fig. 15. The phenomenon has been 
attributed to the high vascular density of the tumor, the increased permeability of 
tumor vessels, defects in tumor vasculature, and decreased lymphatic drainage in 
the tumor interstitium (Fang et al., 2003; Greish et al., 2003; Maeda, 2001a). Other 
factors, however, may have an opposite effect. For example, a high intratumoral 
pressure may result in a convective fluid flow from the center of the tumor to the 
periphery (Jain, 1989). Nevertheless, a number of studies have shown increased 
accumulation of macromolecules in tumors as compared to normal tissue (Maeda, 
2001b; Shiah et al., 2001a).

Negative targeting. Sometimes the term “negative targeting” is used to describe 
the fact that by binding a drug to a water-soluble polymer carrier, the site of the 
nonspecific toxicity of the drug can be avoided. For example, DOX is cardiotoxic, 

Fig. 14 Mechanism of drug release by enzymatic hydrolysis followed by 1,6-elimination reaction
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Fig. 15 The enhanced permeability and retention (EPR) effect (Matsumura and Maeda, 1986)

and its MTD (maximum tolerated dose) in humans is 60–80 mg/m2. The MTD of 
HPMA copolymer–DOX conjugate was 320 mg/m2, which was attributable to the 
fact that endocytosis is attentuated in heart tissue (Vasey et al., 1999).

Active targeting. Anticancer chemotherapy drugs are limited by a number of 
serious side effects that arise from toxicities to normal cells because the therapies 
are typically only selective toward proliferating cells. The EPR effect and specific 
spacers can favorably modify the biodistribution polymer–drug conjugates when 
compared to low molecular weight drugs; but how can selectivity be improved 
further? One strategy is to use targeting moieties, i.e., to couple macromolecular 
therapeutics with antibodies or other ligands that recognize tumor-associated 
antigens or recognition sites.

For different purposes, antibodies, ligands, including carbohydrates, small 
molecular hormones, oligopeptides, and charged compounds can be used for 
biorecognition. The choice of targeting groups rests on the fact that cells express 
unique proteins specific to the cell type, and that the binding of some ligands can 
trigger receptor-mediated endocytosis (Mukherjee et al., 1997). Antibodies (including 
monoclonal and polyclonal antibodies, and their Fab fragments) (Fig. 16) and many 
non-antibody ligands can be selected for this purpose. A review of the antibodies 
and other ligands that have been used are discussed by Allen (2002). Table 4 lists 
selected receptors that can be targeted by specific ligands.

Lectins are carbohydrate-specific cell surface receptors. They can be targeted by 
specific carbohydrates or their derivatives. Galactose was often used as a targeting 
group for hepatocytes, because of the large number of asialoglycoprotein receptors 
(ASGP-R) on their surface. HPMA copolymer conjugates containing galactose 
moieties have been shown to rapidly accumulate into hepatocytes (Duncan et al., 
1983, 1986). Other carbohydrates such as mannose and fucose were studied as 
targeting moieties for macrophages.
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α
v
β

3
 integrins are expressed on newly formed endothelial cells and on various 

tumor cells. Arginine-glycine-aspartic acid (RGD) peptides preferentially bind to 
α

v
β

3
 integrin. The binding constant may be increased when conformational con-

strain is introduced into the ligand. To increase the efficiency of binding, RGD-
containing targeting groups were often designed as cyclic peptides (Mitra et al., 
2006). Another integrin-binding peptide, PLAEIDGIELTY, discovered by phage 
display is specific for the α

9
β

1
-integrin receptor (Schneider et al., 1998), which is 

highly expressed in human airway epithelia.
A 29-amino-acid peptide derived from rabies virus glycoprotein (RVG) can spe-

cifically bind to the nicotinic acetylcholine receptor (AchR) on neuronal cells. 
Nonamer arginine derivative of RVG (RVG-9R) enables binding and transvascular 
delivery of small interfering RNA (siRNA) to the brain. The peptide RVG-9R pro-
vides a safe way for the delivery of siRNA or other therapeutic molecules across 
the blood-brain barrier (Kumar et al., 2007).

Monoclonal antibodies (mAb) and antibody fragments often have a higher 
degree of specificity than non-antibody ligands for target cells. They are frequently 

Fig. 16 Antibodies and antibody fragments (Allen, 2002)

Table 4 Selected examples of receptors and their ligands

Receptor Ligand References

Lectins Carbohydrates Gref et al. (2003)
Vitamin receptor Vitamins Gabizon et al. (1999)
Hormone receptor Hormones Akhlynina et al. (1995)
Growth-factor receptor Growth factors Gijsens and De Witte (2000), 

   Lanciotti et al. (2003), 
   and Vega et al. (2003)

α
v
β

3
 Integrin RGD peptides Hersel et al. (2003) and Hynes (1992)

Transferrin receptor Transferrin Derycke and De Witte (2002)
GM-CSF receptor GM-CSF Frankel et al. (2002)
Neurotensin receptor Neurotensin Martinez-Fong et al. (1999)
Acetylcholine receptor RVG peptide Kumar et al. (2001)
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being used in polymer–drug conjugates for targeting; however, they are expensive 
and prone to immunological reactions. Monoclonal antibodies are usually of 
murine origin (Köhler and Milstein, 1975) and are prone to generate immune 
responses by the production of human antimouse antibodies (HAMA) when administered 
in humans. Chimeric mAbs and humanized mAbs may reduce this immunological 
problem, but it may still lead to the mAb binding to normal tissues through Fc 
receptors. Antibody fragments (F(ab′)

2
, Fab′ and scFv) lack the Fc domain and the 

complement-activating region, and this has been shown to reduce to immunogenicity. 
Binding affinity may also be increased by using bivalent or multivalent fragments.

Bone targeting moieties. The most frequently used bone targeting groups (Wang 
et al., 2005) are tetracyclines, bisphosphonates, and oligopeptides of aspartic acid 
(Fig. 17). HPMA copolymers containing bisphosphonates or octapeptide of 
d-aspartic acid (d-Asp

8
) showed efficient adsorption on a hydroxyapatite bone 

model (Hruby et al., 2006; Wang et al., 2003). An in vivo biodistribution study of 
I125-labeled HPMA copolymers containing d-Asp

8
 in mice showed a high accumu-

lation of the conjugates to bone (Wang et al., 2006).
Protein transduction domains (PTD). Some transcription factors, including the 

TAT protein of human immunodeficiency virus (HIV) (Frankel and Pabo, 1988) 
and VP22 protein of herpes simplex virus (HSV) (Elliott and O’Hare, 1997), have 
been shown to possess regions that allow them to efficiently transduce to the 
cytoplasm. These PTDs consist of large number of basic amino acid residues 
(arginine and lysine). HIV-1 TAT is an 86 amino-acid protein, and TAT transdu-
tion peptide Y

47
GRKKRRQRRR

57
 possesses a high net positive charge at physio-

logical pH.
TAT-mediated transduction can direct the uptake of proteins, nanoparticles, 

and liposomes of large sizes (Wadia and Dowdy, 2005). In vitro studies on 
HPMA copolymer–Dox conjugates containing the TAT peptide also showed that 
the intracellular delivery of polymer-bound Dox was improved, and that the TAT 
peptide can also transport synthetic macromolecules into cytosol and nucleus 
(Nori et al., 2003a,b). The mechanisms of TAT peptide-mediated cell uptake and 
the use of the TAT peptide in polymer-drug/gene delivery systems was reviewed 
by Nori and Kopeček (2005).

Fig. 17 Structures of some bone affinity compounds
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2.4 Coupling Reactions in the Synthesis of Conjugates

Drugs, targeting moieties, or other functional groups can be incorporated into 
copolymer conjugates either by copolymerization using functionalized monomers 
(e.g., polymerizable drug derivative), or by coupling reactions with copolymers 
having reactive groups (polymeranalogous reactions). Design of functional monomers 
and the choice of a polymerization method are important for the direct synthesis of 
polymer–drug conjugates. The selection of coupling method is important for the 
polymeranalogous route of conjugate synthesis. Table 5 summarizes coupling reactions 
usually used in the synthesis of polymer–drug conjugates and some bifunctional 
commercial coupling (crosslinking) reagents.

The thiazolidine-2-thione reactive group can be used to highlight a recent development in 
the synthesis of conjugates. This reactive amide group showed low susceptibility to 
hydrolysis and a high rate of aminolysis in aqueous solutions (Šubr and Ulbrich, 2006; 
Šubr et al., 2006). It has been very useful as a coupling reaction in aqueous solutions.

3 Physical Properties and Drug Delivery

Polymeric drug carriers containing multiple components, such as targeting moieites, 
drug releasing modules, and endosome-disrupting modules, have showed the potential 
to perform multiple functions within a single structure (Lee et al., 2006). Ideally, each 
component within the delivery system should function independently, without affecting 
the functionality of the other components. In reality, however, the physical and bio-
logical properties of each component can be expected to exert some influence on the 
other components (Pan et al., 2006; Ulbrich et al., 1987). Therefore, awareness of the 
complexities caused by the introduction of each component (like polymer self-asso-
ciation) is required to design multicomponent drug carriers.

3.1 Solution Properties of Polymer–Drug Conjugates

Water-soluble polymers typically assume a random coil conformation in aqueous 
solution (Bohdanecký et al., 1974). Introduction of hydrophobic side chains into a 
water-soluble polymer chain will cause intra- or intermolecular hydrophobic asso-
ciation of side chains with concomitant changes in the polymer conformation 
(Fig. 18). These changes may be detected by a shift in the shape of GPC profiles, 
by differences in phase separation temperature, and by changes in the viscometric 
behavior. The changes of the conformation of the polymer can be also demonstrated 
by NMR (Nagayama et al., 2002) and by fluorescence resonance energy transfer 
(FRET) (Ding et al., 2007; Sparr et al., 2005).

Polymer associations may have a strong influence on the biological functions of 
the polymer conjugates. Associations are the result of inter- and/or intramolecular 
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Table 5 Examples of some coupling reactions and commercial coupling reagents

(a) Coupling reaction between carbonic acid and amine mediated by coupling agents; (b) ami-
nolysis of active ester or active amide; (c) nucleophilic substitution; (d) reaction of isothio-
cyanate with amine; (e) condensation of carbonyl compound with amine; (f) addition of thiol to 
maleimide group; (g) nucleophilic substitution; (h) Huisgen 1,3-dipolar cycloaddition; (i) coupling 
reagent to link an amino group with a thiol group; (j) coupling reagent to link an amino group 
with a thiol group; (k) reagent for biotinylation of an amino group containing compound or 
protein to provide recognizability by avidin.
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N-Succinimidyl 4-(maleimidomethyl)
cyclohexanecarboxylate
(SMCC) ACS No. 64987-85-5

N-Succinimidyl 3-(2-pyridyldithio)propionate
(SPDP) ACS No. 68181-17-9

(+)-Biotin N-hydroxysuccinimide ester
(NHS-Biotin) ACS No. 35013-72-0
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interactions, and are typically hydrophobic interactions. The preference for either 
types of association is intrinsically determined by polymer concentration, and 
structural parameters such as the size of the polymer chain, or the type, content, and 
arrangement of hydrophobes in the polymer (Chang and McCormick, 1993). It can 
also be influenced by extrinsic factors, such as temperature, solvent, ionic strength, 
and pH (Chang and McCormick, 1994).

Ulbrich et al. (1987) systematically studied this phenomenon using HPMA 
copolymers containing different amounts of p-nitroaniline covalently bound via an 
enzymatic cleavable oligopeptide spacer. Light scattering, GPC, and sedimentation 
studies have shown that these conjugates associate and form micelles in water. In 
this model, micelles were arranged with hydrophobic p-nitoaniline groups inside 
and hydrophilic polymer chain outside. The number and shape of the micelles 
depended on the density of the hydrophobic side chain in the conjugate, the conjugate 
concentration, and the temperature.

Polyelectrolytes bearing hydrophobic grafts may also aggregate in aqueous 
solution due to hydrophobic association. Poujol et al. (2000) have shown that the 
association of polymers containing carboxyl groups and alkyl grafts is considerably 
more stable than micelles formed from amphiphilic diblock copolymers. These 
processes may be used for the solubilization of hydrophobic drugs, e.g., paclitaxel. 
However, the amount of solubilized drug is much lower than in the micelles formed 
from amphiphilic diblock copolymers (Gautier et al., 1997; Poujol et al., 2000). 
Uchegbu et al. studied hydrophobic grafts with PLL and PEI and found that PEI 
containing low levels of hydrophobic grafts (cetyl groups < 23 mol%) forms 
micelles in water. Increasing the content of hydrophobic grafts, the polymers 
formed vesicles (cetyl groups = 23–42 mol%) and dense nanoparticles (cetyl groups 
< 49 mol%) (Wang et al., 2004a).

Block copolymers composed from hydrophilic and hydrophobic polymer 
segments form polymeric micelles in aqueous solutions via hydrophobic association. 
They have been used as versatile vehicles for drug delivery (Alakhov and Kabanov, 
1998; Nishiyama and Kataoka, 2006).

The distinction between the inter- and intramolecular association of side chains 
in multifunctional polymers can be made using a combination of physicochemical 
methods. HPMA copolymers containing side chains terminated in chlorin e

6
 

(a photosensitizer) were evaluated by determination of the quantum yield of singlet 

Fig. 18 Intramolecular association of a polymer chain containing hydrophobic side chains in 
aqueous solution – formation of a unimolecular micelle
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oxygen formation and by light scattering. The decrease of the quantum yield indicated 
polymer association, while minimal changes in the hydrodynamic volumes of the 
conjugates (as observed by dynamic light scattering) indicated that the association 
was intramolecular (Shiah et al., 1997, 1998).

Ding et al. (2007) evaluated the relationship between structure and self-association 
of HPMA copolymer–heptapeptide (YILIHRN) conjugates, where the peptide was 
a ligand for the CD21 receptor. Using fluorescence energy resonance transfer 
(FRET), their conformation in solution was evaluated. In addition to heptapeptide 
(HP), HPMA copolymers contained side chains terminating in tryptophan (energy 
donor) and dansyl (energy acceptor). Conjugate solutions were evaluated using an 
excitation wavelength of 295 nm (ratio of emission intensity 510 nm/370 nm 
indicated energy transfer efficiency). It was found that higher HP content corre-
lated with higher FRET efficiency, indicating the formation of compact coils (Fig. 19). 
Modification of the HPMA copolymer backbone by the incorporation of acrylic 
acid comonomers resulted in decreased FRET efficiency, presumably due to the 
expansion of the polymer coils as a result of electrostatic repulsion. The dependence 
of FRET efficiency on pH was in agreement with the ionization profile of the 
acrylic acid residues (Ding et al., 2007).

The use of small-angle neutron scattering (SANS) is also a method for direct study 
of the conformation of the polymer–drug conjugates in the solution (Paul et al., 2007).

3.2  Impact of Conformational Change on the Biological 
Properties of the Conjugates

Conformation can also influence the biological properties of polymer conjugates, 
and may affect the rate of enzymatic release of drugs or ligands (Putnam and 
Kopeček, 1995a,b). Increase in the content of hydrophobic heptapeptide in HPMA 
copolymer–heptapeptide–Dox conjugate (Ding et al., 2007), and increase of 

Fig. 19 Incorporation of tryptophan (energy donor) and dansyl (energy acceptor) groups permits 
to follow the formation of compact polymer coils by fluorescence resonance energy transfer 
(FRET) (Ding et al., 2007)
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prostaglandin E
1
 (PGE

1
) in HPMA copolymer–PGE

1
 conjugates (Pan et al., 2006) 

caused decreases in the drug release rate. Apparently, the hydrophobic association 
resulted in compact coil formation, which thereby impaired the formation of the 
enzyme–substrate complexes (Ulbrich et al., 1987).

3.3 Molecular Weight, Shape, and Efficiency

The retention time of the polymer–drug conjugates in the body is related to the 
hydrodynamic radius or molecular weight of the conjugate. The hydrodynamic 
radius of the renal threshold is about 45 Å. If the hydrodynamic radius of conjugate 
molecules is above the renal threshold, elimination of the conjugate via glomerular 
filtration is slow. At this threshold, the molecular weight for polyHPMA is 45 kDa, 
PEG is 30 kDa, and dextran is 40 kDa (D’Souza and Topp, 2004). One strategy to 
extend the intravascular half-life of polymer–drug conjugates without impairing the 
elimination of the carrier from the organism is to include biodegradable linkers 
between polymer chains (Dvořák et al., 1999). Such conjugates are long circulating 
before degradation, but are quickly eliminated after degradation. Shiah et al. 
(2001a) used lysosomal degradable linker as cross-linking agent and prepared four 
different molecular weights (22, 160, 895, 1230 kDa) HPMA copolymer–Dox con-
jugates. Results showed that the half-life in circulation was five times longer, and 
the elimination rate from the tumor was 25 times slower, when the molecular 
weight increased from 22 to 1230 kDa. The antitumor efficiency was much higher 
for conjugates with molecular weights higher than 160 kDa (Fig. 20). Similarly, the 

Fig. 20 Structure (a) and therapeutic efficacy (b) of HPMA copolymer–Dox conjugates with 
different molecular weight toward subcutaneous human OVCAR-3 carcinoma xenografts in nu/nu 
mice. Filled circle, control; Filled triangle, 22 kDa; Filled square, 160 kDa; Open diamond, 
859 kDa; Inverted triangle, 1,230 kDa (Shiah et al., 2001a)
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circulating half-life of PEG–protein conjugate increased dramatically when the 
molecular weight of PEG was increased from 5 kDa to 40 kDa (Greenwald et al., 
2000a) (Fig. 21).

The shape of the conjugate may also affect the activity of the conjugates. Star-
shaped antibody containing polymer–drug conjugates had a higher antitumor 
effect than linear ones (Jelínková et al., 2003; Kovář et al., 2002a). Dendritic 
polymer–drug conjugates also are efficient macromolecular therapeutics (Khandare 
et al., 2006b).

3.4 Physicochemical Properties: Biodistribution

Physicochemical properties such as molecular weight, type, and amount of functional 
groups affect the biodistribution of the polymer–drug conjugates. Lammers et al. 
(2005) studied the circulation kinetics, tissue distribution, and tumor accumulation 
of HPMA copolymer conjugates. The results have shown that the relative accumulation 
levels of HPMA copolymers were significantly higher in tumor than in liver, testis, 
heart, skin, ileum, and muscle. Accumulation in the spleen was always found to be 
more selective than accumulation in tumor, and relative levels in lung were generally 
comparable to levels in tumor. Increasing the average molecular weight of HPMA 
copolymers resulted in prolonged circulation times and in increased tumor and 
organ concentrations. The higher molecular weight also increased the tumor-to-
organ ratios. Because of the influence of molecular weight, the authors considered 
the molecular weight of currently used HPMA copolymer–drug conjugates to be 
suboptimal. Introduction of functional groups, such as carboxyl (COOH) and 
hydrazide (NHNH

2
), into HPMA copolymers caused rapid elimination of the con-

jugate from circulation and lowered the levels in tumors in all organs other than 
kidney, which had increased accumulation. Seymour et al. studied the effect of 
molecular weight on body distribution and rate of excretion of HPMA copolymers. 
They found that the molecular weight threshold limiting glomerular filtration is 
approximately 45 kDa for intravenous administration. Molecular weight did not 
influence the movement of copolymers from the peritoneal compartment to the 
bloodstream after intraperitoneal injection, which may have been due to bulk phase 

Fig. 21 Human blood level profiles for (a) interferon (IFN)-α2a and (b) 40 kDa PEG-IFN-α2a 
administered by subcutaneous injection (adapted from Harris and Chess, 2003)
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lymphatic drainage. By subcutaneous administration, the large molecular weight 
copolymer (778 kDa) showed high retention at the injection site (Seymour et al., 
1987). When galactosamine targeting moieties were incorporated into the HPMA 
copolymer, the copolymer was cleared more rapidly than the unsubstituted copolymer 
from circulation after intravenous administration, and selectively accumulated in 
the liver. Targeting to the liver was also observed after intraperitoneal and subcutaneous 
administrations, but the level of liver targeting was lower compared to intra-
venous administration. There was no significant transfer of HPMA copolymer into 
tissues following oral administration (Cartlidge et al., 1987a,b).

4  Internalization and Subcellular Fate of Polymer–Drug 
Conjugates

4.1 Cellular Binding and Internalization

Binding drugs to a polymer carrier results in a change of the mechanism of cell 
entry. Whereas low molecular weight lipophilic drugs enter the cell by diffusion, 
water-soluble macromolecular therapeutics enter the cell via endocytosis. 
Endocytosis refers to the cell uptake of extracellular solutes by engulfing them and 
trapping them in membrane-bound intracellular vesicles. Endocytosis may be classified 
into two categories, pinocytosis (cell drinking) and phagocytosis (cell eating) 
(Conner and Schmid, 2003). Pinocytosis takes place in all cells, whereas phagocytosis 
is a triggered phenomenon performed by specialized cells (Fig. 22). Kinetically, 
endocytosis can be classified as fluid-phase, adsorptive, and receptor-mediated endo-
cytosis (Amyere et al., 2002; Khalil et al., 2006). The terms endocytosis and 
pinocytosis are frequently used synonymously. At least four different pathways 
may occur: clathrin-mediated endocytosis, caveolae-mediated endocytosis, 
macropinocytosis, and clathrin/caveolae-independent endocytosis (Lamaze and 
Schmid, 1995; Mukherjee et al., 1997; Soldati and Schliwa, 2006).

The structure of macromolecules has a strong impact on the kinetics of internalization. 
Hydrophilic macromolecules, such as homopolymeric HPMA, are internalized via 

Fig. 22 Endocytosis of mammalian cells (adapted from Conner and Schmid, 2003)
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fluid-phase pinocytosis, a slow process. Modification of the structure with hydrophobic 
moieties or introduction of positively charged groups favors internalization by 
adsorptive pinocytosis (Duncan et al., 1984), a signficiantly faster process, but 
nonspecific in all cells. Specific interaction with a subset of cells and internaliza-
tion via receptor-mediated pinocytosis is achieved by the introduction of specific 
ligands, or targeting moieties, into macromolecular therapeutics. Introduction of a 
galactose moiety can produce liver-parenchymal cell-specific targeting (Duncan 
et al., 1983). Mannose targets macrophages, which overexpress mannose receptors 
on their surface (Kawakami et al., 2004). Transferrin (Tf), an iron-binding glycoprotein, 
has been used as a tumor-targeting ligand (Kakudo et al., 2004; Wagner et al., 
1992). The folate receptor is also overexpressed in tumor cells, and has been used 
for tumor targeting (Cho et al., 2005; Lee and Huang, 1996).

Let us briefly describe the potential subcellular fate of macromolecular therapeutics:
Clathrin-mediated endocytosis (CME). CME occurs constitutively in all mammalian 

cells. It is typically initiated by the formation of clathrin-coated pits in the plasma 
membrane. The coated pits invaginate and assisted by dynamin, a multidomain 
GTPase, then pinch off from the plasma membrane to form intracellular clathrin-
coated vesicles (CCVs) ranging in size of 100–150 nm in diameter. The clathrin 
coat depolymerizes forming early endosomes. These progress to late endosomes 
and fuse with lysosomes where the contents are digested. During the internalization 
process, the pH drops from neutral to pH about 6 in early endosomes with a further 
reduction to about 5 in late endosomes and lysosomes (Khalil et al., 2006; Maxfield 
and McGraw, 2004). The pH drop results in the dissociation of ligands and receptors 
in early endosomes and the recycling of receptors back to the plasma membrane.

Caveolae-mediated endocytosis. Caveolae are 60–70 nm in diameter, caveolin-
coated, flask-shaped invaginations of the plasma membrane enriched in cholesterol 
and glycosphingolipids (Harris et al., 2002a,b; Matveev et al., 2001). The shape and 
structure of caveolae depend on caveolin, a dimeric cholesterol-binding protein 
(Conner and Schmid, 2003). Caveolae are present in many cell types, and are especially 
common in endothelial cells.

Caveolae have several functions including cholesterol homeostasis, glycosphingolipid 
transport, and negative regulation of endothelial nitric oxide synthase. Experiments 
with green fluorescent protein (GFP)-conjugated caveolin show a resting state of 
caveolae in plasma membranes, but ligands binding to the receptors in caveolae can 
trigger a signal cascade and cause their internalization (Pelkmans and Helenius, 
2002; Pelkmans et al., 2002; Schousboe et al., 2004; Thomsen et al., 2002). Some 
cationic polymer–DNA complexes and TAT peptide have been hypothesized to be 
internalized by caveolae (Ferrari et al., 2003; Fittipaldi et al., 2003; Rejman et al., 2005).

Caveolae-mediated endocytosis is a slow internalization process, uptake is nonacidic, 
and is unlikely to result in lysosomal degradation (Ferrari et al., 2003; Harris 
et al., 2002a).

Macropinocytosis. Macropinocytosis refers to the formation of large endocytic 
vesicles mediated by actin-driven invagination of the plasma membrane (Khalil et al., 
2006). It is usually associated with a cell surface ruffle formed by a linear band of 
outward-directed polymerized actin near the plasma membrane resulting from stimulation 
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by growth factors or other signals. After stimulation by mitogenic factors, the ruffles 
become longer and broader and frequently close into large macropinosomes (Swanson 
and Watts, 1995). In cells, after the loss of actin, the macropinosomes may shrink, 
acidify, and fuse with lysosomes (in macrophages), or alternately, recycle their 
contents back to the cell surface (Meier and Greber, 2003).

Macropinocytosis is an efficient route for the nonselective endocytosis of solute 
macromolecules (Conner and Schmid, 2003). Some pathogens trigger macropinocytosis 
to facilitate their own uptake. The TAT peptide and its cargos may be taken up by 
macropinocytosis (Kaplan et al., 2005; Nakase et al., 2004; Wadia et al., 2004).

Clathrin/caveolae-independent endocytosis. Beside caveolae, there are other 
microdomains, referred to as “rafts,” with unique lipid composition and diffusing 
freely on cell surface (Edidin, 2001a,b; Kirkham and Parton, 2005). Their specific 
membrane proteins and glycolipids provide the pathway for clathrin/caveolae-independent 
endocytosis. For example, the interleukin-2 (IL-2) receptor on lymphocytes is internalized 
associated with lipid microdomains, but in a clathrin- and caveolin-independent 
manner (Lamaze et al., 2001).

Phagocytosis. Phagocytosis in mammalian cells is conducted primarily by mac-
rophages, monocytes, and neutrophils. It functions to clear pathogens (> 0.5 µm) 
such as bacteria and yeast, or large debris such as dead cells and arterial fat deposits 
(Allen and Aderem, 1996). It is regulated by specific receptors and signaling 
cascades mediated by Rho-family GTPases. Interaction of specific receptors on the 
phagocyte with ligands on the surface of the particle triggers the assembly of actin, 
resulting in the formation of cell surface extensions around the particle and the 
engulfment of the particle. After internalization, phagosomes lose actin and mature 
to phagolysosomes after a series of fusion and fission processes whereby internal-
ized particles are degraded (Allen and Aderem, 1996).

Nonendocytic delivery. Some cationic peptides, the PTDs, such as the TAT, 
penetratin, and VP22 peptides, may have the ability to directly penetrate cell 
membranes by an energy-independent route without endocytic events (Brooks et al., 
2005; Gupta and Torchilin, 2006; Gupta et al., 2005; Vives et al., 1997), but this 
point was challenged by later studies. Duchardt et al. (2007) showed that antenna-
pedia-homeodomain-derived antennapedia (Antp) peptide, nona-arginine, and the 
HIV-1 Tat-protein-derived TAT peptide may also simultaneously use three endo-
cytic pathways: macropinocytosis, clathrin-mediated endocytosis, and caveolae/
lipid-raft-mediated endocytosis. At higher concentrations of peptide, an endocytosis-
independent mode of uptake may be observed.

Microinjection, permeabilization, and electroporation may be also used to 
deliver drugs or maromolecules into cells, although these are restricted to in vitro 
experimentation.

Multidrug resistance. The acquired resistance of malignant tumors to chemo-
therapeutic agents remains the major cause of cancer therapy failure. One reason is 
the increased efflux of low molecular weight cytotoxic agents by ATP-driven efflux 
pumps, such as P-glycoprotein. Polymer–drug conjugates, due to their mechanism 
of cell entry, have the potential to bypass this resistance mechanism (Gottesman et al., 
2002; Kopeček and Kopečková, 2003; Larsen et al., 2000; Omelyanenko et al., 
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1998). Numerous studies have demonstrated enhanced efficacy of macromolecular 
therapeutics in resistant tumors (Kabanov et al., 2002; Minko et al., 1999, 2000; 
Okhawa et al., 1993; Štastný et al., 1999).

Techniques used for the evaluation of the endocytotic uptake pathways. 
Endocytic uptake pathways can be inhibited by treatment with specific inhibitors. 
In general, endocytic uptake is an energy-dependent mechanism; therefore, it can 
be inhibited by the use of metabolic inhibitors to deplete the ATP pool or by lower-
ing the temperature (Duncan et al., 1986; Saraste et al., 1986).

The assembly of the clathrin lattice on the plasma membrane is essential for 
CME. Treatments that cause the dissociation of clathrin, such as potassium depletion, 
cytosol acidification, hypertonicity, and chlorpromazine treatment, can specifically 
inhibit CME (Lamaze and Schmid, 1995).

Cholesterol is required for the caveolae pathway. Drugs that specifically bind, 
sequester, or deplete cholesterol such as filipin, nystatin, and methyl-β-cyclodextrin, 
respectively, perturb internalization through the caveolae (Lamaze and Schmid, 
1995). Caveolae also depend on the actin cytoskeleton, and drugs that cause the 
depolymerization of the actin cytoskeleton, such as cytochalasin D, can inhibit 
caveolae uptake (Parton et al., 1994). For internalization of poly(N,N-(dimethylamino)ethyl 
methacrylate) (pDMAEMA)- and PEI-complexed DNA, it was found that both 
complexes were colocalized with fluorescently labeled transferrin and cholera 
toxin in COS-7 cells, which indicates uptake via the clathrin- and caveolae-depend-
ent pathways. By using specific inhibitors, blocking the caveolae-mediated uptake 
route resulted in an almost complete loss of polyplex-mediated gene expression, 
whereas gene expression was not negatively affected by blocking the clathrin-
dependent route of uptake. That shows the importance of caveolae-mediated uptake 
for pDMAEMA and PEI-mediated gene transfection (van der Aa, 2007).

Ruffling is dependent on actin cytoskeleton. Drugs that disrupt the actin cytoskele-
ton can inhibit macropinocytosis. The ruffling response is also dependent on protein 
kinase C (Conner and Schmid, 2003). Wortmannin, amiloride, and its analogs also 
inhibit macropinocytosis (Arcaro and Wymann, 1993; Hewlett et al., 1994).

Akita et al. used sequential Z-series images captured by confocal laser scanning 
microscopy (confocal image-assisted three-dimensionally integrated quantification 
(CIDIQ) ) to quantitatively analyze intracellular trafficking of plasmid DNA trans-
fected by a nonviral gene delivery system. The DNA was labeled with rhodamine 
and different intracellular compartments were labeled with different fluorescent 
markers. Cells were scanned three-dimensionally and images of different sections 
were recorded. The amount of DNA in each organelle could be obtained by analy-
sis of the data (Akita et al., 2004; Hama et al., 2006).

Although confocal microscopy is typically used to monitor intracellular fate, 
subcellular fractionation may give more quantitative results to measure the 
organelles concentration over time (Tijerina et al., 2003a,b). Seib et al. established 
a differential centrifugation method for B16F10 murine melanoma cells and used it 
to define the intracellular trafficking of HPMA copolymer–Dox conjugate (PK1). 
This method demonstrated lysosomotropism of PK1, subsequent Dox liberation, 
and nuclear localization (Seib et al., 2006).
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4.2 Endosomal/Lysosomal Escape

After internalization via endocytosis, uptaken molecules are entrapped in endosomes. 
These endosomes may fuse with lysosomes for degradation or they may recycle their 
contents back to the cell surface. Conjugated drugs need to escape the endosomal/lyso-
somal compartment to reach their targeted organelles (Fig. 23). Low molecular weight 
drugs linked to the polymer via an enzymatic cleavable or acid-labile spacer can be 
released from the carrier and then diffuse into the cytosol. Large hydrophilic drugs such 
as proteins and DNA, however, need a different mechanism for endosomal/lysosomal 
escape lest they be trapped and degraded in the lysosomes.

In one strategy, PEI and its derivatives are used to release macromolecules from 
endosomes by disrupting its membrane structure. PEIs contain numerous secondary 
amino groups that can be protonated in the acidic environment of the endosome/
lysosomes. PEI absorbs the protons, which results in osmotic swelling of endosomes/
lysosomes and destabilization of their membranes (Boussif et al., 1995; Merdan 
et al., 2002; Thomas and Klibanov, 2002).

Polylysine cannot efficiently escape the endosome without the addition of endo-
somolytic agents such as chloroquine or fusogenic peptides (Read et al., 2005). 
Chloroquine can diffuse into the endosomes/lysosomes and protonate in its acidic 
environment and produce swelling and destabilization of endosomal/lysosomal 
membranes. Chloroquine also inhibits the acidification and maturation of endosomes, 
which retards the lysosomal degradation of genes. Histidine can be introduced into 
polylysine to provide an endosomal/lysosomal escape route without the addition of 
endosomolytic agents (Midoux and Monsigny, 1999).

Other polycations containing imidazole groups have also been synthesized. 
They also act as a proton sponge and mediate endosomal/lysosomal escape. 
Furthermore, their cytotoxicity is much lower than that of PEI and polylysine 
(Pichon et al., 2001; Putnam et al., 2001, 2003).

Fig. 23 Uptake and subcellular trafficking of polymer–drug conjugates
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pH-sensitive fusogenic peptides are used by bacteria and viruses to facilitate the 
escape of their cargo from lysosomes to host cells. Peptides derived from these 
viruses, such as the peptide derived from the N-terminal sequence of the influenza 
virus hemagglutinin subunit HA-2 (GLFGAIAGFIENGWEGMIDGWYG), or synthetic 
analogues, such as GALA, KALA, or JTS-1 (Gottschalk et al., 1996; Simoes et al., 
1999; Wagner et al., 1992), can also perturb the endosomal membrane and affect 
release. GALA (WEAALAEALAEALAEHLAEALAEALEALAA) is a 30 amino 
acid peptide that undergoes a conformation transition from random coil to α-helix 
when the pH changes from 7.4 to 5 in the lysosomal compartment. The α-helical GALA 
can form multimer aggregates and insert into the lysosomal membrane to form pores. 
KALA (WEAKLAKALAKALAKHLAKALAKALKACEA) is a cationic counter-
part of GALA. KALA also undergoes a pH-dependent conformation change and 
induces membrane leakage. JTS-1 (GLFEALLELLESLWELLLEA) is an amphip-
athic peptide able to form an α-helix with nonpolar amino acids on the hydrophobic 
face and glutamic acid residues on the opposite hydrophilic face. It produced lysis 
in phosphatidylcholine liposomes and in erythrocytes at pH 5.

4.3 Organelle Delivery

To increase the pharmaceutical efficiency of polymer–drug conjugates, a double-tar-
geted approach is desirable. The conjugates should not only target the specific cells, but 
also direct the drug into a specific subcellular compartment. For example, photosensitiz-
ers are significantly more effective when they are localized in mitochondria or nuclei.

Transport into the nucleus generally occurs through nuclear pore complexes 
(NPCs), but the inner diameter of an NPC is only ~9 nm, too small for efficient gene 
or other types of macromolecular delivery. Callahan et al. (2008) studied nuclear 
entry kinetics of a series of HPMA copolymers containing different functional 
groups after microinjecting them into the cytoplasm of ovarian carcinoma cells. 
HPMA copolymers of molecular weight < 20 kDa can quickly enter the nuclei, 
whereas HPMA copolymers with a molecular weight > 70 kDa were excluded. The 
rate of entry of HPMA copolymers with molecular weight between 20–70 kDa 
depended on both their structure and molecular weight.

Conjugation with subcellular targeting peptide sequences is one method of traf-
ficking macromolecules (reviewed by Cuchelkar and Kopeček, 2006; Nori and 
Kopeček, 2005). To ensure nuclear targeting, many nuclear localization signal 
(NLS) peptides have been developed to allow entry into the nucleus through the 
NPCs by active transport (Boulikas, 1993; Christophe et al., 2000; Goldfarb et al., 
1986; Hodel et al., 2001; Mahat et al., 1999; Nigg, 1997). NLSs are short basic 
monopartite or bipartite amino acid sequences that can bind to cytoplasmic receptors 
known as importins (Bremner et al., 2001; Gorlich and Mattaj, 1996; Zanta et al., 
1999). The most frequently used monopartite NLS is derived from the large tumor 
antigen of simian virus 40 (SV40). A 7 amino acid sequence of PKKKRKV is 
required for activity. It has been shown to increase the rate of nuclear uptake of 
plasmid DNA (Collas and Alestrom, 1996; Collas et al., 1996; Lanford et al., 1986), 
and enhance the chemotherapeutic activity of HPMA copolymer–Mce

6
 conjugate in 
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human ovarian carcinoma cells (Tijerina et al., 2003a,b). Peptide fragments M1 
from human c-myc protein P

320
AAKRVKLD

328
, and M2 R

364
QRRNELKRSP

374
 are 

both able to target their cargo to the nucleus (Dang and Lee, 1988).
Bipartite NLS sequences contain two basic amino acids domains separated by 

an oligopeptide spacer (Mahat et al., 1999). Xenopus protein nucleoplasmin is one 
of the most characterized bipartite NLSs. Nucleoplasmin has two basic amino acid 
sequences separated by a 10 amino acid spacer. The overall sequence is 
KRPAATKKAGQAKKKK (Robbins et al., 1991). Another bipartite NLS, also 
derived from Xenopus N1 protein, is a 24 amino acid sequence composed of two 
nuclear uptake sequences linked by a 10 amino acid spacer (VRKKRKTEEESPLK
DKDAKKSKQE) (Kleinschmidt and Seiter, 1988). For efficient nuclear targeting, 
the full length of these bipartite NLSs is needed.

Different low molecular weight hormones can also be used as potential nuclear 
targeting groups such as 5α-dihydrotestosterone (DHT) and cortisol (Cuchelkar 
et al., 2008).

Mitochondria represent another important target. In eukaryotic cells, mitochondria 
produce ATP, are involved in citrate cycle, in the synthesis of steroid hormones and 
gluconeogenesis. Mitochondrial dysfunction contributes to a large number of 
human disorders, such as neurodegenerative diseases, obesity, diabetes, etc. 
Mitochondria play a key role in the complex apoptosis mechanism. Many drugs, 
including paclitaxel, directly act on mitochondria triggering apoptosis (Torchilin, 
2006b; Weissig, 2005). Some cationic compounds can penetrate the cell membrane 
and specifically target mitochondria, such as rhodamine-123 (Teicher et al., 1986, 
1991), oligoguanidinium (Fernandez-Carneado et al., 2005), and triphenylphospho-
nium (TPP) (Coulter et al., 2000; Kelso et al., 2002; Smith et al., 1999, 2004). 
Callahan and Kopeček (2006) synthesized HPMA copolymer containing a TPP 
moiety bound to the end of the copolymer chain (Fig. 24). TPP-HPMA conjugate 
was shown to be specifically absorbed by isolated mitochondria; however, in 
cultured cells, it was shown that the cellular uptake was by endocytosis only. Furthermore, 
microinjected TPP-HPMAs failed to specifically localize to mitochondria. In another 

Fig. 24 Structure of triphenylphosphonium (TPP)-functionalized semitelechelic HPMA copolymer 
for mitochondrial targeting labeled with (a) FITC and (b) BOPIPY (Callahan and Kopeček, 2006)
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approach, a low molecular weight drug was directly linked to TPP (drug-TPP), and 
then bound to the HPMA copolymer via a lysosomally cleavable spacer. After 
uptake by cultured cells, the drug–TPP conjugate was released from the lysosomes 
and specifically trafficked into mitochondria (Cuchelkar et al., 2008).

5 Recent Progress in Polymeric Drug Delivery Systems

5.1 Polymer–Antitumor Drug Conjugates

Many drugs, including Dox, daunorubicin, 1-β-D-arabinofuranosylcytosine (Ara-C), 
paclitaxel, and camptothecin, have been attached to various polymer carriers such as 
HPMA copolymers, PEG, and PG for the purpose of improving efficiency and lower-
ing side effects. The properties of many preclinically evaluated and clinically tested 
polymer–drug conjugates have been reviewed by Cuchelkar and Kopeček (2006), 
Duncan (2006), Hoste et al. (2004), Khandare and Minko (2006), Satchi-Fainaro et al. 
(2006), and Twaites et al. (2005). Here, we will briefly mention some clinical results of 
selected polymer–drug conjugates and discuss the implications for the improved design 
of polymer–drug conjugates.

HPMA copolymer–GFLG–doxorubicin conjugate (PK1) was the first polymer–
drug conjugate to enter phase I clinical trials (Bilim, 2003; Thomson et al., 1999; 
Vasey et al., 1999). Clinical pharmacokinetics showed a prolonged plasma circula-
tion and uptake of the conjugate, and positive responses by some tumors. By using 
HPMA copolymer–doxorubicin conjugate, high doses (four–fivefold more than 
free drug) could be administered with reduced immunogenic and toxic responses 
(Duncan, 2006). PK2 is a HPMA copolymer–GFLG–doxorubicin conjugate con-
taining galactosamine as a targeting moiety (for structures of PK1 and PK2 see Fig. 
13). Introduction of galactosamine moiety was designed for specific targeting of 
the hepatocyte asialoglycoprotein receptor. Clinical trials for the treatment of pri-
mary hepatocellular carcinoma showed that PK2 efficiently targeted the liver and 
achieved 12–50-fold higher drug levels in tumors, compared to nongalactosylated 
polymers or free drug. Both PK1 and PK2 showed antitumor activities and were 
two–fivefold less toxic than free Dox (Paul et al., 2007).

Styrene-maleic anhydride copolymer–neocarzinostatin conjugate (SMANCS) 
was the first clinically approved polymer–drug conjugate (Fig. 25). NCS is released 
from SMANCS when mixed with tissue homogenates (Maeda et al., 1985). 
SMANCS showed significant antitumor activity and very high tumor/blood ratio in 
a number of animal models. Maeda described the phenomenon as “EPR effect.” 
During phase I and II clinical trials, 80% of patients with primary hepatomas 
showed regression of tumor size. SMANCS has been marketed in Japan since 1990 
for the treatment of hepatocellular carcinoma (Maeda, 2001b).

PG–paclitaxel conjugate (CT-2103, XYOTAX) (Fig. 26) has been evaluated in 
phase III clinical trials. Coupling with PG greatly improved the water solubility of 
paclitaxel. In in vitro and in vivo tests, PG–paclitaxel demonstrated significantly 
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reduced systemic toxicity and improved antitumor efficacy (Li et al., 1998). Phase 
I/II trials in Europe and the USA (Langer, 2004a,b; Markman, 2004; Sabbatini et al., 
2004) confirmed several advantages, including ease of administration, improved 
antitumor activity, and manageable toxicity. XYOTAX provides a superior first-
line treatment for performance status 2 (PS2) patients, compared to paclitaxel or 
vinorelbine. XYOTAX has been shown to significantly prolong survival in PS2 
nonsmall cell lung cancer patients (Bonomi et al., 2006; Langer et al., 2005, 
2006; Singer et al., 2005). Another PG conjugate, PG–camptothecin conjugate 
(CT-2106), is also in clinical testing.

Many methods have been explored for further improving the antitumor efficiency of 
polymer–drug conjugates. New drugs are being developed that interfere with the dis-
crete transduction pathways that cause tumorigenesis. HPMA conjugates have been 
developed using new drugs such as 9-aminocamptothecin (9-AC) (Gao et al., 2006a, 
2007; Sakuma et al., 2001), geldanamycin (Kasuya et al., 2001, 2002; Nishiyama et al., 
2003), and TNP-470, an antiangiogenesis drug (Satchi-Fainaro et al., 2004, 2005).

Improved targeting is also an efficient way to enhance the efficiency of drug 
conjugates. Introduction of an antibody to target the conjugates to specific tumor 
cells is a direct way to improve efficacy. Antibodies, such as antimouse CD71 

Fig. 26 Structure of poly(glutamic acid)–paclitaxel conjugate (CT-2103, XYOTAX)

Fig. 25 Structure of styrene-maleic anhydride copolymer–neocarzinostatin conjugate (SMANCS)
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Fig. 27 Multivalent binding between polymer–drug conjugate and target cell

monoclonal antibody (mAb) for 38C13 tumors (Kovář et al., 2002b) and B1 mono-
clonal antibody (mAb) for BCL1 leukemia cells (Kovář et al., 2003) were used in 
HPMA copolymer–Dox conjugates. In vitro and in vivo data showed that, compared 
with the conjugates without antibody or with nonspecific ligands, introduction of 
the antibody significantly improved antitumor activity.

Because of the high molecular weight of the antibody, the penetration into tumor 
tissue may be limited. The use of mouse monoclonal antibodies (mAbs) in humans 
proved to be problematic due to immune responses that produced human antimouse 
antibody (HAMA). This issue was solved by the fusion of mouse variable regions 
to human constant regions (chimeric antibodies), removal of T cell epitopes 
(de-immunization), or grafting mouse antigen binding regions onto human antibody 
frameworks (humanized antibodies) (Hudson and Souriau, 2003).

The use of antibody fragments decreases immunogenecity and improves tissue 
diffusivity when compared to whole antibodies. Monovalent Fab fragments, single-
chain variable fragments (scFv), and bivalent scFv exhibit better pharmacokinetics 
for tissue penetration with full binding specificity, but show poor reduced intravas-
cular times (Hegazy et al., 2006; Vasir and Labhasetwar, 2005; Vasir et al., 2005). 
Binding the antibody fragment in polymer conjugates may prolong the retention 
time of Fab or scFv fragments.

Compared with the entire antibody, keeping the recognition domain and remov-
ing the Fc domain, Fab may improve selectivity and reduce immunogenicity. 
Studies on the cytotoxicity of free mesochlorin e

6
 (Mce

6
), HPMA copolymer–Mce

6
 

conjugate, and HPMA copolymer–Mce
6
–Fab conjugate toward OVCAR-3 cells 

showed IC
50

 doses of 7.9, 230, and 2.6 µM, respectively. The HPMA–Mce
6
–Fab 

conjugate more efficiently inhibited the growth of OVCAR-3 cells (Lu et al., 
1999b, 2001, 2003). Confocal microscopy showed that rapid internalization of the 
HPMA–Mce

6
–Fab conjugate in OVCAR-3 cells was by receptor-mediated endocytosis 

and the conjugate was localized in the lysosomal compartment. The internalization 
of the nontargeted conjugate was much slower.

Using receptor-binding peptide epitopes is another way to improve targeting to 
malignant cells (Nan et al., 2005). Compared with antibody and Fab, more epitopes 
can be introduced onto one polymer chain. With multivalent binding, multiple lig-
ands bind to multiple receptors on one cell, and can greatly enhance the binding 
constant of the polymer–drug conjugate (Fig. 27). The small size of the epitopes 
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also makes them more stable during coupling reactions and other applications. The 
CD21 receptor has been found to be overexpressed on lymphoblastoid cells, and 
has been used as a target for lymphomas (Rask et al., 1988; Tang and Kopeček, 
2002; Tang et al., 2003). For example, a nonapeptide (EDPGFFNVE) epitope was 
used in HPMA copolymer–Dox conjugate to target the cells with CD21 receptors. 
Multivalent interactions between HPMA copolymer–peptide conjugates and target 
receptors played an important role in the biorecognition of HPMA copolymer–peptide–
drug conjugates (Ding et al., 2006a,b; Tang et al., 2003). As a result, enhanced 
cytotoxicity of HPMA copolymer–Dox conjugates containing multiple copies of 
targeting peptide toward cancer cells was observed (Tang et al., 2003). Bis(2-carboxyethyl) 
polyethylene glycol containing three copies of the targeting luteinizing hormone-
releasing hormone (LHRH) peptide and camptothecin showed a dramatically enhanced 
antitumor activity compared with the analogous nontargeted prodrug and prodrugs 
containing one or two copies of active components (Khandare et al., 2006a).

Introduction of TAT peptide has been used to allow intracellular targeting of 
polymer–drug conjugates (Fig. 28). Targeting the intracellular organelles can 

Fig. 28 Structure of HPMA copolymer–Mce
6
 conjugate containing NLS peptides (Tijerina et al., 

2003b)
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improve the efficiency of the polymer–drug conjugates (Tijerina et al., 2003a,b). 
TAT peptide was used in an HMPA copolymer–Mce

6
 conjugate for improving the 

photodynamic therapy efficiency. The result was a threefold increase in cytotoxic-
ity compared with the non-TAT conjugate (Nori et al., 2003a,b).

5.2 Gene Delivery

There are two strategies to use the multifunctional polymer carriers in gene delivery 
systems. One is to synthesize new polymers suitable for gene delivery and the other 
is to modify viruses with functionalized polymers.

Synthetic polymers, primarily cationic polymers, have been developed to form 
polyplexes with DNAs to deliver genes to cells. The most commonly used have 
been the cationic polymers, PEI and PLL, despite toxicity issues associated with 
both. For screening of new polymers for gene delivery with reduced toxicities and 
improved efficacies, combinatorial methods have been used. Langer et al. used 
parallel synthetic methods for the preparation of 140 poly(β-amino ester)s from a 
series of seven diacrylates and 20 primary or secondary diamines. Two polymers 
from this library mediated gene transfection rates comparable to branched polyeth-
ylenimine and lipofectamine 2000 (Akinc et al., 2003; Lynn et al., 2001). By the 
same method, 2,350 poly(β-amino ester) structures were synthesized from 94 
amine and 25 diacrylate monomers. In these polymers, 46 new structures were 
discovered with transfection efficiencies that exceeded optimized polyethylenimine 
(Anderson et al., 2003).

Combinatorial methods were also used to modify the side chains of well-defined 
polymers. Brocchini and coworkers synthesized by ATRP an active ester homopol-
ymer precursor and two blocked copolymer active ester precursors to prepare a 
library of 16 cationic functionalized polymethacrylamides. The 16 polycations 
were prepared by the coupling of two amines from the group of (2-aminoethyl)tri
methylammonium chloride hydrochloride (TMA), 3-(dimethylamino)propylamine 
(DMA), histamine (His), and 1-amino-2-propanol (AP). Consequently, the conjugates 
contained different amounts of tertiary amine, quaternary ammonium, imidazole, 
and hydroxypropyl pendent moieties, and possessed varying degrees of charge 
density along the polymer main chain (Pedone et al., 2003).

Viral-based gene-delivery vehicles are highly efficient, but they can be immuno-
genic. PEGylation is a stealth technology that can reduce the immunogenicity of 
viral vectors. Multifuctional polyHPMA has also been used for the modification of 
viral vectors. PolyHPMA with multiple reactive side chains forms a hydrophilic 
coat around the virus (Green et al., 2004). Both PEG and polyHPMA modifications 
mask the capsid domains of the virus and increase the blood circulation time of 
viral vectors. Incorporation of targeting ligands such as basic fibroblast growth 
factor (FGF2) and vascular endothelial growth factor on to the polymer-coated 
virus produces ligand-mediated, coxsackie- and adenovirus receptor (CAR)-independ-
ent binding and uptake into cells bearing appropriate receptors (Fisher et al., 2001; 
Lanciotti et al., 2003).
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5.3 Bone Targeting Polymer–Drug Conjugate Therapies

Most of the studies in the polymer–drug conjugate area are concentrated on anti-
cancer therapies, although there are many other diseases that seriously affect human 
health. Osteoporosis is a significant public health problem that affects an estimated 
44 million Americans, or 55% of people over the age of 50. It contributes to an 
estimated 1.5 million bone fractures per year. Osteoporosis is a common metabolic 
bone disease. Many therapeutic agents are being used for the treatment of oste-
oporosis; however, none of them are very effective in the rebuilding of new skeletal 
mass, and many have significant side effects (Lacey et al., 2002a,b; Willhite et al., 
1998; Wang et al., 2005). Recently, a novel, bone-targeted, water-soluble HPMA 
copolymer conjugate was developed using with a well-established bone anabolic 
agent, prostaglandin E

1
 (PGE

1
) (Pan et al., 2006; Wang et al., 2003, 2006). 

Biorecognition of the conjugates was mediated by an octapeptide of D-aspartic acid 
(D-Asp

8
) or alendronate (Wang et al., 2003, 2007). The therapeutic activity of the 

conjugate both in vitro and in vivo was established.

6 Future Prospects

The living organisms emerged 3.5 billion years ago (Schopf et al., 2002) and after 
billions of years of evolution, the complexity of life emerged. On the molecular 
level, biomacromolecules exhibit precise chemical structures and spatial architecture, 
highly specific organization, signaling, high efficiency, and precisely concerted 
actions. At present, the level of sophistication of polymer–drug conjugates is quite 
inferior to biological systems. Design of new synthetic conjugates, based on the 
understanding of the structure–property–function relationship of biomacromolecules, 
would be a great step forward.

6.1 Control of Molecular Weight and Architecture

A deep understanding of the interaction of polymer–drug conjugates with cells, 
organelles, and individual biomacromolecules is necessary for the design of new 
macromolecular therapies. For a detailed study of the biological properties of 
polymer–drug conjugates at the cellular and molecular levels, polymer–drug 
conjugates should have specific molecular mass and a controlled architecture. 
However, the heterogeneity in the chemical composition and molecular weights of 
synthetic polymers has many implications to their interactions with cells. These 
issues can affect self-association states, diffusion rates, binding strengths, and 
transmembrane transport. Also, analysis of results may be a challenge. One way to 
improve the design of the conjugates is to take advantage of new methods that per-
mit better control of the molecular weight of the polymer, such as ATRP and RAFT 



Multifunctional Water-Soluble Polymers for Drug Delivery 119

polymerizations. These techniques can be used to control the distribution of functional 
groups along the polymer chain and to control molecular weight distributions.

6.2 Click Chemistry

The term “click chemistry” was first proposed by Sharpless and coworkers (Kolb 
et al., 2001). To fit the category, the reaction must be modular, wide in scope, give 
very high yields, generate only inoffensive byproducts that can be easily removed, 
and be stereospecific (but not necessarily enantioselective). An example is the 
widely used copper-catalyzed Huisgen 1,3-dipolar cycloaddition of azides and 
terminal alkynes. In the presence of Cu(I), cycloaddition reactions are fast, regioselective, 
and efficient. It can be performed in various solvents, even in water, and the pres-
ence of other functional groups does not affect the reaction (Fig. 29).

For biomaterials, click reactions have been used for the synthesis of well-
defined PEG hydrogels (Malkoch et al., 2006), the preparation of glycopolymers 
(Ladmiral et al., 2006), grafting PEG and oligopeptide moieties to aliphatic poly-
esters (Parrish et al., 2005), for example. Parrish and Emrick (2007) also modified 
alkyne-functionalized aliphatic polyesters with azide-functionalized camptothecin 
derivatives and azide-terminated PEG to produce water-soluble polyester–camptothecin 
conjugates. Click reactions are becoming an attractive method for the functionalization 
of polymers and for the preparation of new polymer–drug conjugates.

6.3 New Ligand Exploration

The advent of combinatorial chemistry has dramatically expedited the screening 
and identification of new chemical identities with desired properties (Service, 
1996). Among the classes of combinatorial libraries, oligonucleotide, oligosaccha-
ride, peptide, and chemically synthesized small molecules, peptide libraries have 
been most widely used for pharmaceutical applications, such as epitope mapping, 
and the identification of inhibitors and targeting ligands.

The methods to prepare combinatorial peptide libraries can be generally 
divided into two categories: chemically prepared libraries including methods 
such as one-bead one-compound (OBOC) (Lam et al., 2003) and spot synthesis 
(Frank, 2002); and biologically prepared libraries with methods such as phage 

Fig. 29 Copper-catalyzed Huisgen 1,3-dipolar cycloaddition of azide and terminal alkynes, one 
of the click reactions
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display (Smith and Petrenko, 1997) or bacterial display (Westerlund-Wikstrom, 
2000). The biologically prepared library is less limited with respect to peptide 
length; oligopeptides, polypeptides, and even whole proteins can be displayed on 
the surface of phage or bacteria. However, chemically prepared libraries are more 
flexible for the introduction of linkers or the incorporation of unnatural amino 
acids. Both the OBOC method and phage display have been extensively used for 
selection and identification of oligopeptide ligands for tumor targeting (Wang 
et al., 2004b).

Phage display (Ding et al., 2006a) and OBOC (Ding et al., 2006b) were successfully 
used for the identification of peptides specific toward the CD21 receptor. Numerous 
reports described multivalent interactions with cells of polymer conjugates contain-
ing multiple peptide moieties (see, e.g., Ding et al., 2006a; Nan et al., 2005; Tang et al., 
2003).

Aptamers are RNA or DNA oligonucleotides. Like antibodies, they can fold 
into unique 3D conformations capable of binding to target antigens. Aptamers are 
generally selected using the SELEX (Systematic Evolution of Ligands by 
EXponential enrichment) process (Eaton, 2005; Tuerk and Gold, 1990). In 
contrast to antibodies, the synthesis of aptamers is an entirely chemical process 
that can decrease batch-to-batch variability (Farokhzad et al., 2004, 2006). The 
dissociation constant of aptamers is in the picomolar to nanomolar range. Binding 
is highly specific and can discriminate between related proteins that share com-
mon sets of structural domains (Lee and Sullenger, 1997; Rusconi et al., 2002). 
Aptamers show almost no immunogenicity (Eyetech Study Group, 2002, 2003) 
and exhibit remarkable stability at pHs between 4 and 9 and a variety of tempera-
tures and organic solvents, without loss of activity (Nimjee et al., 2005; Wilson 
and Szostak, 1998).

Unmodified aptamers are highly susceptible to nuclease degradation, however. 
A way to improve their resistance to nuclease degradation is to substitute the 
2′ hydroxyl of the ribose moiety of pyrimidines with fluorine (F) or an amino group 
(NH

2
) (Pieken et al., 1991). A further modification that improves RNA oligonucle-

otide stability against nucleases is the substitution of 2′ -O-methyl (2′ -O-Me) at the 
2′ -hydroxyl position of purine (Burmeister et al., 2005). Aptamers are often capped 
at their 3′  end with a deoxythymidine to further decrease exonuclease degradation 
(Beigelman et al., 1995).

The molecular weight of aptamers truncated to their core-binding domain is 
about 5–15 kDa (15–40 nucleotides), which is below the fast renal clearance 
threshold. A modification by site-specific attachment of PEG or other macromolecules 
would be one method to improve their retention time (Tucker et al., 1999; Willis 
et al., 1998).

Aptamers are potentially useful for the targeting of drug delivery systems. 
Langer et al. first reported targeted drug delivery with nanoparticle–aptamer 
bioconjugates. The results demonstrated that these bioconjugates can efficiently 
target and be taken up by prostate LNCaP epithelial cells that express the prostate-
specific membrane antigen (PSMA) protein. The uptake of these particles was not 
enhanced in cells that do not express PSMA (Farokhzad et al., 2004).
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6.4 Double Targeting

As discussed above, macromolecular therapeutics are internalized by endocytosis 
and are trafficked to the lysosomes. Numerous conjugates have been synthesized 
and evaluated based on this biological pathway. Recently, however, research has 
been focusing on the identification of different routes of cell entry with the aim to 
deliver drugs into subcellular compartments other than lysosomes. Selective locali-
zation of therapeutic agents in specific organelles can serve to enhance therapeutic 
efficacy (Fig. 30). The so-called double targeting refers to the combination of cell 
targeting and subcellular targeting. Nuclear targeting is important in the delivery of 
genes and many low molecular weight drugs (Torchilin, 2006b). For example, the 
activity of photosensitizers is considerably higher in nucleus when compared to 
other subcellular locations. Mitochondria are another important target for drugs. 
The destabilizatin of the mitochondrial membrane and release of cytochrome c are 
essential in triggering of apoptosis.

6.5 Combination Therapy

It is well established that the clinical treatment of cancer is optimized using combi-
nation therapy. A similar concept has been developed for the treatment with poly-
mer-bound drugs. Photodynamic therapy is a newer paradigm in anticancer therapy 
that involves activation of specific compounds called photosensitizers with specific 
wavelengths of light to induce cell death. Illumination of these compounds results 
in the generation of singlet oxygen and free radicals, which cause cell damage and 
death. A combination of chemotherapy and photodynamic therapy may result in a 
synergistic response, resulting in better cure rate than monotherapy. In two cancer 

Fig. 30 Double-targeted polymer–drug conjugate
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models, Neuro 2A neuroblastoma (Krinick et al., 1994) and human ovarian carcinoma 
in mice (Peterson et al., 1996), it was demonstrated that combination therapy with 
HPMA copolymer–anticancer drugs [Dox and meso chlorin e

6
 mono(N-2-

aminoethylamide) {Mce
6
}] conjugates showed tumor cures that could not be 

obtained with either chemotherapy or photodynamic therapy alone. Cooperativity 
of action of both drugs contributed to the observed effect (Lu et al., 1999a). Based 
on biodistribution data (Shiah et al., 1999), it was hypothesized that combination 
therapies of s.c. human ovarian carcinoma OVCAR-3 xenografts in nude mice 
using multiple doses of P(GFLG)-Mce

6
 (P is the HPMA copolymer backbone) and 

P(GFLG)-Dox may allow low effective doses without sacrificing the therapeutic 
efficacy. Indeed, 10 out of 12 tumors exhibited complete responses in the cohort of 
mice receiving multiple PDT plus multiple chemotherapy (Shiah et al., 2000).

Finally, additional enhancement of therapeutic efficacy may be reached using 
targeted combination chemotherapy and photodynamic therapy with OV-TL16-mAb-
HPMA copolymer–Dox and HPMA copolymer–mesochlorin e

6
 conjugates. OV-TL16 

antibodies are specific for the OA-3 (CD47) antigen present on the majority of ovarian 
cancers. The immunoconjugates preferentially accumulated in human ovarian carcinoma 
OVCAR-3 xenografts in nude mice with a concomitant increase in therapeutic 
efficacy when compared with nontargeted conjugates (Fig. 31). The targeted 
conjugates suppressed tumor growth for the entire length of the experiment (Shiah 
et al., 2001b).

An interesting result was the observation that HPMA copolymer conjugates 
carrying both an aromatase inhibitor (aminoglutethimide) and doxorubicin on one 
polymer chain showed markedly enhanced in vitro cytotoxicity to MCF-7 breast 

Fig. 31 Eficacy of combination chemotherapy and photodynamic therapy of OVCAR-3 
xenografts in nude mice with nontargeted and OV-TL 16 antibody-targeted HPMA copolymer–
doxorubicin (P-Dox) and HPMA copolymer–mesochlorin e

6
 (P-Mce

6
) conjugates (Shiah et al., 

2001b)
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cancer cells compared to a mixture of conjugates with only one drug (Greco et al., 
2005, 2007).

Polymer-directed enzyme prodrug therapy (PDEPT) is a new two-step antitumor 
approach including administration of a polymer–drug conjugate containing an 
enzymatically cleavable linker followed by the administration of a polymer–enzyme 
conjugate to generate a cytotoxic drug rapidly and selectively at the tumor site. 
PDEPT did not activate the prodrug in the circulation, and polymer–enzyme conjugates 
have reduced immunogenicity. It appears to be advantageous compared to 
antibody-directed enzyme prodrug therapy (ADEPT) and gene-directed enzyme 
prodrug therapy (GDEPT) (Duncan et al., 2001; Satchi-Fainaro et al., 2001, 2003).

6.6 Dream Conjugate

An efficient conjugate for the future must have an increased intravascular half-
life. Consequently, for the long-circulating conjugate to remain biocompatible 
and to be eliminated from the organism, labile bonds, cleavable either enzymati-
cally or pH sensitive should be incorporated into the polymer backbone. Two 
targeting moieties should be attached: one for cellular targeting to direct the con-
jugate to a subset of cells and the other for subcellular targeting to direct the 
released drug into a particular orgenelle. Two biologically active moieties might 
be attached to the same macro molecule to provide the conjugate with combina-
tion therapy property. In addition, environmentally responsive groups (ER) might 
be also attached to the macromolecule, so the conjugates can adjust the drug 
release rate in response to the microenvironment (Fig. 32).
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1 Introduction

A large number of therapeutic drugs that utilize biological molecules, i.e., DNA, 
RNA, and proteins, are under current development in the biotechnology and phar-
maceutical industries. Their potential is widely recognized, but bringing them into 
medical practice remains a major challenge. For proteins such as antibodies that 
act at the extracellular membrane face, considerable progress has been made in 
bringing them into medical practice. However, for biomolecules that function at 
intracellular locations (e.g., immunotoxins, antisense oligonucleotides, siRNA, 
antigens for vaccines), there is the additional difficult barrier of cytoplasmic entry 
(Kyriakides et al., 1999, 2001) in addition to the general challenges of drug stabil-
ity, tissue penetration and transport, and therapeutic targeting. The predominant 
fates of internalized biomolecules are enzymatic degradation in the lysosome or 
recycling and extracellular clearance. In this chapter, we review the development 
of synthetic polymeric carriers that mimic the highly efficient intracellular deliv-
ery systems found in pathogenic viruses and organisms. Their most important 
property ties together the sensing of pH changes to membrane-destabilizing activ-
ity. The carriers are applicable to a wide range of biotherapeutics, and might addi-
tionally open up new families of protein or nucleic acid candidates that attack 
intracellular targets.

The smart polymeric drug delivery systems are specific examples of the 
more general class of “polymer therapeutics” that have generated considerable 
interest in the pharmaceutical field (Maeda and Matsumura, 1989). Polymer 
therapeutics exhibit several interesting properties that distinguish them from 
the drug alone and from prior delivery strategies. One of the most important 
discoveries was that the biodistribution and pharmaco-kinetic properties of 
polymeric drug conjugates are distinct from the drug itself. Maeda, Duncan, 
and others have thus pointed out that polymer–drug conjugates should be con-
sidered a new class of therapeutics, rather than a simple drug delivery system 
(Maeda, 1991; Maeda and Matsumura, 1989; Vasey et al., 1999). Polymer–drug 
conjugates show higher plasma levels (Takakura and Hashida, 1996) and lower 
renal clearance and longer circulation half-lives than small MW drugs (Noguchi 
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et al., 1998). The polymer also improves the stability of therapeutic molecules 
by shielding against degrading enzymes (Maeda et al., 1979, 1984), reduces 
immunogenicity (Maeda et al., 1984), and allows the modification of solubility 
properties. A representative example of the altered biodistribution properties of 
drugs delivered by polymeric carriers is the “enhanced permeation and reten-
tion” (EPR) effect. The EPR effect was first demonstrated by Maeda and 
coworkers, who noted that polymer therapeutics passively accumulate at tumors 
because of the leaky vasculature around tumor sites (Maeda and Matsumura, 
1989). Numerous polymer–drug conjugates have been applied clinically to 
exploit the EPR effect, including poly(ethylene glycol) (PEG)-modified adeno-
sine deaminase (Hershfield, 1997), l-asparginase (Holle, 1997), and SMANCS, 
a poly(styrene-co-maleic acid)-conjugated neocarzinostatin (Tsuchiya et al., 
2000). PEG-bound camptothecin (Conover et al., 1998) and N-(2-hydroxypro-
pyl) methacrylamide (HPMA) copolymer conjugates with doxorubicin (Julyan 
et al., 1999) and camptothecin (Caiolfa et al., 2000) are being evaluated in clini-
cal trials. Polymeric drug carriers with intrinsic endosomal-disruptive proper-
ties have been previously proposed as potential drug carriers, and this remains 
a generally active area of research in many groups around the world. The cati-
onic carrier poly(ethyleneimine) (PEI) has been hypothesized to act as an endo-
some-disrupting agent by functioning as a proton sponge (Behr, 1997; Boussif 
et al., 1995). Amido-amine cationic carriers have also been shown to act as 
endosomal-disrupting agents through the proton sponge effect (Richardson et al., 
1996).

Several groups have developed polymeric carriers that are responsive to biologically 
relevant stimuli. Kabanov and coworkers have developed nanoscale polymeric 
delivery vehicles that assemble via polyelectrolyte interactions, and the complexes 
can display responsiveness to environmental factors such as temperature, ionic 
strength, and pH (Kyung et al., 2006; Oh et al., 2006; Alakhov et al., 2001; Gebhart 
et al., 2001; Kabanov et al., 2001). The Kataoka group has developed new polymeric 
delivery systems for nucleic acids, including pH-responsive systems for antisense 
and siRNA drugs, as well as for plasmid delivery systems (Fukushima et al., 2005; 
Kakizawa et al., 2006; Nishiyama and Kataoka, 2006). The Kim group was also one 
of the earliest developers of polymeric gene carriers, and they have reported a 
variety of PEGylated cationic carriers that are currently in clinical trials (Ahn et al., 
2002; Kim et al., 2006; Park et al., 2006). A novel new pH-responsive polymeric 
carrier has been reported recently by the Bae group that is based on a sharply 
pH-responsive poly(methacryloyl sulfadimethoxine) composition (Sethuraman 
et al., 2006). The Davis group has described a carrier system for nucleic acids and 
also has proposed physical design parameters for drug complexes and particles 
(Davis et al., 2004; Popielarski et al., 2005). An interesting stimuli-responsive 
(bio)polymer system based on elastin peptide sequences has been developed for 
small molecule drugs by the Chilkoti group (Chilkoti et al., 2002). Szoka and 
coworkers have recently utilized acid-labile orthoesters to incorporate poly(ethylene 
glycol) (PEG) chains to stabilize the particles and to prolong circulation time in 
vivo (Guo and Sozka, 2001; Guo et al., 2003; Huang et al., 2006; Li et al., 2005). 
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The PEG chains are cleaved in the endosome, promoting destabilization of the NLP 
and release of the condensed DNA with low cytotoxicity.

2  General Design of pH-Responsive, Membrane-Destabilizing 
Polymeric Carriers

The polymeric carriers developed in our group offer the general polymeric carrier 
advantages (such as the EPR effect), but are distinguished (with potential advantages 
and disadvantages) by a new approach to pH-dependent, membrane-destabilizing 
activity. These carriers were designed to mimic the highly efficient intracellular 
delivery systems utilized by viruses and pathogenic organisms that have faced a 
similar “delivery” challenge. The pathogens have evolved remarkable molecular 
machines that enhance transport of DNA or proteins across the endosomal mem-
brane to the cytosolic compartment. A key functional property of many of these 
proteins is their membrane-destabilizing activity that is closely coupled to a 
pH-sensing mechanism. At physiological pH (7.4), viral proteins such as hemag-
glutinin (Wiley and Skehel, 1987) or pathogenic proteins such as diphtheria toxin 
(Hughson, 1995) are in a “stealth” conformation, but as the pH of these compartments 
drops during endosomal development to values of 5.5 or lower, a conformational 
change is triggered to expose a membrane-destabilizing domain. Many of these 
proteins share a common pH-sensing strategy. When the pH has dropped sufficiently 
to protonate key carboxylate residues, the conformational equilibria of the proteins 
are shifted toward a membrane-active state that results in endosomal membrane 
destabilization. The destabilization allows enhanced delivery of the DNA, RNA, or 
protein cargo to the cytoplasm. The design of synthetic peptides with these types 
of pH-dependent membrane-disrupting characteristics has also been reported by Szoka 
and coworkers (Parente et al., 1990; Plank et al., 1994; Subbarao et al., 1987).

We have designed synthetic polymers that incorporate a pH-sensing carboxylate 
moiety that triggers membrane-destabilizing activity at a defined lower pH value 
(Albarran et al., 2005; Bulmus et al., 2003; El-Sayed et al., 2005; Henry et al., 
2006; Murthy et al., 1999, 2003; Yin et al., 2006) (Fig. 1). These polymeric carrier 
systems are designed like viruses and pathogenic proteins to have modular compo-
nents that possess different functional properties. The carriers can incorporate a 
targeting element that directs uptake into specific cells, a versatile conjugation or 
complexation element that allows covalent conjugation or ionic complexation of 
biomolecular drugs, a pH-responsive component that enhances membrane transport 
selectively in the low pH environment of the endosome, and a masking component 
as necessary to optimize circulation stability. The carrier can be designed to release 
the drug in the low pH environment of the endosome, “unmasking” the membrane-
disruptive element and enhancing the delivery of the free drug into the cytoplasm 
(in other designs, the polymer–drug conjugate or complex may escape the endo-
some without first releasing the drug, after which it can then release the drug by 
disulfide bond reduction in the reducing environment of the cytoplasm).
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3 Development of pH-Responsive PDSA Polymer Carriers

Tirrell and coworkers previously described the pH-dependent disruptive properties 
of poly(ethylacrylic acid) (PEAA) with lipid vesicle membranes (Thomas and 
Tirrell, 1992; Thomas et al., 1994). We have synthesized new members of the 
alkyl(acrylic acid) family where the carboxylate group was connected to longer 
alkyl segments. Poly(propylacrylic) acid (PPAA) exhibited a sharply pH-dependent 
membrane-destabilizing activity below 7.4, and a surprising order of magnitude 
increase over PEAA in hemolytic efficiency. PPAA is significantly more potent 
than even the best reported hemolytic peptides and proteins. PPAA also exhibited a 
shift to the membrane-active state at higher pH values than PEAA. This shift is 
reflected in the shift of the pK of the polymeric acid to higher pH values as the pol-
ymer becomes more hydrophobic. The addition of another methylene unit to make 
poly(butyl acrylic acid) shifted the pH profile for membrane disruption even further 
toward physiological pH. The concentration dependencies and pH profiles are also 
dependent on the polymer molecular weight, with the profiles (and pKs) shifted to 
higher pH transitions as molecular weight increases.

To create true carrier systems that provide a flexible conjugation route for thera-
peutic molecules, complexing agents, and/or targeting moieties, a new family termed 
the “PDSA” carriers has been developed. These carriers consist of an alkyl(acrylic 
acid) monomer, an alkyl(acrylate) monomer, and a functionalized monomer for con-
jugating targeting elements, the drug, and/or nucleic acid-condensing segments. As a 
first example of a functionalized monomer, a new pyridyl disulfide acrylate (PDSA) 
monomer was synthesized. The PDSA monomer allows efficient conjugation of tar-
geting moieties, radiolabels, or biomolecular drugs through disulfide linkages that 
can be reduced in the cytoplasm after endosomal translocation of the therapeutics.

The general design of the PDSA family allows molecular tuning of the pH pro-
file and membrane-destabilizing activity. The pH profile is controlled by the choice 
of the alkylacrylic acid monomer and by the ratio of the carboxylate-containing 

Fig. 1 General design of the pH-responsive, membrane-destabilizing drug carriers. The low pH 
gradient that is created in the endosomal compartment triggers a switch to the membrane-destabilizing 
state of the carrier, enhancing cytosolic delivery of macromolecular drugs.
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alkylacrylic acid monomer to the alkylacrylate monomer. Similarly, the membrane-
destabilizing activity is controlled by the lengths of the alkyl segment on the alky-
lacrylic acid monomer and the alkylacrylate monomer, as well as by their ratio in 
the final polymer chains. We have recently shown that there is a significant increase 
in polymer backbone hydrophobic character upon butylacrylate (BA) incorporation 
that is directly tied to membrane-destabilizing activity (El-Sayed et al., 2005). Both 
poly(EAA-co-BA-co-PDSA) and poly(PAA-co-BA-co-PDSA) polymers exhibited 
high hemolytic/membrane-destabilizing activity at the low molecular weights of 
9 and 12 kDa, respectively (Fig. 2). This finding suggests that carriers below the 
renal excretion size limit can be designed to have potent pH-responsive, membrane-
destabilizing activity. This finding is also expected to be important in regard to the 
issue of tumor penetration, where smaller chains could be desirable. The ability to 
tune the pH profile and membrane-destabilizing activity is particularly important 
because the biomolecular therapeutics themselves are hydrophilic macromolecules 
that can significantly shift the pH profile and membrane-destabilizing activity of 
the polymer. The precise pH profile and activity will depend on the nature of the 
macromolecular drug (e.g., DNA vs. protein) and the quantity of drug loading, so 
that the ability to tune the intrinsic pH profile and membrane-destabilizing activity 
is critical. There is thus a rich polymer engineering opportunity to optimize the 
properties of these carriers for nucleic acid delivery.

Fig. 2 Activity of the PDSA ter-copolymer carriers as a function of the alkyl(acrylic acid) 
composition. The percent hemolysis represents the fraction of red blood cells (RBCs) lysed compared 
to the positive control of Triton-X detergent. 108 RBCs per 1 ml of phosphate buffer were 
incubated with the polymers in a 37°C water bath for 1 h at the specified pH values. The tubes 
were centrifuged for 5 min at 13,500 g to separate intact RBCs and disrupted membranes from the 
solution. The supernatant, containing released Hb, was collected and transferred to 96 well plates, 
and the absorbance measured on a Saphire 2 (Tecan, Austria) plate reader at 541 nm.
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4  Development of a pH-Responsive Poly(styrene-alt-maleic 
anhydride) (PSMA) Family

A new family of pH-responsive polymers based on poly(styrene-alt-maleic anhy-
dride) copolymers have been recently developed (Fig. 3). PSMA has been in previ-
ous clinical use in Japan as the anticancer drug SMANCS (Maeda, 2001; Maeda 
et al., 1985, 2001) providing this polymer with an in vivo track record of biocompat-
ibility. We modified the PSMA polymers by reacting the maleic anhydride group 
with primary alkylamines, to obtain alkyl amide/carboxylic acid derivatives capable 
of membrane disruption at endosomal pHs. In previous work, Maeda and coworkers 
prepared butyl “partial half esters” of PSMA in which 70% of the maleic anhydride 
groups were opened using butanol (Maeda, 2001; Maeda et al., 1985, 2001). 
The primary alkylamines react with anhydrides faster, and amide bonds have greater 
in vitro and in vivo stability in the resulting PSMA copolymer derivative.

By adjusting the degree and type of alkylamine modification, as well as the molec-
ular weight of the PSMA backbone, we have been able to “molecularly engineer” the 
membrane-disrupting activity of these polymers to act only within specific pH ranges 
(Henry et al., 2006) (Fig. 3). The PSMA-alkyl amide derivatives are hydrophilic and 
membrane-inactive at physiological pH, and become membrane-disruptive in sharp 

Fig. 3 Hemolysis properties of the alkyl-substituted PSMA carriers. Hemolysis characterization 
was conducted as in Fig. 2 at a polymer concentration of 20 µg/ml. Propylamine derivatives and 
unmodified PSMA copolymers have insignificant hemolytic activity at all pH values. Butylamine 
derivatives exhibit higher pH-sensitive membrane disruption, particularly at higher substitution 
ratios. The pentylamine derivatives displayed even higher pH-dependent membrane disruption, with 
a favorable 70–75% hemolytic activity at pH 5.8. These derivatives also produced 57–65% 
hemolytic activity at pH 6.6, but remained inactive at pH 7.4.
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response to lower endosomal pH values. The pH-dependent, membrane-destabilizing 
activity can be controlled by varying the length of the alkylamine group, the degree of 
modification of the copolymer, and the MW of the PSMA copolymer backbone. 
Anhydride moieties that remain in the polymer backbone after alkylamine modifica-
tion can be readily used for further functionalization, such as the conjugation of cell-
targeting ligands. After all the functionalization has been completed, the remaining 
anhydride groups can be readily hydrolyzed or derivatized with inert moieties.

5 Encrypted pH-Responsive Carriers

A related family of “smart” carriers termed “encrypted” polymers has also been 
recently developed. These polymers were termed “encrypted” by analogy to encrypted 
protein domains present in nature, where active domains of several extracellular and 
matricellular proteins are initially masked but become exposed and activated by the 
action of proteolytic enzymes at controlled time points. Similarly, the encrypted poly-
mers contain a “masked” membrane-destabilizing backbone that becomes activated 
in response to acidic endosomal pH gradients (Murthy et al., 1999, 2003). Our first 
encrypted polymer (E1) utilized a hydrophobic backbone composed of a styrene 
acetal (SA) monomer with butyl methacrylate (BMA) and dimethylaminoethyl meth-
acrylate (DMAEMA) monomers (Murthy et al., 2003). The hydrophobic backbone 
was “masked” by the direct conjugation of hydrophilic PEG chains through acid-
sensitive acetal linkages, which was designed to improve the solubility and serum 
stability of the polymer backbone. Endocytosis of encrypted polymers would result 
in their accumulation in the endosomes where the acid-sensitive acetal linkages 
between the PEG chains and the hydrophobic backbone become hydrolyzed. The 
“unmasking” of the hydrophobic backbone in turn causes destabilization of the endo-
somal membrane and release of drugs into the cytoplasm (Fig. 4).

Fig. 4 The design and general structure of the pegylated “encrypted” polymer family.
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The ability of the encrypted polymers carrying heterobifunctional PEG grafts 
modified with (Lys)

3
-(mannose)

3
 targeting groups to enhance the cytoplasmic deliv-

ery of antisense oligonucleotides against inducible nitric oxide synthase (iNOS) was 
investigated in model RAW macrophage-like cells. The macrophage and associated 
cell models represent a particularly challenging cell model to deliver nucleic acids 
because of the active phagosomal compartment that contains relatively high levels 
of degrading enzymes. The ionic complexes of polymer-(Lys)

3
-(mannose)

3
 conju-

gate with the antisense oligonucleotide for iNOS produced 80% reduction in NO 
production compared to 25% reduction by the free ASODN. The observed increase 
in ODN activity was sequence specific as scrambled ODN showed no effect on the 
production of NO. In addition, antisense-directed knockouts of key pro-inflamma-
tory proteins have been demonstrated for the IL-1 receptor-associated kinase 
(IRAK) target in macrophages (Cuschieri et al., 2004) (Fig. 5).

6 Nonviral Plasmid Delivery with pH-Responsive Polymers

The excellent pH-dependent hemolytic activity of PPAA also motivated studies of 
its ability to enhance delivery of plasmid-based gene delivery when incorporated 
into cationic lipoplexes (Cheung et al., 2001). Murine mouse fibroblasts (NIH3T3) 
were treated with ternary mixtures of the cationic lipid dioleyltrimethylammonium 
propane (DOTAP), the pCMVβ plasmid DNA, and PPAA and compared against 

Fig. 5 Functional analysis of anti-IRAK delivery activity using a pH-responsive polyplex carrier. 
An antisense oligonucleotide directed against the RAW cell IRAK sequence was delivered with 
the encrypted polymeric carrier of Fig. 4. The RAW cells were then challenged with lipopolysac-
charide (LPS) and the quantity of TNF-α was measured by ELISA assay. Only the antisense 
oligonucleotide delivered with the encrypted polymer was shown to knock down the responsiveness 
of the RAW cells to LPS stimulation.
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binary DOTAP/DNA mixtures. In serum-free media, ternary DOTAP/DNA/PPAA 
particles exhibited higher transfection efficiencies compared to the binary DOTAP/
DNA particles at all +/− charge ratios reaching maximum β-galactosidase gene 
expression at a +/− charge ratio of 1.3. In addition, the PPAA increased the stability 
of ternary lipoplexes against serum inactivation. The specific effects of serum pro-
teins, the stability, cellular uptake, and transfection efficiency of DOTAP/DNA 
lipoplexes with/without PPAA were studied at concentrations matching their aver-
age level in whole blood (Cheung et al., 2004). DNA condensation, cell uptake, and 
transfection results collectively showed that incorporation of PPAA greatly 
improved the complex stability of these formulations.

The favorable cell transfection results encouraged further in vivo evaluation. 
A mouse model of wound healing was utilized for the evaluation of cationic 
 lipoplexes with and without PPAA (Kyriakides et al., 2002). This model was based 
on previous studies demonstrating that excisional wound healing is accelerated in 
thrombospondin-2 (TSP2)-null knockout mice (Kyriakides et al., 1998). In the 
absence of TSP2 in the knockout mouse, excisional wounds exhibit irregular depo-
sition of extracellular matrix and enhanced vascularization that is associated with a 
significantly accelerated rate of wound healing. These results suggested that deliv-
ery of a plasmid encoding an antisense oligonucleotide to inhibit TSP2 expression 
could enhance healing in the wild-type mouse.

The deposition of TSP2 in wild-type mice wounds was found to be absent dur-
ing the early inflammatory phase and peaking on day 10, coinciding with the period 
of maximal vascular regression (Kyriakides et al., 1999, 2001). The ternary 
DOTAP/DNA/PPAA formulations were therefore injected into the wound on days 
4, 8, and 12 followed by wound evaluation on day 14 (Fig. 6). The delivery of 
PPAA-containing lipoplexes resulted in significantly enhanced disorganization of 
the wound extracellular matrix, resembling that seen with the TSP2-null wound-
healing process. Immuno-histochemical staining of wound sections for the 
endothelial marker PECAM1 also showed that PPAA addition resulted in signifi-
cantly greater vascularization at the wound site, again similar to that seen in TSP2-
null wounds. These experiments collectively demonstrated that inclusion of PPAA 
in cationic lipoplexes formulations greatly enhanced transfection and resulted in 
the localized modulation of the wound-healing response.

7 siRNA Delivery Results

There is considerable current excitement over the development of small interfering 
RNA (siRNA) for the silencing of specific gene products. Because the siRNA must 
reach the cytosolic compartment to exert their biological effect, the pH-responsive 
polymer carriers have been studied recently as a method for shuttling the RNA 
through the endosomal membrane and into the cytoplasm of targeted cells. Initial 
studies have utilized a new cationic condensing agent, poly(dimethylaminoethylmeth
acrylate)-co-poly(dimethylaminoethylmethacrylate-co-butyl methacrylate-co-methyl
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methacrylate)(pDMAEMA-b-p(DMAEMA-co-BMA-co-MMA) block copolymer 
(block 1 = 7,600 Mn, block 2 = 20,000 Mn, block 2: DMAEMA 60%, BMA 20%, 
MMA 20%), that was synthesized by the reversible addition fragmentation chain 
transfer (RAFT) technique (Johas et al., 2008). A hydrophobic derivative of pDMAEMA 
was previously studied by our group for the intracellular delivery of antisense oligonu-
cleotides (Cuschieri et al., 2004; Murthy et al., 1999, 2003) motivating the polymeric 
design used in this study. A commercial polymer with the trade name Eudragit® E100 
(Röhm Pharma, Germany) has a similar composition to the second block and has been 
previously shown to exhibit interaction with liposomes and red blood cells (Alasino 
et al., 2005) as well as pH-responsive hemolysis (Kusonwiriyawong et al., 2003).

This cationic diblock copolymer condenses siRNA into particles of less than 
100 nm, and ternary complexes of the diblock copolymer, siRNA, and PPAA dis-
play sharply pH-responsive hemolysis. Delivery efficiencies were characterized 
using a glyceraldehyde phosphate dehydrogenase (GAPDH) siRNA sequence in 
the RAW 264.7 murine macrophage cell line (Fig. 7). The negative control siRNA 
is a scramble sequence selected by Ambion to have minimal background genomic 
complementarity or nonspecific silencing activity. The ternary complexes dis-
played highly active and specific anti-GAPDH activities, with a dose-dependent 

Fig. 6 A mouse model of excisional skin wound healing was used to evaluate the activity of 
PPAA in enhancing plasmid delivery in vivo. The delivery of a plasmid encoding an antisense 
oligonucleotide sequence that knocks down TSP2 expression was tested by injecting ternary or 
binary DOTAP/DNA lipoplexes that contained PPAA or not, respectively. The formulations were 
injected into the wound on days 4, 8, and 12 followed by wound evaluation on day 14. The 
wounds treated with PPAA-containing lipoplexes exhibited a significantly enhanced disorganiza-
tion of the wound extracellular matrix and vascularization, resembling that seen with the TSP2-
null wound-healing process. The results demonstrated that inclusion of PPAA in cationic 
lipoplexes greatly enhanced transfection efficiency and resulted in the localized modulation of the 
wound-healing response.
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silencing efficiency of ca. 90% at 25 nM siRNA and 75% at 10 nM. These results 
demonstrate the synergistic effect of the diblock cationic carrier with the pH-
responsive PPAA anionic polymer for siRNA delivery. Similar particles formu-
lated with the control polymer PMAA (which does not exhibit pH-dependent 
membrane destabilization) did not show reduced gene expression. These results 
show that PPAA efficiently enhances siRNA activity with this ternary delivery 
system and opens the possibility that other related carrier compositions could find 
utility in siRNA delivery applications.

8 Intracellular Protein Delivery

Intracellular protein delivery also represents an important delivery frontier for 
macromolecular drug carrier development. We have recently investigated the abil-
ity of PPAA to enhance the cytosolic delivery of proteins and peptides. In one 
study, a genetically engineered TAT-streptavidin (TAT-SA) fusion protein was 
used to deliver biotinylated protein/peptide cargo to HeLa cells (Albarran et al., 

Fig. 7 GAPDH expression in RAW 264.7 cells treated with ternary complexes of poly(DMAEMA-
b-DMAEMA-co-BMA-co-MMA), siRNA, and either PPAA or PMAA of equal mass. The polyplexes 
were formulated with a +1.4 charge ratio. The relative GAPDH expression in cells treated with 
GAPDH siRNA (100 nM) is shown in gray bars, and the white bars show cells treated with a 
negative control siRNA sequence that shows minimal background hybridization to the mouse 
genome. The knockdown of GAPDH messenger RNA levels was dependent on PPAA presence, 
and the polyplexes formed from the PMAA (which does not exhibit membrane-destabilizing 
activity) do not show an enhanced gene knockdown activity.
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2005). The TAT-SA is a model protein that is efficiently taken up by a variety of 
cultured cells, and may represent a useful in vitro cell transfection reagent. TAT-
SA was used to deliver the pro-apoptotic Bak BH3 peptide (Fig. 8), which requires 
cytosolic delivery to induce its cell-killing activity (Albarran et al., submitted). 
The Bak BH3 peptide was shown previously to exhibit a cell-killing effect when 
fused to the Antennapedia PTD (Holinger et al., 1999). Bak BH3 peptides bind the 
death-suppressing proteins Bcl-2 and Bcl-x

L
, and these binding events lead to 

apoptotic cell death through the release of the pro-apoptotic factor cytochrome c 
and the activation of caspase proteases (Shangary et al., 2004). Bcl-2 and Bcl-x

L
 

are expressed in outer mitochondrial membranes (Walsh et al., 2002) and thus 
serve as targets for evaluating the endosomal release of peptides carried into cells 
via the TAT-SA carrier protein.

The TAT-streptavidin containing an N-terminal TAT peptide sequence was used 
to optimize the pinocytotic cell uptake of biotinylated BH3 peptide and end-bioti-
nylated PPAA. Approximately 30% of cells treated with TAT-SA:BH3 complexes 
revealed morphologically distinct nuclear condensation. The incorporation of bioti-
nylated PPAA strongly enhanced the cell-killing effect of BH3 peptides by an 
additional 55% (p < 0.001) to a total cell-killing efficiency of 85%. Caspase-3 
activity was upregulated in a TAT-SA:BH3:PPAA dose-dependent manner. The 
induction of apoptosis with the TAT-SA:BH3:PPAA complex was abrogated with 
a L78A BH3 peptide, that had been previously shown to abrogate antagonization 
activity (Shangary et al., 2004). The caspase and L78A peptide results demonstrate 

Fig. 8 Delivery of a pro-apoptotic petide with a TAT-streptavidin/PPAA bioconjugate. The degree 
of HeLa cell apoptosis was determined by staining fixed cells with DAPI nuclear stain, followed 
by fluorescence microscopic analysis of nuclear morphology. The TAT-SA:BH3 complexes dis-
played an approximate 30% increase in apoptosis (p < 0.05) after 24 h as compared to untreated 
cells (Fig. 2d). The number of cells displaying condensed nuclei was further increased to ~85% 
(p < 0.001) when the endosomal-releasing polymer PPAA was incorporated into TAT-SA:BH3 
complexes, but not when cells were treated with PPAA alone. The null peptide mutant BH3(L78A) 
was delivered to test the peptide specificity, and as expected, the delivery of this peptide did not 
induce apoptosis.
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that the delivered BH3 peptide is indeed working through the biologically relevant 
apoptosis signaling pathway. These studies establish the ability of PPAA to 
strongly enhance the intracellular delivery of a functional pro-apoptotic peptide. 
Together with the PPAA, the TAT-SA adaptor complex could prove useful as a 
carrier of peptide/protein cargo to cultured cells.

Previous studies have also established the ability of PPAA to enhance intracellu-
lar antibody delivery. Immunotoxins are a class of therapeutics that exploit mono-
clonal antibody specificity for the delivery of toxins to cellular and tissue targets. 
A model protein complex composed of a biotinylated anti-CD3 antibody/streptavidin 
bioconjugate was constructed to test the activity of PPAA (Lackey et al., 2002). The 
monoclonal anti-CD3 antibody 64.1 (MoAb) was previously shown to traffick to the 
lysosome with minimal translocation to the cytoplasm, which allowed a rigorous 
evaluation of PPAA’s enhancement of the cytoplasmic release (Press et al., 1988). 
Changes in the trafficking of Ab/streptavidin conjugates with and without com-
plexed PPAA-biotin were evaluated by visualizing the intracellular distribution of 
different protein complexes in Jurkat cells using confocal microscopy and western 
blotting techniques. Incorporation of PPAA-biotin resulted in a diffuse intracellular 
staining of the cells indicating the cytoplasmic delivery of the protein complex. In 
contrast, protein complexes with no PPAA-biotin showed a punctuate fluorescence 
indicating entrapment of the protein complexes in the endosomal/lysosomal vesicles 
of the cells. The quantity of the protein complex present in the cytoplasmic fraction 
was compared to that present in the total cell homogenate using quantitative western 
blotting techniques (Fig. 9). Results showed that only the protein complexes 
with PPAA-biotin were detected (~73%) in the cytoplasmic fraction of cell homogenate. 
The physical mixture of PPAA polymer with the MoAb-biotin/streptavidin complex 
yielded some cytoplasmic release (~29%), indicating that PPAA can function 
in trans to enhance release. These results collectively demonstrate that PPAA can 
enhance the cytoplasmic delivery of antibody-targeted protein conjugates that are 
internalized through receptor-mediated endocytosis.

Fig. 9 The intracellular delivery of an IgG antibody with PPAA was studied with a biotinylated 
anti-CD3 antibody/streptavidin complex (Popielarski et al., 2005). The monoclonal anti-CD3 
antibody 64.1 (MoAb) was co-complexed with streptavidin and biotin-PPAA. Changes in the 
trafficking of antibody–protein complexes with/without PPAA-biotin were evaluated by quanti-
tative western blotting. The streptavidin complexes with biotin-PPAA showed ~73% localization 
in the cytosolic cell fraction compared to no detectable cytosolic delivery without PPAA, 
while a physical mixture of PPAA and the MoAb-biotin/streptavidin complex yielded a low but 
significant level of ~29.

Whole Cell  Cytosol Whole Cell Cytosol 

α-Mb
Stain 73%

PPAA
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1 Introduction

Apart from its previous history in pharmaceutics, nanotechnology has recently become a 
major paradigm for the delivery of anticancer drugs, imaging agents, and genetic material. 
Pharmaceutical nanosystems have shown beneficial therapeutic efficacy with reduced side 
effects in treating diseases when compared to traditional dosage forms. For example, 
 delivery of high doses of therapeutic and/or diagnostic agents to target cancer sites has been 
achieved using nano-sized carrier systems. This effect is primarily attributed to passive 
accumulation in solid tumors and inflamed regions by the EPR effect and the size  (20–
200 nm) of the carriers, followed by passive diffusional release of the drug in the extracel-
lular space and/or active internalization into the cells via various entry mechanisms.

To further improve local high-dose therapy, nanosystems need to be inert, meaning 
minimal interactions with biological components and negligible drug release while 
circulating in the blood stream. However, upon reaching their target sites, the nano-
systems should switch their nature to induce aggressive cellular interaction, rapid 
localization at their intracellular destination, and enhanced drug-release kinetics. The 
switching property could be endowed by employing stimuli-sensitive components 
when constructing nanocarriers. It is anticipated that the responsive systems would 
reach their target sites more effectively by overcoming biological barriers such as 
drug-resistant mechanisms and entrapment in harsh lysosomal compartments.

A summary of recent stimuli and stimuli-sensitive nanosystems for effective 
drug/gene delivery are presented in this chapter, with particular emphasis on tumor 
treatment. While pharmaceutical stimuli-sensitive nanocarriers for drug/gene deliv-
ery include various carriers constructed from polymers, phospholipids, lipids, and 
their hybrids, this chapter will focus on polymeric nanocarriers.

2 Stimuli and Stimuli-Sensitive Polymers

Nanocarriers constructed by self-assembling processes can have stimuli-sensitive 
properties induced by a variety of environmental changes covering a broad range 
of stimuli. Within the body, stimuli are limited to physiological signals such as 

Stimuli-Sensitive Nanosystems: For Drug 
and Gene Delivery

Han Chang Kang, Eun Seong Lee, Kun Na, and You Han Bae

V. Torchilin (ed.), Multifunctional Pharmaceutical Nanocarriers, 161
© Springer Science + Business Media, LLC 2008



162 H.C. Kang et al.

temperature, pH, redox gradients, ionic species, and concentration, which are often 
linked to biological and pathological events. External physical signals such as light, 
temperature, and ultrasound can also be employed. As shown in Fig. 1, internal and 
external stimuli affect the physical/chemical properties of materials or nanosystems 
causing “first responses.” This includes swelling/deswelling (see Cammas et al., 
1997; Chung et al., 2000), disruption/aggregation (see Lee et al., 2003a,b, 2005a,b; 
Na et al., 2003, 2004), chain cleavage (see Kaneko et al., 1991; Sawant et al., 
2006), and complexation/decomplexation (see Sethuraman and Bae, 2007; 
Sethuraman et al., 2006). The “first responses” successively activate “second 
responses” such as drug/gene release (see Takeda et al., 2004), cell interactions (see 
Sethuraman et al., 2006), cell membrane destabilization (see Kang and Bae, 2007), 
and ligand–receptor interactions (see Lee et al., 2005b) for effective drug/gene 
delivery.

2.1 Temperature and Thermo-Sensitive Polymers

Although changes in local body temperature are occasionally induced by pathologi-
cal conditions (i.e., fever and irregular metabolism), external control of local body 
temperature by physical means offers a more consistent signal and provides broader 
application of thermo-sensitive pharmaceutical nanosystems. Hyperthermic ther-
apy is one physical process that is known to kill or weaken cancer cells and/or 

Fig. 1 Stimuli for drug/gene delivery-induced physical/chemical changes of pharmaceutical 
nanosystems as “first responses,” successively leading to “second responses”
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facilitate radiation and anticancer drug treatment. To heat target sites, microwave 
(see Yokoyama, 2002), ultrasound (see Tacker and Anderson, 1982), and magnetic 
devices (see Alexiou et al., 2006) have been routinely applied, and most internal 
organs and tissues can be accessed from outside of the body. As shown in Fig. 2, 
locally heating solid tumors to 40–45°C increases blood flow and vascular perme-
ability, causing increased accumulation of pharmaceutical nanosystems and 
improved antitumor therapeutic effects (see Ponce et al., 2006). In addition, normal 
cells are unaffected by local hyperthermic conditions, which greatly influence the 
biological functions of cancer cells. Cancer cells show decreased DNA synthesis, 
heat shock protein expression, microtubule disruption, alteration in receptor 
expression and changed cell morphology (see Gerlowski and Jain, 1985; Jain, 
1987; Ponce et al., 2006; Song, 1978). In contrast to heating, results obtained by 
cooling specific sites are rather limited. Using catheters with a cooling mechanism 
could be one option because catheters can access most internal organs and tissues 
via blood vessels for short-term applications. Prolonged cooling may reduce vari-
ous biological functions of tissues including protein synthesis and gene regulation 
(see Yokoyama, 2002).

Thermo-sensitive nanosystems or polymers often utilize thermal phase transi-
tions (i.e., coil-to-globule transition). Most thermo-responsive polymers are water-
soluble below their lower critical solution temperature (LCST) and become 
water-insoluble (hydrophobically collapsed or aggregated) upon raising the tem-
perature above the LCST. Poly(N-isopropylacrylamide) (poly(NIPAAm) ) is a rep-
resentative thermo-sensitive polymer. This polymer forms hydrogen bonds between 
its amine groups and water molecules, hydrating of the N-isopropyl groups below 
the LCST, giving the polymer a hydrophilic character. However, above the LCST, 

Fig. 2 Tumor-specific accumulation of thermo-sensitive nanocarriers under local hyperthermia
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poly(NIPAAm) is dehydrated because of decreased interaction with water mole-
cules (see Yuk and Bae, 1999). Polymers with LCST characteristics include 
poly(NIPAAm) (see Chung et al., 2000), polyester block copolymers (see Jeong 
et al., 1999; Na et al., 2006), and elastin-like polypeptides (ELP) (see Dreher et al., 
2003; Furgeson et al., 2006; Matsumura and Maeda, 1986; Rodriguez-Cabello 
et al., 2006; Urry, 1997). Their chemical structures are presented in Fig. 3. The poly-
mers and their copolymers showed LCST in the range of 30–50°C (poly(NIPAAm) 
and its copolymers), 20–100°C (polyester block copolymers), and 27–40°C (ELP). 
For specific applications, phase transition temperatures can be tuned by controlling 
comonomer composition, hydrophilic/hydrophobic balance, stereochemistry (see 
Chung et al., 1998, 1999, 2000; Kikuchi and Okano, 2002) and additives (i.e., salts 
and surfactants) (see Makhaeva et al., 1998).

Drugs or genes can be incorporated into the thermo-responsive nanosystems, 
which can be constructed from thermo-sensitive polymers only or polymers modi-
fied to include drug/gene-interacting segments via chemical linkages, electrostatic 
attraction, and hydrophobic interactions. For example, block copolymers composed 
of a thermo-sensitive block and a hydrophobic block are used for water-insoluble 
drug loading, while positively charged blocks are used for loading negatively 
charged genetic material.

For water-insoluble anticancer drug delivery, typical hydrophobic blocks 
include methacrylic acid stearoyl ester (see Cammas et al., 1997), stearoyl chloride 
(see Kikuchi and Okano, 2002), poly(styrene (St) ) (see Chung et al., 2000; Gaucher 
et al., 2005), poly(n-butyl methacrylate (BMA) ) (see Chung et al., 2000; Kikuchi 
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and Okano, 2002), and poly(d,l-lactide-co-glycolide) (PLGA) (see Liu et al., 
2005). Below the LCST, amphiphilic block copolymers form nano-sized micelles 
or nanoparticles depending on the copolymer architecture (di-, tri-, and multi-
blocks, random, and graft copolymers). Diblock copolymers (i.e., poly(NIPAAm)-
b-stearoyl chloride and poly(NIPAAm)-b-polySt) formed a typical core-shell 
micellar structure, and their structural transition temperatures were close to the 
LCST of the thermo-sensitive blocks (i.e., poly(NIPAAm) ) (see Kikuchi and 
Okano, 2002). Micelle formation might be caused if there is no interfering interac-
tions between the hydrophilic poly(NIPAAm) chains and the hydrophobic core (see 
Heskins and Guillet, 1968). However, unlike diblock types, poly(NIPAAm-co-
methacrylic acid stearoyl ester) random copolymers showed aggregation at tem-
peratures lower than the LCST of poly(NIPAAm) (see Cammas et al., 1997). This 
might be caused by incomplete phase separation between the hydrophobic and 
hydrophilic segments.

For genetic material, thermo-sensitive polymers have been linked to cationic 
segments such as poly(l-lysine) (PLL) (see Oupicky et al., 2003), polyethylene-
imine (PEI) (see Bisht et al., 2006; Lavigne et al., 2007; Türk et al., 2004), and 
dimethylaminoethyl methacrylate (DMAEMA) (see Kurisawa et al., 2000; Takeda 
et al., 2004). Genes can also be chemically conjugated to thermo-responsive poly-
mers (see Murata et al., 2003a,b). The block copolymers form nanocomplexes with 
genes via electrostatic interactions or self-assembly. Above the LCST of polymers, 
the loaded genes were protected from nucleases because of the hydrophobic 
thermo-sensitive blocks, whereas temperatures lower than the LCST made the 
thermo-sensitive blocks more hydrophilic and caused gene release from the swol-
len nanocomplexes.

Thus, combining the applications of thermo-responsive materials and tempera-
ture modulation (i.e., heating and cooling) has the potential to effectively deliver 
chemical drugs and therapeutic genes. Specific examples will be introduced in 
Sects. 3.1. and 4.1.

2.2 pH and pH-Sensitive Polymers

Table 1 compiles the specific pH of various organs, intracellular compartments, and 
body fluids in normal and pathological conditions (see Diessemond et al., 2003; 
Kang et al., 2005; Na and Bae, 2005; Okada and Hillery, 2001; Owen and Katz, 
2005; Schmaljohann, 2006; Tannock and Rotin, 1989). Under nonpathological 
conditions, the gastrointestinal tract (i.e., stomach, duodenum, and colon) and intra-
cellular compartments (i.e., early endosomes, late endosomes, lysosomes, cytosol, 
and Golgi) within a single cell have their own specific ranges of pH. pH can be a 
signal to trigger the release of a drug/gene from carriers at a particular location of 
the GI track or in select intracellular compartments. Specific pHs are also found in 
wounds (~pH 5.5–8.7) (see Diessemond et al., 2003), semen (~pH 7.5) (see Owen 
and Katz, 2005), and vaginal fluid (~pH 4–5) (see Okada and Hillery, 2001).
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The extracellular tumor pH (pH
e
) presents a high potential for targeting nanocar-

rier therapeutics. More than 80% of measured pH
e
 values in human and animal 

solid tumors showed pHs lower (~6.5–7.2) than normal blood pH (7.4) (see Engin 
et al., 1995; Leeper et al., 1994; Ojugo et al., 1999; van Sluis et al., 1999). Acidic 
pH

e
 values were affected by tumor histology, location, size, and glycolysis rates 

(see Hobbs et al., 1998; Stubbs et al., 2000; Tannock and Rotin, 1989). In addition, 
acidic pH is regarded to be a phenotype of tumor cells (see Yamagata et al., 1998). 
Inadequate blood supply, poor lymphatic drainage, and high interstitial pressure in 
tumor tissues contributed to the development of acidic environments (see Engin 
et al., 1995; Leeper et al., 1994; Ojugo et al., 1999). Acidic tumor pH has prompted 
the development of pH-sensitive antitumor nanosystems to deliver chemical drugs 
(see Drummond et al., 2000; Gerasimov et al., 1999; Lee et al., 2003a,b, 2005a,b; 
Sethuraman and Bae, 2007) and genes (see Sethuraman et al., 2006). Nanosystems 
that were sensitive to tumor acidity demonstrated accelerated release of chemical 
drugs (see Lee et al., 2003a,b, 2005a,b) and exposed shielded functions (i.e., lig-
ands (see Lee et al., 2005b; Sethuraman and Bae, 2007) or positive charges (see 
Sethuraman et al., 2006) ) to enhance cellular internalization.

The more acidic endosomal/lysosomal compartments are also sites of pH tar-
geting. Sequestration of pharmaceutical nanosystems in these compartments 
should be avoided because drugs/genes that are exposed to lysosomal enzymes are 
subject to extensive degradation or metabolism. Avoiding sequestration increases 

Table 1 pH Specificity of organs, tissues, cells, intracellular compartments, and body fluids in 
normal biological environments and pathological environments

Normal biological environments  pH

Organ Stomach 1–2a

  Duodenum 4.0–5.5a

  Jejunum 5.5–7a

  Ileum 7–8a

  Colon and rectum 7–7.5a

Intracellular compartment Early endosomes 5.5–7b

  Late endosomes 5–6b,c

  Lysosomes 4–5b

  Golgi 6.4c

  Cytosol ~7.2a

Body fluid Blood ~7.4c

  Vaginal fluid 4–5d

  Semen ~7.5e

Pathological environments  pH
Body fluid Extratumoral blood 6.5–7.2f

 Wound 5.5–8.7g

Cited from aNa and Bae, 2005
bKang et al., 2005
cSchmaljohann, 2006
dOkada and Hillery, 2001
eOwen and Katz, 2005
fTannock and Rotin, 1989
gDiessemond et al., 2003
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the bioavailability of delivered agents to target subcellular organelles such as 
cytoplasm, cytoskeleton, mitochondria, and nucleus. Two properties associated 
with pH-sensitive materials that aid this pursuit are osmotic shock (the so-called 
proton sponge) effect and/or fusogenicity. The “proton sponge” effect first sug-
gested by Behr’s group (see Boussif et al., 1995) has been supported by Sonawane 
et al. (2003) who monitored changes in endosomal volume, pH, and chloride con-
centration using representative polycations such as PEI and PAMAM. The sponge 
effect’s mechanism is related to the acidification of endosomal compartments. 
Vacuolar ATPase-H+ pumps which exist in endosomal membranes induce proton 
transfer from the cytoplasm to endosomal compartments. If certain materials with 
protonable groups are entrapped in these acidic compartments, the transferred 
protons will be captured by protonable moieties. This proton buffering leads to a 
smaller decrease in endosomal pH. This further increases the influx of protons into 
the endosomes simultaneously with their counter ions (Cl−), causing osmotic 
imbalances between the cytosol and the endosomal compartments. This causes 
endosomal swelling caused by continuous water influx and finally leads to endo-
somal rupture (see Cho et al., 2003; Kang et al., 2005; Pack et al., 2005). 
Fusogenicity is related to the physical interaction between pH-sensitive membrane 
destabilizers and endosomal membranes. Positively charged amino acid-contain-
ing materials can interact with negatively charged phospholipid bilayers in the 
endosomal membrane and cause destabilization (see Cho et al., 2003). For materi-
als that have pH-induced hydrophilic-to-hydrophobic transitions (i.e., anionic 
polyelectrolytes), mechanisms of membrane destabilization have been investi-
gated using lipid bilayers (i.e., liposomes). Typically, hydrophobic segments can 
adsorb to the outer phospholipid bilayers membrane (see Tirrell et al., 1985) or 
negatively charged polymers may interact with dipoles contained in the head-
groups of the lipid bilayers via electrostatic attractions (see Xie and Granick, 
2002). Polymers with increased hydrophobicity via pH modulation may penetrate 
into the hydrophobic tail region of the bilayers (see Xie and Granick, 2002), 
increasing lateral compression and causing pore formation in the bilayers (see 
Thomas and Tirrell, 2000). These processes induced by hydrophobic polymer 
chains ultimately cause membrane disruption (see Eum et al., 1989; Yessine and 
Leroux, 2004). As shown in Fig. 4, representative endosome-disrupting polymers/
oligomers can contain several functional groups (i.e., amines (see Boussif et al., 
1995; Lee et al., 2005b; Park et al., 2006; Pichon et al., 2001; Yang et al., 2006), 
carboxylic acids (see Jones et al., 2003; Kiang et al., 2004; Yessine and Leroux, 
2004; Yessine et al., 2003), and sulfonamides (see Kang and Bae, 2007) ) which 
enable protonation/deprotonation transition in the endosomal compartments. 
These polymers/oligomers start functioning after being physically or chemically 
introduced into pharmaceutical nanosystems.

Acid-labile degradable bonds such as acetal bonds (see Gillies et al., 2004a; 
Murthy et al., 2003), hydrazone bonds (see Bae et al., 2005a,b; Hruby et al., 2005; 
Sawant et al., 2006; Walker et al., 2005), Schiff’s base (or azomethine) bonds (see 
Kim et al., 2005b), and vinyl ether bonds (see Shin et al., 2003) (see Fig. 5) are 
often employed in designing pH-sensitive systems. These bonds are cleaved upon 
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contacting acidic milieu in solid tumors and endosomal/lysosomal compartments, 
ultimately resulting in the accelerated release of delivered drug/gene.

Thus, drug/gene-carrying nanopharmaceuticals which recognize minute differ-
ences in pH at specific sites such as acidic tumors and endosomal/lysosomal com-
partments can be very beneficial in increasing drug/gene bioavailability at the sites 
of drug action while reducing unwanted effects. The systems will be examined 
further in Sect. 3.2 for drugs and Sect. 4.2 for genes.
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2.3 Redox Potentials and Thiol-Sensitive Polymers

Reduction/oxidation reactions (redox) are chemical reactions where molecules, 
atoms, or ions gain (for reduction) or lose (for oxidation) electrons. Site-dependent 
local concentrations of reduced and oxidized chemical species generate a redox 
potential. In most mammalian cells, intracellular compartments (i.e., cytosol and 
nuclei) have higher populations of reduced forms than extracellular milieu (i.e., 
body fluid, blood). Most known biological redox potentials are induced by balanc-
ing reduced glutathione, thioredoxin, peroxiredoxins, and nicotinamide adenine 
dinucleotides (NADH and NADPH) with their oxidized forms (see Hansen et al., 
2006). A representative redox pair is reduced glutathione (GSH) and oxidized glu-
tathione (GSSG). Concentrations of GSH in the plasma and cytosol are reported to 
be 2–20 µM and 0.5–10 mM, respectively (see Wu et al., 2004). In addition, GSH 
is increasingly preferred over GSSG intracellularly: mitochondria > nuclei > cyto-
plasm > endoplasmic reticulum > extracellular spaces (see Hansen et al., 2006). 
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This site-specific preference of GSH or GSSH has prompted the design of site-
specific triggered drug/gene delivery.

Thiol-triggered degradable bonds can be positioned either in the polymer back-
bone or between the polymer backbone and drug/gene. The former system traps the 
drug/gene via electrostatic or hydrophobic interactions. Upon encountering high 
thiol concentrations, disulfide bonds in the polymer backbone are cleaved to 
quickly release drug/gene. In the latter case, drug/gene is chemically introduced 
into the polymer backbone via disulfide bonds. Redox preference in the cytosol 
changes disulfide bonds into thiols, inducing prompt release of drug/gene.

These thiol-specific degradable nanosystems enhance the bioavailability of 
delivered drug/gene at the targeted sites (i.e., mitochondria, cytosol, and nucleus). 
Bond cleavage also offers better biocompatibility since the short degraded frag-
ments are easily removed from the body.

3 Stimuli-Sensitive Drug Delivery

Most anticancer drugs demonstrate a powerful capability in killing tumor cell lines in 
in vitro experiments. However, in animals and in clinical settings, the same drugs are 
often less effective than expected. These results are linked to nonspecific toxicity 
which limits dose size, inappropriate tumor-selectivity, and multidrug resistance 
(MDR) (see Brannon-Peppas and Blanchette, 2004; Szakacs et al., 2006). Poor aque-
ous solubility of antitumor drugs is also a strong limiting factor in formulations. 
Nanocarrier systems such as micelles, liposomes, and nanoparticles have been inten-
sively investigated to improve drug solubility, enhance passive accumulation in solid 
tumors, improve stability, and increase circulation time, tumor-targetability (when a 
specific ligand is equipped), and biodegradability in vivo. Despite these advantages, 
there is still room for improving drug accumulation in tumor sites and intracellular 
compartments.

When nanocarriers for antitumor drugs are designed, controlling the release 
kinetics of the incorporated drugs should be considered. During circulation in the 
blood stream, released drugs reduce bioavailability at the target sites while 
increasing systemic side effects. At the tumor site, Gardner (2000) suggested that 
slow drug release in tumors might ameliorate the drug efficacy, especially for 
drug-resistant cells. However, Gottesman et al. (1996) reported that slow drug 
release could increase the probability of developing MDR, finally inducing weak 
antitumor effects. Despite this controversy, accelerated drug release at tumors has 
been investigated. Temperature and pH, which are linked with antitumor therapy 
(i.e., hyperthermia (see Ponce et al., 2006) ) and tumor milieu (i.e., acidic pHs 
(see Engin et al., 1995) ), have been candidate signals for triggered release. 
Polymer-based nanocarriers for triggered release by temperature and/or pH are 
the focus here. (External photodynamic and ultrasonic stimulation are not cov-
ered in this part because these stimuli are not directly affecting polymer 
properties.)
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3.1 Thermo-Responsive Polymeric Drug Carriers

Thermo-sensitive polymeric nanocarriers in the forms of micelles and nanoparticles 
have been investigated. The self-assembly of such nanosystems is related to the pol-
ymer architecture and composition using temperature-sensitive and hydrophobic 
blocks. Thermal stability of the hydrophobic core affects drug release profiles (see 
Chung et al., 2000; Kikuchi and Okano, 2002). Drug loading and release kinetics 
can be tailored by polymer design.

3.1.1 Thermosensitive Nondegradable Nanocarriers

Micelles composed of poly(NIPAAm)-b-polyBMA or poly(NIPAAm)-b-polySt rep-
resent nondegradable and thermo-sensitive nanocarriers (see Chung et al., 2000). The 
AB-type block copolymers showed LCST (about 34°C) similar to poly(NIPAAm). 
As shown in Fig. 6, at 40°C (above the LCST) doxorubicin (DOX, an antitumor drug) 
release was enhanced due to structural deformation, whereas release was inhibited 

Fig. 6 DOX release from poly(NIPAAm)-b-polyBMA and poly(NIPAAm)-b-polySt micelles 
in response to temperature switching between 4 and 40°C (reproduced with permission; Chung 
et al., 2000)
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regardless of the hydrophobic core materials at 4°C (below the LCST). However, 
poly(NIPAAm)-b-polyBMA micelles showed more accelerated drug release than 
poly(NIPAAm)-b-polySt micelles at 40°C. This difference in DOX release profiles 
was interpreted to be caused by differences in the stability of the hydrophobic cores, 
which held the antitumor drugs. PolySt core is more stable than polyBMA against 
thermal change (heating–cooling cycle), resulting in lower DOX release rates. Liu et 
al. (2005) also reported consistent results using poly(NIPAAm-co-N,N-dimethylacry-
lamide)-b-PLGA copolymer (LCST 39.1°C). Micelles about 200 nm in diameter 
were stable at 37°C but became deformed and triggered DOX release at 39.5°C. 
Above the LCST, DOX release from the micelles was more accelerated than below 
the LCST, causing greater antitumor effects (cytotoxicity against cancer cell lines).

These in vitro results may support the benefit of using temperature-responsive 
micelles coupled with local hyperthermic treatment (40–45°C). However, the non-
degradable nature of poly(NIPAAm), if it is used as the thermo-sensitive function-
ality, may limit its clinical applications.

3.1.2 Thermo-Sensitive Degradable Nanocarriers

Jeong et al. (1999) designed thermo-sensitive degradable tri-block polymers com-
posed of poly(ethylene glycol) (PEG) (Mw 550)-b-PLGA (Mw 2810)-b-PEG (Mw 
550). Hydrolysis of the PLGA block endowed biodegradability to the thermo-sensitive 
polymer. They reported that micelles formed from the tri-block copolymers showed 
abrupt micellar growth (from ~30 nm at 30°C to ~60 nm at 40°C) and increased poly-
mer–polymer attraction when the temperature was increased from 20 to 50°C.

Na et al. (2006) prepared nanoparticles from alternating multiblock copolymers 
(MBC, Mw 30,600) of PLLA (Mw 800)-b-PEG (Mw 2000)-b-PLLA (Mw 800). 
Hydrophobic DOX was loaded into MBC nanoparticles via dialysis. In vitro anti-
tumor studies of DOX-loaded MBC nanoparticles against Lewis lung carcinoma 
cells showed temperature-dependent cytotoxicity unlike free DOX. After 1 day, the 
total amount of released DOX from MBC nanoparticles at 42°C was approximately 
two times higher than that at 37°C. This enhanced DOX release rate from MBC 
nanoparticles seems to be induced by changes in the interior structure of the nano-
particles. Thus, the micelles were more effective in killing tumor cells at 42°C than 
37°C as shown in Fig. 7.

ELP composed of Val-Pro-Gly-Val-Gly showed therapeutic effects similar to the 
synthetic MBC at 40°C. This particular ELP presented hydrophobic folding and 
assembling transition at ~40°C (see Dewhirst, 1995). The transition temperature of 
ELP was controlled from 27°C to 40°C by changing the hydrophobicity via amino 
acid substitution (see Urry et al., 1991). DOX was chemically conjugated to ELP via 
hydrazone bonds for acid catalytic hydrolysis. DOX-conjugated ELP showed more 
accumulation in solid tumor at 42°C than at 34°C (see Meyer et al., 2001). Also, heat-
treated cells showed two- to threefold higher cellular DOX uptake than normo-thermic 
cells (see Kaneko et al., 1991). ELP-drug conjugate seems to be a promising candidate 
for tumor targeting under hyperthermic conditions (see Kong and Dewhirst, 1999).
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3.2 pH-Sensitive Polymeric Drug Carriers

Tumor extracellular pH and endo/lysosomal pH have been used to cleave chemical 
bonds and cause physical transitions of carrier properties by ionization, hydropho-
bic interaction, and solubility. In turn, the switching property caused by pH changes 
influences the rate of drug release, carrier stability, and cellular interactions.

3.2.1 Acid-Induced Cleavage of Chemical Bonds

Fréchet’s group has used acetal bonds for acid-triggered drug release. Their system 
released 5-fluorouridine (5-FU) at pH 5.0 via acidic hydrolysis of acetal bonds 
between 5-FU and PEG, whereas neutral pH caused minimal breakage in the acetal 
linkages (see Gillies et al., 2004a). Similarly, as shown in Fig. 8, acetal bonds could 
be introduced to link hydrophilic copolymers (linear PEG-b-dendritic polylysine or 
polyester) and hydrophobic chemicals (see Gillies and Fréchet, 2005; Gillies et al., 
2004b). These dendrites with acetal bonds formed micellar structures at neutral pH. 
Under acidic conditions, the bond was cleaved, resulting in DOX release and demi-
cellization. Further, lowering the pH caused more accelerated DOX release (pH 4.0 
> pH 5.0 > pH 6.0 > pH 7.4).

Hydrazone bonds were used to link PEG-b-poly(allyl glycidyl ether) and DOX 
(Hruby et al., 2005). The polymeric drug formed micelles approximately 100 nm in 
diameter in pH 7.4 buffer solution at 37°C. These micelles released about 43% of 
DOX at pH 5.0 after 24-h incubation whereas at pH 7.4 only 16% of DOX was 
released. Similarly, Kataoka’s group has designed PEG-b-poly(aspartate)-based 
micelles for cytosolic drug delivery (see Bae et al., 2003, 2005a,b). DOX was con-
jugated to poly(aspartate) via hydrazone bonds (see Fig. 9). In vitro experiments 
with the micelles showed pH-dependent DOX release; 5–20% and 40–60% of the 

Fig. 7 In vitro cytotoxicity of free DOX (a) and MBC1 nanoparticles containing DOX (b) against 
Lewis Lung Carcinoma cells as a function of drug concentration at 37 and 42°C. Values are mean 
± the standard deviation (S.D.) (n = 7) (reproduced with permission; Na et al., 2006)
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Fig. 8 pH-Sensitive supramolecular micelles having acetal linkages between hydrophilic copo-
lymers (linear PEG-b-dendritic polylysine or polyester) and hydrophobic chemicals. (a) Schematic 
concepts (reproduced with permission; Gillies et al., 2004b) and (b) pH-dependent DOX release 
of DOX-loaded micelles (reproduced with permission; Gillies and Fréchet, 2005)

Fig. 9 Tumor-infiltrating polymeric micelles with intracellular pH-sensitivity. (a) Micelles with 
diameters of tens of nm were prepared from self-assembling amphiphilic block copolymers, PEG-
b-poly(Asp-hyd-DOX), where the anticancer drug doxorubicin (DOX) was conjugated through 
acid-sensitive hydrazone linkers. (b) The micelles released the loaded drugs under acidic conditions 
below pH 6.0 corresponding to the intracellular space, but remained stable under the conditions of 
vascular and extracellular space (pH 7.4–7.0) (reproduced with permission; Bae et al., 2005b)
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loaded DOX released in the pH ranges of pH 5.0–6.5 and pH 4.0–4.7, respectively. 
Besides, more acidic pH 3–4 induced 70–90% release of total DOX. These studies 
demonstrate that the acid-sensitive hydrazone linkage is sensitive to lysosomal pH.

3.2.2 Acidic pH-Induced Structural Change

Polymeric micelles having a pH-sensitive shell experience structural changes when 
the pH is lowered, which promotes protonation of the ionized acidic block. This 
makes hydrophilic surfaces hydrophobic.

Na et al. (2003, 2004) prepared pH-sensitive nanogels using hydrophobically 
modified pullulan (pullulan acetate (PA) ) coupled with oligomeric sulfadimethoxine 
(OSDM) via ester linkages. These nanogels were formed by self-assembly of the 
polymer dissolved in dimethylsulfoxide during dialysis against pH 8.5. At pH 7.4, 
the pH-sensitive component OSDM was fully ionized and existed on the surface of 
the nanogel, acting as a hydrophilic shell. As the pH decreased to 6.8, OSDM became 
hydrophobic due to its deionization (protonation), causing perturbation/reorganization 
of the nanogel structure as depicted in Fig. 10. These pH-dependent structural 

Fig. 10 Nanoparticles whose outer shell width is controllable and pH-sensitive. At higher pH
dia

 
(above 8.0), OSDM on the surface of the particle may be entirely elongated because it was fully 
ionized by the adequate energy supply, forming a broader outer shell, while at lower pH 7.4, 
OSDM may form relatively narrow shells due to the hydrophobic interactions between deionized 
SDM groups and/or acetyl groups. Ionized (dashed line), deionized (solid line) OSDM, and 
hydroxyl group (open circle) (reproduced with permission; Na et al., 2004)
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changes of the nanogels accelerated the release rate of DOX. Acidic pH (pH < 6.8) 
promoted more DOX release than neutral pH. In addition, the nanogels aggressively 
adhered to and internalized into tumor cells at pH 6.8, probably due to hydrophobic 
interactions between cellular membranes and the deionized OSDM. The combined 
effects resulted in significantly higher cytotoxicity (antitumor effect) against MCF-7 
tumor cells at pH 6.8 than at pH 7.4.

Liu et al. (2007) designed polymers dually sensitive to pH and temperature. The 
amphiphilic polymer, poly(NIPAAm-co-N,N-dimethylacrylamide-co-2-aminoethyl 
methacrylate)-b-poly(10-undecenoic acid), showed pH-dependant LCSTs: 38.0°C 
at pH 7.4 and 36.2°C at pH 6.6. The hydrophilic nature of poly(10-undecenoic acid) 
caused by the higher degree of ionization of carboxylic groups at pH 7.4 resulted 
in self-assembled core-shell micelles. At pH 6.6 and 37°C, a decrease in the 
number of ionized carboxylic groups made poly(10-undecenoic acid) slightly more 
hydrophobic, shifting the LCST to a lower temperature and leading to deformed/
precipitated micelles. The polymer also showed pH-dependent DOX release pat-
terns (about 40 and 85% of the loaded DOX at pH 7.4 and pH 6.8, respectively). In 
vitro studies and tumor-bearing animal models showed that acidic conditions 
improved cytotoxicity and caused more DOX accumulation in tumors. However, 
the nondegradable nature of the polymer may be a drawback of this system.

3.2.3 Acidic Tumor pH-Induced Carrier Destabilization

The relationship between drug concentration and drug efficacy has prompted the 
design of carriers that show enhanced drug release in slightly acidic tumor 
environments.

Bae’s group (see Lee et al., 2003a,b, 2005a,b) first designed polymeric micelles 
that could be destabilized in tumor pH

e
. At pH 8, the amphiphilic character of 

poly(l-histidine) (polyHis) (Mw 5,000)-b-PEG (Mw 2,000) diblock copolymer 
allowed the construction of micelles composed of hydrophobic polyHis core and 
hydrophilic PEG shell via dialysis. To endow more stability at pH 7.4, a mixed 
micelle system composed of polyHis-b-PEG and PLLA-b-PEG was created. The 
resulting micelles improved micellar stability at pH 7.4 and also reduced drug loss 
at pH 7.4. DOX release profiles from the mixed pH-sensitive micelles (PHSM) 
were manipulated by changing the wt% of PLLA-b-PEG. The most favorable pH-
dependent drug release profile was seen when using PHSM containing 25wt% 
PLLA-b-PEG (see Lee et al., 2003b). The in vitro cytotoxicity of DOX-loaded 
PHSM (containing 25wt% PLLA-b-PEG) against MCF-7 (human breast adenocar-
cinoma) tumor cells after incubation for 48 h was pH-dependent. Micelles at pH 6.8 
showed DOX-dose-dependent cytotoxicity similar to free DOX as shown in 
Fig. 11a (see Lee et al., 2003b). However, as shown in Fig. 11b, DOX-loaded PHSM 
(containing 25wt% PLLA-b-PEG) showed potent inhibition of tumor (s.c. MCF-7 
xenografts) growth compared to other non-pH-sensitive controls (i.e., PLLA-b-
PEG micelles, free DOX, and saline) at the same dose of DOX. The tumor growth 
inhibition of PHSM was maintained for about 6 weeks (see Lee et al., 2005a).
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Similar pH-sensitivity was seen in other polymers such as poly(l-histidine-co-l-
phenylalanine)-b-PEG diblock copolymer (see Kim et al., 2005a) and [2-
(methacryloyloxy)ethyl phosphorylcholine (MPC)]-b-[2-(diisopropyl amino) ethyl 
methacrylate (DPA)] (see Licciardi et al., 2006). Poly(l-histidine-co-l-phenylalanine) 
and DPA blocks showed pH-induced hydrophobic–hydrophilic transition in each 
polymer when the pH was lowered from the pH used for micelle formation to more 
acidic pHs. For the former polymers, their pKa values were controlled by adjusting 
the ratio of histidine/phenylalanine in the poly(amino acid) block. Their micelles 
showed micellar destabilization below pH 6.7 (see Kim et al., 2005a). In the case 
of PTX-loaded micelles made from MPC-DPA polymers, PTX was completely 
released at pH 5.0 after 20 h, whereas at pH 7.4 after 50 h, the amount of PTX 
released was 70% (see Licciardi et al., 2006). Leroux’s group (see Drummond 
et al., 2000; Leroux et al., 2001; Zignani et al., 2000) has also studied lipid/polymer 
hybridized nanocarriers composed of lipid bilayers and hydrophobically modified 
copolymers of N-isopropylacrylamide bearing a pH-sensitive methacrylic acid. 
Those nanosystems showed pH- and copolymer/lipid ratio-dependent drug release. 
The amount of DOX released sharply increased when the pH dropped from 6.5 to 
5 and the loaded DOX was almost completely released at pH 5, while minimal 
DOX release was seen in the range of pH 6.5–8.0 (about 10% of the loaded DOX) 
(see Leroux et al., 2001). Drug carriers that showed abrupt drug release at pHs 
lower than tumoral pH

e
 6.5–7.2 have been justified as cytosolic drug delivery carri-

ers using the endocytosis mechanism. These nanosystems may be more beneficial 
to endosomal/lysosomal pH targeting than tumoral pH targeting.

Fig. 11 (a) In vitro pH-dependent cytotoxicity of DOX-loaded PHSM (containing 25 wt% PLL-
b-PEG; pH 7.4(filled circle), 7.0(filled triangle), and 6.8(filled down triangle) ) and free DOX 
(6.8(open square) ) after 48-h incubation (reproduced with permission; Lee et al., 2003b). 
(b) Tumor growth inhibition after treatment with PHSM (filled circle), PLLA-b-PEG micelles 
(filled square), free DOX (filled triangle), and saline (filled down triangle) in MCF-7 tumor-bearing 
BALB/c nude mice. Two i.v. injections of 10 mg/kg DOX equivalent dose were made on days 0 
and 3. Values are the mean ± the standard deviation (S.D.) (n = 5) (reproduced with permission; 
Lee et al., 2005a)
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3.2.4 pH-Induced Endosomal Membrane Destabilization

Although abrupt and accelerated drug release in the extratumoral space showed 
improved antitumor effects for wild-type sensitive tumors, the approach was not 
convincing for multidrug resistance (MDR) tumors. The drug resistance of certain 
tumors to cytotoxic agents observed from the beginning of chemotherapy was often 
linked to the expression of multidrug efflux pumps (P-glycoprotein (Pgp) or MDR-
associated proteins), altered glutathione metabolism, reduced topoisomerase II 
activity, and various changes in cellular proteins and mechanisms (see Boesch 
et al., 1991; Cataldo et al., 2003; Lazzarino et al., 1998; Sehested et al., 1987; Simon 
and Schindler, 1994). Drug sequestration in the endosomal/lysosomal compart-
ments also decreases antitumor effects because the predominant form (ionized 
form) of weakly basic antitumor drugs limits its passage through cellular and intra-
cellular membranes. Moreover, MDR tumor cells actively remove weakly acidic 
drugs through exocytosis (see Hager et al., 1991; Hooijberg et al., 2003; van 
Adelsberg and Al-Awqati, 1998; Warren et al., 1991). Thus, cytosolic drug deliv-
ery would be a more effective method for treating MDR cells.

For endosomal pH-triggered drug release, Lee et al. (2005b) induced the active 
cellular internalization of nanocarriers using PHSM decorated with folate (PHSM/
f). PHSM/f targeting folate receptors on sensitive MCF-7 cells caused potent cyto-
toxicity (~16% cell viability at DOX 10 µg/ml) (see Lee et al. 2003b, 2005a). 
However, PLLA-b-PEG–folate micelles (pH-insensitive micelles having folate; 
PHIM/f) showed less cytotoxicity (~80% cell viability at DOX 10 µg/ml). This dif-
ference in cytotoxicity between DOX-loaded PHSM/f and PHIM/f was caused by 
differences in the intracellular localization of DOX. DOX-loaded PHSM/f resulted 
in drug distribution in the cytosol as well as the nucleus of MCF-7 cells, while DOX 
carried by PHIM/f was significantly localized within the endosomal/lysosomal 
compartments (see Lee et al., 2005b). The result was explained by the ability to 
escape from the endosomes conferred by polyHis in PHSM/f. This endosomolytic 
effect of polyHis has stimulated the design of histidine-containing polymers such 
as histidine-conjugated poly(2-hydroxyethyl aspartamide) (PHEA) or octade-
cylamine-g-PHEA (see Yang et al., 2006) and N-acetyl histidine-conjugated glycol 
chitosan (see Park et al., 2006).

Bae’s group tested the effects of PHSM/f against MDR-tumor cells. DOX-
loaded PHSM/f using Pgp-expressing MCF-7/DOXR cells showed cytotoxicity 
levels similar to those obtained when using free DOX against wild cells (MCF-7) 
(see Lee et al., 2005a). However, DOX-loaded pH-insensitive micelles (PHIM/f) 
were not significantly effective against MCF-7/DOXR cells, although they were 
still effective using the sensitive MCF-7 cell line. This difference in anticancer 
effects might be due to the endosomal pH-triggered DOX release and the endo-
somal escaping activity of polyHis-b-PEG-folate unimers released after micellar 
destabilization in the endosomal compartments. Cellular retention of PHSM/f in 
MCF-7/DOXR cells was about twofold higher than that of PHIM/f (see Mohajer 
et al., 2007). This supported a decrease in MDR-related exocytosis by disturbing 
the drug sequestration mechanism in MDR cells (Fig. 12). In in vivo tests using 
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MCF-7/DOXR xenografts in nude mice, PHSM/f significantly inhibited tumor 
growth and reduced tumor size for 2 weeks (see Lee et al., 2005a).

3.2.5 Acid-Induced TAT Deshielding

Effective cellular internalization using the cell-penetrating peptide TAT (transacti-
vating transcriptional activator) may improve antitumor effects if TAT is conjugated 
to drug-carrying nanosystems. However, the positively charged character of TAT 
causes it to interact nonspecifically with the cellular membrane. Torchilin’s and 
Bae’s groups have investigated the effectiveness of using TAT expressing nanocar-
riers in the acidic tumor extracellular space.

Sawant et al. (2006) devised dual-targeting pH-responsive pharmaceutical 
micelles. Micelles were composed of long PEG-b-phosphatidylethanolamine (PE) 
(long PEG-b-PE) with tumor-specific monoclonal antimyosin antibody (mAb 2G4) 
and short PEG-b-PE (short PEG-b-PE) with TAT. Acid-labile hydrazone bonds were 
introduced between the long PEG and PE. At neural pH or in the blood, the PEG 
corona temporarily shielded TAT, leading to long-circulation and reduced nonspe-
cific interactions of TAT with cells. However, at acidic pH 5.0, the long PEG 
detached by hydrazone bond hydrolysis, resulting in the exposure of TAT coupled to 
the short PEG/PE on the micelles. These micelles could be potentially used for 
acidic tumor targeting if the system works at pH 7.2–6.5 rather than at pH 5.0.

Fig. 12 The proposed design concept of PHSM/f for effective antitumor drug delivery to MDR 
tumor cells. Carriers are equipped with folate for receptor-mediated endocytosis. PolyHis controls 
drug-release kinetics via pH-activated switching mechanism and represents fusogenic activity in 
the endosomal compartments (reproduced with permission; Mohajer et al., 2007)
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Very recently, Bae’s group developed PHSM consisting of PLLA-b-PEG-b-TAT 
and PEG-b-poly(methacryloyl sulfadimethoxine) (PSD) for tumor pH

e
-induced 

pop-up of the active internalization moiety (see Sethuraman and Bae, 2007). The 
micelles utilized the unique pH-dependent characteristics of PSD (pKa 6.8). At 
neutral pH (> pKa), PSD was negatively charged and could be coupled with posi-
tively charged TAT via electrostatic attraction. At pH 6.6 (<pKa; tumor pH

e
), PSD 

lost its charge, leading to the detachment of PEG-b-PSD from the micelles and 
exposure of the hidden TAT in tumoral environments (see Fig. 13). Unlike the 
experiments conducted by Sawant et al. (2006), these designed nanocarriers tar-
geted realistic tumoral pH. The in vivo results of this approach are promising 
(unpublished data). With the biodegradable nature and improved design of PEG-b-
polysulfonamide, this system was able to distinguish pH 7.0 from pH 7.4 (unpub-
lished data).

3.2.6 Acidic pH-Induced Ligand Pop-Up and Micellar Destabilization

Similar to the acidic pH-induced deshielding, ligand pop-up systems at extracellu-
lar tumor pH are hypothesized to reduce undesired nonspecific interactions with 
biological components. While the deshielding strategy has adopted the use of 
detaching the shell part of nanocarriers by breaking physical and/or chemical link-
ages, the ligand pop-up strategy has utilized the positional change of ligands from 
the middle of the hydrophilic shell to the surface of the shell. As an example, Bae’s 
group investigated an ultra-smart, polymeric micellar carrier that had tumor specifi-
city using nonspecific ligands on the carrier (see Lee et al., 2005b). The micellar 
systems were constituted from two block copolymer components: polyHis-b-PEG 

Fig. 13 Concept for a proposed drug delivery system: the carrier system consists of two compo-
nents, PLLA-b-PEG-TAT micelles (TAT-micelles) and pH-sensitive PEG-b-PSD. (a) At normal 
blood pH, PSD is negatively charged, and when mixed with TAT, PSD shields the TAT by elec-
trostatic interaction. Only PEG is exposed to the outside which could make the carrier long circu-
lating; (b) when the system experiences a decrease in pH (near tumor), PSD loses charge and 
detaches, exposing TAT for interaction with tumor cells (reproduced with permission; Sethuraman 
and Bae, 2007)
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and PLLA-b-PEG-b-polyHis-biotin. The unique pH-dependent hydrophilic/hydro-
phobic characteristics of polyHis hid a nonspecific ligand (i.e., biotin) within the 
hydrophilic shell of the micelles during blood circulation due to the hydrophobic 
nature of polyHis at neutral pH. However, upon encountering the acidic tumor 
environment, the hydrophilic shift of polyHis induced the pop-up of biotins on the 
micellar surface, resulting in biotin receptor-mediated endocytosis of the micellar 
systems (Fig. 14). After endocytosis of the micelles, endosomal acidic pH further 
increased the hydrophilic nature of polyHis, and caused the successive dissociation 
of micelles, disrupted the endosomal membrane, and released DOX (see Lee et al., 
2003a,b, 2005a).

The same working principle can be applied to various low molecular weight 
endogenous ligands and cell-penetrating peptides for tumor pH targeting.

4 Stimuli-Sensitive Gene Delivery

The delivery of genetic materials such as plasmid DNA, short-interfering RNA 
(siRNA), and oligonucleotides (ODN) to target cells/tissues for repairing/replacing 
defective genes, modulating irregular gene expression, or imparting new functions 
is a promising strategy. The potential targets in clinical applications are very broad 

Fig. 14 The central concept of pH-induced vitamin repositioning on the micelles. The location 
of biotin anchored to the micelle core is controlled by a pH-sensitive molecular chain actuator 
(polyHis). Above pH 7.0, biotin is shielded by the PEG shell of the micelles. However, 6.5 < pH 
< 7.0 induces exposure of biotin on the micelle surface, leading to biotin receptor-mediated endo-
cytosis and further acidification (pH < 6.5) stimulates micellar destabilization, resulting in 
enhanced drug release and membranes disruption such as the endosomal membrane (reproduced 
with permission; Lee et al., 2005b)
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including cancers, vascular diseases, liver diseases, muscles diseases, heart diseases, 
neurodegenerative diseases, infectious diseases, inherited monogenic diseases, and 
so on. However, unlike chemical drugs, genetic materials are easily degraded by 
nucleases in the blood and extravascular spaces. This has prompted the use of vari-
ous gene carriers such as viral vectors, nonviral vectors, or their hybrids. Viral vec-
tors have shown higher transfection efficiency than nonviral systems, although the 
former has safety concerns such as immunogenicity and wild-type viral production, 
unlike the latter. These safety issues have prompted the development of effective 
and safer nonviral gene carriers (see Kang et al., 2005, 2007).

To reach the intracellular target sites of genes (i.e., cytosol and nucleus), nonvi-
ral vectors such as polymers, liposomes, and their hybrids face several extracellular 
and intracellular barriers, leading to decreased gene bioavailability and reduced 
therapeutic effects at the target sites (i.e., gene expression for plasmid DNA and 
gene silencing for siRNA and ODN). For example, polymeric gene complexes 
(polyplexes) interact nonspecifically with serum proteins, erythrocytes, and nontar-
get cells during blood circulation. These problems have been decreased using 
hydrophilic corona (i.e., PEG) and ligands targeted to specific cells. However, once 
within the cells, polyplexes still need to overcome endosomal sequestration, 
cytosolic transport, nuclear import, and decomplexation as shown in Fig. 15 (see 
Kang et al., 2005, 2007). Each barrier should be overcome to improve transfection 
efficiency using nonviral carrier systems. To this end, temperature, pH, and redox 
potential may add some beneficial aspects to gene delivery carrier design.

Fig. 15 Extracellular and intracellular transfection barriers. (a) Polyplexes face serum compo-
nents (i.e., serum proteins and erythrocytes) and nontarget cells during blood circulation. 
Polyplexes may interact nonspecifically with each other, leading to reduced gene bioavailability 
at the sites of interest. (b) After reaching the target cells/tissues, polyplexes need to be internalized 
into the cells and then moved to the nucleus for gene expression. During the intracellular traffick-
ing process, polyplexes have to overcome the endosomal membrane, cytosolic transport, and the 
nuclear membrane, and gene release may be aggressively limited (reproduced with permission; 
Kang et al., 2005)
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4.1 Temperature-Modulated Gene Carriers

Thermo-sensitive gene carriers have been used to protect the genetic material 
cargo from nucleases and to quickly release genes upon reaching the target sites. 
In the carriers, thermo-sensitive materials trap genes by physical means or by 
chemical linkages. Unlike the hyperthermia strategy of antitumor therapies, 
 effective gene release at the site of interest has been executed using cooling 
processes.

4.1.1 Physical Trapping of Genes in Thermosensitive Carriers

To form complexes with genes, thermo-sensitive polymers were conjugated to 
positively charged polymers. Gene complexes showed decreased positive sur-
face charges due to charge-shielding by the thermo-sensitive polymer, leading 
to reduced cytotoxicity (see Bisht et al., 2006). The thermo-sensitive gene 
complexes were prepared above the LCST, whereas gene release from the com-
plexes was induced below the LCST. Okano’s group was the first to utilize this 
“cold-shock” release method using temperatures lower than the LCST (see 
Kurisawa et al., 2000; Takeda et al., 2004). Takeda et al. (2004) synthesized 
random copolymers composed of NIPAAm, (dimethylamino)ethylmethacrylate 
(DMAEMA), and BMA. IP-20D-10B copolymer (NIPAAm:DMAEMA:BMA 
= 70:20:10 in feed; LCST 28.4°C) complexed with genes showed incubation 
temperature-dependent transfection. In the experiments, it was intended that 
the initial temperature of 37°C would cause cellular internalization of the poly-
plexes, the second lower temperature were applied to cause quick release of the 
gene in the cell for a short period, and a third incubation temperature allowed 
for gene expression. Using 37–20–37°C and 37–27–37°C incubation schedules 
caused about twofold and 1.7-fold higher transfection efficiencies than just 
37°C incubation. Also, these incubation processes demonstrated that 37–20–37°C 
condition showed slightly better transfection efficiency than 37–27–37°C con-
dition. This result may be related to better gene release at 20°C than 27°C or 
37°C since the thermo-sensitive components were more hydrophilic below the 
LCST than above the LCST.

Similarly, Lavigne et al. (2007) synthesized PEI-g-poly(NIPAAm) having an 
LCST at 34–37°C (polymer name: P3) or 40–44°C (polymer name: P4). Complex 
formation and transfection experiments were executed at various temperatures. The 
complexation temperature of 45°C (above the LCST) was more favorable than 
25°C (below the LCST). As shown in Fig. 16, the incubation temperature used in 
the transfection experiments influenced gene expression. P3/gene complexes pre-
pared at 45°C showed that 37–32–37°C incubation schedule induced 1.4-fold 
higher gene expression than the 37–39–37°C schedule because gene release was 
easier at 32°C than at 37°C or 39°C.
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4.1.2 Gene Conjugates with Thermo-Sensitive Carriers

Murata et al. (2003a,b) investigated whether antisense ODN conjugated 
poly(NIPAAm)s improved nuclease resistance. As shown in Fig. 17, the system was 
prepared by radical copolymerization of NIPAAm and methacryloyl-terminated 
ODN and showed coil-to-globule transition at about 33°C in a physiological pH 
buffer. The ODN-poly(NIPAAm) conjugate showed more resistance to nuclease 
attack at 37°C (above the LCST) than at 27°C (below the LCST) due to the tempera-
ture-sensitive hydrophobicity/hydrophilicity of poly(NIPAAm) (Murata et al., 2003a). 
This nuclease-resistance strategy will be advantageous to improve conventional ODN 
delivery. However, after cellular internalization of the ODN-poly(NIPAAm) nanopar-
ticles, incubation below the LCST was better than above the LCST since below the 
LCST the ODN appeared to interact more easily with the target mRNA in the cytosol. 
This fact was confirmed because the ODN-poly(NIPAAm) conjugate showed 60% 
gene silencing at 27°C, whereas at 37°C there was no gene silencing (see Murata et 
al., 2003b). These nanoparticles may need to improve their cell-targetability and 
endosomal escaping-capability so that they can more effectively target the cells of 
interest and then the cytoplasm, respectively.

4.2 pH-Modulating Gene Carriers

A major approach in gene delivery is to prevent endosomal/lysosomal sequestra-
tion of delivered genes using pH modulation, because lysosomal enzymes degrade 
the delivered genes and reduce gene expression. To pursue this approach, pH-sensi-
tive polymeric gene carriers target endosomal/lysosomal pHs to cause endosomal 

Fig. 16 In vitro GFP expression in C2C12 and COS-7 cells following thermo-controlled transfec-
tion using thermoresponsive polymers. Complexes were prepared at 25 or 45°C and the cells were 
incubated at 37°C for 1 h (to induce cellular uptake), transferred to 32°C (cold shock) or 39°C 
(heat shock) for 2 h, and then transferred back to 37°C for the rest of the experiment. P3 and P4 
were PEI-g-poly(NIPAAm) having 34–37°C and 40–44°C as LCST, respectively (reproduced 
with permission; Lavigne et al., 2007)
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destabilization and endosomal pH-induced deshielding. Also, pH-sensitive nano-
complexes have been designed for tumor pH-induced deshielding in extratumoral 
spaces to maximize tumor-specific gene expression.

4.2.1 Endosomal Membrane Destabilization

Proton buffering and/or the fusogenic character (or conformation transition, 
hydrophilicity/hydrophobicity transition) of the carrier materials can induce endo-
somal disruption, aiding the endosomal escape of the genes to be delivered. These 
materials have been chemically or physically introduced into the polymeric gene 
carriers depending on their charge character. Amine-containing materials directly 
interact with genetic materials due to their charge character, whereas negatively 
charged materials (carboxylic acid and sulfonamides) at neutral pH are physically 
mixed with genes and polycations.

Amine-containing polycations such as PEI, polyamidoamine (PAMAM), poly-
His, and their derivatives have proton-buffering capacity due to secondary or tertiary 
amines or imines (see Kang et al., 2005, 2007). Generally PEI-based or PAMAM-
based polyplexes showed higher transfection efficiency than PLL-based polyplexes 
due to proton-buffering capacity of PEI and PAMAM, unlike PLL (see Sonawane et 
al., 2003). In addition, histidine has been frequently utilized as well, due to its pKa 
of 6 of its imidazole ring. This amino acid was introduced into cationic polymers via 
several methods (i.e., homopolymer, graft polymer, block copolymer, and random 
copolymer) to endow proton buffering to the system, for effective endosomal escape 
of the delivered gene and/or polyplexes (see Kang et al., 2005, 2007; Midoux and 

Fig. 17 Thermoresponsive antisense systems composed of oligonucleotides (ODN) and poly(N-
isopropylacrylamide) (poly(NIPAAm) ). Above the transition temperature (T

c
 = LCST), self-

assembled gene complexes protect ODN from nuclease attack, whereas below T
c
, hydrophilic 

poly(NIPAAm) allow ODN to interact with target mRNA (reproduced with permission; Murata 
et al., 2003a)
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Mosigny, 1999; Pichon et al., 2001). As an example, Midoux and Mosigny (1999) 
synthesized histidine-grafted PLL (His-PLL), which showed higher transfection 
efficiency than unmodified PLL. Optimum transfection results were obtained when 
histidine was substituted for 38% of the amino groups in PLL.

Carboxylic acid-containing polyanions such as poly(ethylacrylic acid) (PEAA) 
(see Jones et al., 2003), poly(propylacrylic acid) (PPAA) (see Jones et al., 2003), 
and methacrylic acid copolymers (see Yessine et al., 2003) were used as additives 
when preparing either polyplexes or liposomal gene complexes (lipoplexes). These 
polymers had a random-coil structure at neutral pH, but in the weak acidic pH range 
(5–7) their conformation transitioned to a hydrophobic helical structure, resulting 
in endosomal rupture (see Yessine and Leroux, 2004). This membrane-destabiliz-
ing ability meant that PPAA-containing chitosan/DNA complexes enhanced trans-
fection efficiency twofold and tenfold compared to chitosan/DNA complexes 
(control) in 293 cells and HeLa cells, respectively (see Kiang et al., 2004).

However, some polycations showed no noticeable transfection enhancement due 
to their inability to cause endosomal breakage, even though the materials had a pro-
ton-buffering capacity at pH 5–7 (see Funhoff et al., 2004). Also, PPAA, a representa-
tive protonable polyanion, demonstrated hemolytic activity at endosomal/lysosomal 
pH as well as at pH 7.4 (see Jones et al., 2003). Yessine et al. (2003) found that the 
endosomolytic ability of methacrylic acid copolymers was affected by endosomal 
membrane composition. Furthermore, endosomal characteristics such as endosomal 
pH (see Rybak and Murphy, 1998; Rybak et al., 1997), membrane composition (see 
Alberts et al., 2002; Evans and Hardison, 1985), and acidification rate are cell-spe-
cific. These facts have stimulated the development of cell-customized endosomolytic 
agents for more effective cell transfection. Bae’s group designed sulfonamide-based 
endosomolytic oligomers using agents from sulfonamide pool having broad-range 
pKa values (3–11) conferred by various substituted groups, R (see Fig. 4) (see Kang 
and Bae, 2007). Kang and Bae (2007) focused on selectable pKa and hydrophobicity 
from the molecular pool of sulfonamides and expected cell-specific endosomolytic 
agents to induce the highest transfection efficiency. For feasibility, the pKa values of 
four sulfonamides were selected within endosomal/lysosomal pHs (sulfamethizole 
(SMT; pKa 5.45), sulfadimethoxine (SDM; pKa 6.1), sulfadiazine (SDZ; pKa 6.4), 
and sulfamerazine (SMZ; pKa 7.0) ) and their oligomers (OSMT, OSDM, OSDZ, and 
OSMZ) had M

n
 = 1.8–2.5 kDa. Synthesized oligomeric sulfonamides (OSAs) showed 

different proton buffering and aqueous solubility transition within the endosomal/
lysosomal pH ranges. As shown in Fig. 18a, OSMT and OSDZ displayed broad pro-
ton buffering in the range of pH 5.0–6.4 and 5.7–7.3, respectively, whereas proton 
buffering of OSDM and OSMZ occurred at a particular pH, 6.5 and 7.3, respectively. 
Also, in solubility transition studies of the OSAs (see Fig 18b), OSMT, OSDM, and 
OSDZ showed relatively sharp transmittance changes within narrow pH ranges unlike 
OSMZ which showed solubility transitions within a broad pH range. Apparent pKa 
values of the OSAs were 5.7 (OSMT), 6.5 (OSDM and OSDZ), and 7.3 (OSMZ). 
Using three different cell lines (i.e., HepG2, HEK293, and RINm5F cells), OSA-
containing PLL/DNA complexes (OSA-polyplexes) showed 4–55-fold better 
transfection efficiency than control polyplexes (PLL/DNA). Interestingly, OSDM and 
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OSDZ were more favorable for transfecting HEK293 cells (human embryonic kidney 
cells) whereas OSMZ was the best for transfecting RINm5F cells (rat insulinoma cells). 
This study verified the need for cell-customized endosomolytic agents to achieve clini-
cally effective gene delivery. In addition, these anionic materials could provide an 
opportunity to revive biocompatible but less transfection-efficient gene carriers.

4.2.2 Tumor pH-Induced Deshielding

This strategy is similar to the acid-induced deshielding technologies for delivering 
antitumor drugs. The approach excludes nonspecific cellular internalization of cati-
onic polyplexes to minimize gene expression in nontarget cells, while inducing 

Fig. 18 (continued)
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tumor-specific endocytosis of the polyplexes to maximize transfection at the target 
cells. To illustrate this concept, Sethuraman et al. (2006) designed PEG-b-PSD-
shielded PEI/DNA complexes via electrostatic attraction. As shown in Fig. 19, the 
polyplexes had limited nonspecific interactions because of PEG shielding at normal 
blood pH and during blood circulation because the negatively charged PSD in 
PEG-b-PSD shielded the positively charged surface of the PEI/DNA complexes. 
However, acidic pH (tumoral pH) induced a charge loss in PSD, causing the 
deshielding PEG-b-PSD and exposing the cationic PEI/DNA complex. This 
approach decreased positive charge-induced cytotoxicity at pH 7.4. Interestingly, 
the deshielded polyplexes showed better transfection efficiency at pH 6.6 than 
shielded polyplexes at pH 7.4. These pH-dependent shielding/deshielding smart 
polyplexes may minimize unwanted gene expression in nontumor cells and maxi-
mize transfection efficiency at target tumors.
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Fig. 18 (continued) (a) Acid-base titration curves of OSA and OPAA (oligomeric pro-
pylacrylic acid) solutions. (b) pH-dependent aqueous solubility transition of OSA and OPAA 
solutions. For (a) and (b), means of values obtained from two independent experiments were 
used as data points. (c) In vitro transfection studies using a luciferase gene of OSA-containing 
PLL/DNA complexes (OSA-polyplexes) to HepG2, HEK293, and RINm5F cells. Dose of OSA 
and OPPA was 5 nmol (based on their monomeric units) per 1 µg DNA. Normalized transfec-
tion efficiency was defined as (Absolute transfection efficiency of polyplexes)/(Absolute 
transfection efficiency of PLL/DNA complexes) for a specific cell. Unit of absolute transfec-
tion efficiency is RLU/mg Protein. Charge ratio (+/−) of polyplexes was 3 except for PEI/DNA 
(+/− = 5). (Mean ± SEM; n ≥ 4). All results of OSA-polyplexes showed statistical significance 
(p < 0.05; unpaired Student t-tests) compared to those of PLL/DNA complexes (reproduced 
with permission; Kang and Bae, 2007)
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4.2.3 Endosomal pH-Induced Cleavage of Chemical Bonds

As discussed before, chemical bonds such as acetal bonds, hydrazone bonds, Schiff’s 
base bonds, and vinyl ether bonds (see Fig. 5) are easily hydrolyzed at endosomal/
lysosomal pHs. These bonds have been introduced into polyplexes and/or polymer 
backbones for detaching the PEG corona or to enhance biocompatibility.

It is well known that adding a PEG corona to polyplexes is beneficial for 
increasing blood circulation by inhibiting nonspecific interactions. However, stud-
ies by Walker et al. (2005) showed that after cellular internalization, PEGylated 
polyplexes can negatively impact intracellular trafficking due to the presence of 
PEG. In these studies, PLL-hydrazone-PEG showed 90% hydrolysis within 10 min 
at pH 5 and 37°C, but at pH 7.4 50% hydrolysis was seen after about 1.5 h. These 
acid-induced hydrolytic linkages were utilized to prepare reversibly shielded poly-
plexes. The polyplexes were compared to nonshielded polyplexes and stably 
shielded polyplexes to examine the effect of PEG in endosomes/lysosomes. In in 
vitro experiments using cell lines (i.e., K562, Neuro2A, HUH-7, and EGFR-Renca 
cells), PEGylated polyplexes having hydrazone linkages showed up to two orders 
higher gene expression than PEGylated polyplexes with nondegradable linkages as 
shown in Fig. 20. In addition, in vivo studies confirmed that detachable PEGylated 
polyplexes showed better gene expression in the tumors than nondetachable 
PEGylated polyplexes. These studies indicated that different functionalities used to 

Fig. 19 Targeting based on differences in pH: (a) shows formation of the nanoparticle complex 
through charge–charge interaction between DNA, cationic polymer (PEI), and PSD-b-PEG; 
(b) shows the complex shielded at physiological pH and deshielded at cancer pH (reproduced with 
permission; Sethuraman et al., 2006)
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overcome a specific transfection barrier in the transfection process could interfere 
with each other. Functionalities which have played their roles should dissociate or 
be detached before the complexes proceed further through downstream extracellu-
lar and intracellular trafficking processes (see Kang et al., 2007; Wagner, 2004).

Generally, high molecular weight (MW) polycations are more cytotoxic than low 
MW polycations (see Kunath et al., 2003). However, low MW polymers loosely 
complexed with genes, and their complexes showed less transfection efficiency than 
the gene complexes prepared with high MW polycations. Thus, to improve transfec-
tion efficiency and to reduce cytotoxicity caused by polycations, acid-labile bonds 
were used to link low (MW) cationic blocks together to produce high MW polyca-
tions. As an example, Kim et al. (2005b) synthesized cross-linked polymers about 
7–23 kDa using branched PEI (1.8 kDa) and Schiff’s base bonds. The acid-labile 
bonds in the polymer had a half-life of 1.1 h at pH 4.5 but 118 h at pH 7.4. Degradable 
cross-linked PEI (23 kDa) had similar cytotoxicity to branched PEI (1.8 kDa) but 
showed better cell viability than branched PEI (25 kDa). Furthermore, degradable 
PEI (23 kDa)/gene complexes showed slight lower luciferase expression than 
branched PEI (25 kDa)/gene complexes and induced much higher transfection than 
branched PEI (1.8 kDa)/gene complexes. However, this system may need to improve 
its transfection efficiency before it can be considered for clinical applications.

4.3 Redox Potential-Triggered Gene Release

To express proteins from delivered genes, polyplexes need to release the genes at 
appropriate sites such as in the cytosol and/or in the nucleus. The cytosol and 
nucleus prefer the reduced form of thiol containing components to the oxidized form 

Fig. 20 Gene transfection efficiency of targeted polyplexes with stable or acid-labile conjugates 
with shielding and without shielding. (a) Transfection of K562 (white bars) and Neuro2A (shaded 
bars) cells using transferrin (Tf) receptor-targeted polyplexes containing Tf–PEI conjugate (at N/P 
0.6) with unmodified PLL (no shielding conjugate), PLL–PEG (6), or PLL–hydrazone–PEG con-
jugates (1, 5) at N/P = 0.2 and PEI (N/P = 4.8). (b) Transfection of HUH-7 cells (black bars) and 
EGFR-Renca cells (white bars) using EGF receptor-targeted polyplexes containing EGF–PEI plus 
other conjugates at ratios as indicated in (a) (reproduced with permission; Walker et al., 2005)
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(disulfide bond). This suggests that thiol-triggered degradable polyplexes have the 
potential to enhance polymeric transfection by quick DNA release (or decomplexa-
tion). Many research groups have synthesized reducible polymeric gene carriers (see 
Balakirev et al., 2000; Blessing et al., 1998; Dauty et al., 2001; Manickam and 
Oupicky, 2006; Manickam et al., 2005; Miyata et al., 2004; Oupicky et al., 2001, 
2002; Read et al., 2005). As shown in Fig. 21, thiol-triggered degradable bonds 
(disulfide bonds) were included in or grafted into the polymeric backbone and were 
disrupted when facing thiol-rich environments, leading to effective DNA release. For 
instance, peptide-based thiol-triggered degradable polymers were prepared by the 
polymerization of Cys-X

n
-Cys (see Manickam and Oupicky, 2006; Oupicky et al., 

2002; Read et al., 2005) or Cys-Y-Cys (see Manickam and Oupicky, 2006; 
Manickam et al., 2005), where X was lysine, histidine, or a mixture, n was 9–15, 
and Y was TAT or NLS. Overall transfection efficacies were MW and composition 
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Fig. 21 Thiol-specific degradable gene carriers (reproduced with permission; Kang et al., 2007)
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dependent. These polymeric gene carriers have shown controversial results in 
 transfection efficiency. That is, poly(Cys-Lys

10
-Cys) (187 kDa) had higher transfec-

tion efficiency (more than 20 times) than PLL (205 kDa) (see Oupicky et al., 2002), 
whereas poly(Cys-Lys

10
-Cys) (65 kDa) showed less GFP expression than PLL 

(56 kDa) (see Read et al., 2005). The reasons for this discrepancy are unclear 
although it appears to be related to the rate of decomplexation (see Schaffer et al., 
2000), which leads to differences in the proximity of the DNA to the nucleus. 
Probably, poly(Cys-Lys

10
-Cys) (65 kDa) released DNA earlier than poly(Cys-Lys

10
-

Cys) (187 kDa), meaning the DNA was further from the nucleus. Reducible poly-
mers prepared from arginine-containing peptides such as TAT and NLS showed less 
transfection efficiency than branched PEI (25 kDa) due to the lower endosomolytic 
activity of TAT (see Manickam et al., 2005) and NLS (see Manickam and Oupicky, 
2006). This problem was overcome by introducing histidine into the peptide back-
bone (see Manickam and Oupicky, 2006; Read et al., 2005).

5 Conclusion

Many investigators in drug/gene delivery have pursued effective strategies for 
maximizing the therapeutic effects of delivered drug/gene while minimizing 
unwanted side effects. Therefore, pharmaceutical nanocarriers that can intelligently 
sense minute differences in environmental changes (such as temperature, pH, and 
redox potentials) and effectively release drug/gene at target sites such as solid 
tumors, tissues, cells, or intracellular compartments have been aggressively inves-
tigated. Depending on the target sites and disease, stimuli-sensitive drug/gene car-
riers need to be designed that undergo transitions in response to stimuli. In most 
research approaches, tailor-made materials (especially, polymers) have been uti-
lized to create nanosystems that meet these needs. Thus, this chapter introduced 
polymeric nanocarriers that could sense heating/cooling, tumoral pH, endosomal 
pH, and intracellular redox potentials. Depending on the therapeutic drugs used, the 
genes of interest, and the target diseases, well-organized multistimuli-modulating 
nanopharmaceuticals will be beneficial to achieve effective therapeutic results in 
clinical applications in the future.
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1 Introduction

Dendrimers represent a unique class of nanostructures, playing an important role in the 
field of nanobiotechnology. The term dendrimer is derived from Greek (dendra means 
tree and meros means part) and describes highly branched three-dimensional struc-
tures. The dendritic architecture was first reported in the late 1970s and the early 1980s 
by the research groups of Vogtle, Denkwalter, Tomalia, and Newkome (Lee 2005). 
Poly(amidoamine) (PAMAM) dendrimers were the first to be synthesized and devel-
oped in Dow Laboratories between 1979 and 1985. After patents on this new technol-
ogy had been filed, the dendritic architecture was presented to the public by Tomalia 
in 1983. Although met with initial skepticism as most new scientific inventions are, 
dendrimers were soon accepted, and by 1991 the number of dendrimer-related publi-
cations and presentations began to climb rapidly (Tomalia and Frechet 2001).

Since then, many research groups from diverse fields have investigated the 
unique attributes of dendritic architectures in various applications. More than 100 
different types of dendrimers with over 1,000 types of surface modifications have 
been developed to date (Svenson and Tomalia 2005). Dendrimers have been 
explored as light-harvesting agents (Ahn 2006; Nantalaksakul 2006; Wang 2006), 
chemical sensors (Gong et al. 2001; Pugh 2001; Svobodova 2004), catalysts (Delort 
2006; Muller 2004; Reek 2002; Wu et al. 2006b), and cross-linking agents. Their 
use in controlled chemical delivery has been explored for drug delivery 
(Chandrasekar 2007; Gupta 2006; Majoros 2006; Wu et al. 2006a,b), gene therapy 
(Dufes et al. 2005; Huang 2007; Manunta 2004; Wada 2005), and delivery of con-
trast agents (Kobayashi 2004; Koyama 2007; Langereis 2006). There are various 
reviews published describing the utility of dendrimers in biomedical  applications 
(Svenson and Tomalia 2005), including but not limited to gene delivery (Dufes et 
al. 2005), development of MRI contrast agents (Kobayashi and Brechbiel 2005), 
and oral drug delivery systems (Kitchens et al. 2005). Duncan et al. have recently 
reviewed the biocompatibility and toxicity of these nanostructures (Duncan and 
Izzo 2005). Structural and physical properties of dendrimers have also been 
described in detail elsewhere (Bosman et al. 1999). Several dendrimer-based 
 products are now approved for use in biomedical applications or in human clinical 
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trials. VivaGel™ (Starpharma) was granted Fast Track status in January 2006 and is 
designed as a topical microbicide for prevention of HIV (McCarthy 2005). 
SuperFect®, developed by Qiagen, is used for gene transfection of a broad range of 
cell lines (Crampton and Simanek 2007; Eichman 2003; Tang et al. 1996). Alert 
Ticket™, developed by U.S. Army Research Laboratory, is used for anthrax detec-
tion (Yin 2001). Finally, Stratus® CS, a cardiac marker diagnostic system, com-
mercialized by Dade Behring, is also based on dendrimers (Couck 2005).

2 Dendrimers as Multifunctional Nanocarriers

Dendrimers have been identified as versatile, compositionally and structurally control-
led nanoscale building blocks, providing critically needed starting constructs in the 
nanometer range for the development of highly specialized materials. They are gener-
ally monodisperse, providing structural and chemical uniformity, which is critical for 
drug delivery applications. For PAMAM dendrimers, the most commonly studied 
dendrimer, the polydispersity values range from 1.000002 to 1.005, with higher gen-
erations showing more defects because of purification difficulties (Svenson and 
Tomalia 2005). In addition, the branched nature of dendrimers allows a high number 
of surface functional groups, while still remaining nanoscale structures. As dendrimer 
generation increases, the number of terminal branches increases exponentially, while 
the diameter increases linearly by ~1 nm/generation (Svenson and Tomalia 2005). This 
compactness gives dendrimers a significant advantage over traditional linear poly-
mers, which are restricted to low density drug loading. The densely packed attachment 
sites on the surface can be exploited to attach high densities of drugs or to create mul-
tifunctional systems involving drugs, imaging agents, targeting moieties, and other 
ligands. Drugs or other payloads can also be encapsulated in the dendrimer interior, 
having the potential to increase solubility and reduce toxicity of pharmaceutical com-
pounds. The potential of dendrimers as multifunctional nanocarriers has been 
exploited by conjugation of multiple functionalities, including imaging agents, drugs, 
and targeting moieties, along with surface modification to reduce toxicity and optimize 
their in vivo behavior (Scheme 1) (Majoros 2005, 2006; Wu et al. 2006a,b, 2007; 
Huang 2007; Konda 2000, 2001; Quintana 2002; Thomas 2005).

Majoros et al. (2006) synthesized multifunctional G5 PAMAM dendrimers for 
targeted anticancer therapy. Folic acid, which targets overexpressed folate receptors 
on cancer cells, paclitaxel, a chemotherapeutic agent that induces apopotosis by 
mitotic arrest, and fluorescein isothiocyanate (FITC), a fluorescent label, were suc-
cessfully conjugated to the dendrimer surface, creating a trifunctional, nanoscale 
therapeutic agent. The surface of the dendrimer was also partially acetylated, provid-
ing enhanced solubility of the dendrimers when conjugated to FITC. Cytotoxicity and 
cellular internalization of this multifunctional nanocarrier were evaluated using KB 
cells grown in folic acid deficient media (folate receptor up-regulated) and KB cells 
grown in complete media (folate receptor down regulated). The authors demonstrated 
that modified dendrimers, with or without conjugated paclitaxel, were internalized by 
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folate-receptor-expressing KB cells, with only the drug-containing conjugates show-
ing cytotoxicity. In contrast, the folate-receptor-negative KB cells did not internalize 
the dendrimer conjugates and even those conjugates containing paclitaxel were non-
toxic, indicating a strong targeting ability of the nanocarrier. This work demonstrates 
in vitro that multifunctional dendrimers can be used effectively without cross-func-
tionality interference and sets the stage for further in vivo characterization. It also 
illustrates the importance of successively testing variations of multifunctional conju-
gates to assess the contribution of each factor to the biological response.

Multifunctional dendrimers can also be used for specialized delivery, such as to the 
brain. Huang et al. (2007) investigated the potential of PAMAM dendrimers modified 
with poly(ethylene glycol) (PEG)–transferrin(Tf) for gene delivery across the blood–
brain barrier. The transferrin receptor is expressed throughout the blood–brain barrier and 
can be exploited for transport of drugs from the blood circulation into the brain. 
Dendrimer–DNA complexes were studied in vitro and in vivo to assess transfection effi-
ciency. In vitro, PAMAM–PEG–Tf–DNA complexes showed a twofold higher transfec-
tion into brain capillary endothelial cells, compared with PAMAM–PEG–DNA and 
PAMAM–DNA complexes. In vivo, the PAMAM–PEG–Tf–DNA complexes showed 
the highest transfection in the brain. Modifying PAMAM dendrimers with PEG alone 
did not significantly impact  biodistribution, while PAMAM–PEG–Tf conjugates showed 
a significantly higher accumulation in brain, heart, liver, spleen, lungs, and kidneys.

Scheme 1 Schematic of dendrimers as multifunctional nanocarriers. Targeting moieties can be 
attached to the dendrimer surface groups while drugs and imaging agents can be conjugated to the 
surface, encapsulated in the dendrimer core or complexed (such as therapeutic DNA) with the 
dendrimer structure. Additional surface functionalization not shown here can improve biocompat-
ibility (e.g., carboxyl vs. amine terminated) (Duncan and Izzo 2005), half-life (e.g., conjugation 
of linear polymers such as PEO (Gillies 2005; Gillies and Frechet 2002) or PEG (Okuda et al. 
2006a, b) ) or cellular uptake (e.g., opening of tight junctions) (Kitchens 2006)
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Dendrimers have also been investigated for treatment of brain tumors with boron 
neutron capture therapy. Wu et al. (2007) investigated the efficacy of a highly boro-
nated G5 PAMAM dendrimer modified with cetuximab, an antibody that targets epi-
dermal growth factor (EGF) receptors that are overexpressed on gliomas. The 
bioconjugate was selectively taken up into EGFR-positive F98 cells than in cells that 
did not express this receptor. In vivo, the conjugate selectively accumulated in the 
brain, as evidenced by high boron levels. In conjunction with boronphenylalanine 
(BPA), the bioconjugate significantly increased mean survival time, indicating the 
viability of this delivery system for boron neutron capture therapy for brain tumors.

Dendrimers have also been used as targeted imaging agents to aid in the early 
diagnosis of cancer. Konda et al. (2001) investigated the potential of PAMAM den-
drimers conjugated to folic acid and complexed to gadolinium (Gd) chelates as tar-
geted MRI contrast agents. The specificity of these dendrimers was tested in vitro in 
mouse erythroleukemia cells and in vivo in ovarian cancer xenografts. In each case, 
cells with and without the folate receptors were tested and free folic acid was admin-
istered to determine binding inhibition. In vitro, the folate-conjugated dendrimers 
bound over 2,700% more to receptor-positive cells than to receptor-negative cells. In 
vivo, a 33% contrast enhancement was observed for the folate–dendrimer chelating 
agent that showed results far superior to those of a nonspecific Gd agent. Compared 
to traditional, nonspecific contrast agents, these conjugates were unique because 
multiple Gd chelates were complexed to each dendrimer, and folic acid was conju-
gated as a targeting moiety. These results illustrate the potential of multifunctional 
dendrimers as contrast agents. Coupled with the ability to target drugs to the site of 
action, PAMAM dendrimers can be used as image-guided drug delivery systems.

These studies are only a few examples in which the unique branched architecture of 
dendrimers in the nanoscale is useful as multifunctional carriers for targeted delivery of 
drugs and imaging agents. A comprehensive account of the use of multifunctional den-
drimers for targeted delivery is beyond the scope of this chapter and was recently 
reviewed by a number of investigators in the field (Florence 2005). In this chapter we 
will focus briefly on dendrimer chemistry, the synthesis of multifunctional carriers, 
strategies for complexation and conjugation of bioactive agents, and surface modifica-
tion as they pertain to drug delivery. Finally we will focus on recent results from our 
laboratory on transport of PAMAM dendrimers across the intestinal epithelial barrier.

3 Dendrimer Chemistry

3.1 Synthesis

A typical dendrimer molecule has an interior core, several layers composed of 
repeating units, and multiple active terminal groups. Historically, divergent synthesis 
of dendrimers emerged first, pioneered by Tomalia, followed by convergent 
synthesis, initiated by Hawker and Frechet (Tomalia and Frechet 2001). In divergent 
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synthesis, monomeric branches are repeatedly added to a central dendrimer core, 
increasing the dendrimer generation with every addition. PAMAM dendrimers 
were the first to be commercially produced by this method and use acrylate Michael 
addition and amidation chemistry (Tomalia and Frechet 2001). In convergent syn-
thesis, reactive dendrons are synthesized and then attached to a multifunctional 
core to generate the final product (Hawker and Frechet 1990). Convergent synthe-
sis is generally used for lower generation dendrimers, while divergent synthesis can 
produce higher generation polymers (Scheme 2).

After the initial conception of the dendritic architecture, the focus was shifted to 
developing synthetic procedures that could be scaled up to produce dendrimers 
commercially. Central to this process was having high yields of intermediary and 
final reaction products, minimum volumes of solvent, nontoxic by-products, and 
reproducibility. Dendrimer synthetic strategies have been improved by “lego 
chemistry,” which uses branched monomers, thus reducing the number of steps to 
produce higher generation dendrimers and minimizing difficult purification steps. 
In addition, “click chemistry” has been used to produce dendrimers with specific 
surface chemistries using a Cu catalyst. Both of these techniques reduce production 
of toxic by-products to water and nitrogen and sodium chloride respectively 
(Svenson and Tomalia 2005).

There are many different types of dendrimer families, including poly(amidoamine), 
poly(propylene imine), and polyether dendrimers (Fig. 1). Polyether dendrons, or 
“Frechet type” dendrons, are synthesized by the convergent method and are derived 
from 3,5-dihydroxybenzyl alcohols. They have been used for light harvesting and 
catalysis, and as molecular machines (Tomalia and Frechet 2001). Poly(propylene 
imine) (PPI) dendrimers were first developed by Vogtle and are synthesized by the 
divergent method with repetition of a double Michael addition of amine to ace-
tonitrile, followed by reduction of the end groups into primary amines. Although 
the initial synthetic process yielded products that were difficult to purify and could 

Scheme 2 Scheme for divergent and convergent synthesis of dendrimers. In divergent synthesis, 
monomeric branches are repeatedly added to a central dendrimer core, increasing the dendrimer 
generation with every addition. In convergent synthesis, reactive dendrons are synthesized and 
then attached to a multifunctional core

Core CoreCoreCore
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Convergent Synthesis

Core

Dendron
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Group
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Fig. 1 Schematic of (a) G2 amine-terminated and (b) G1.5 carboxyl PAMAM dendrimers with 
ethylenediamine as core, (c) G4 PPI dendrimer with 1,4-diaminobutane as core, and (d) G4 
polyether dendrimer

not be used to generate high generation dendrimers, improvements in the early 
1990s allowed PPI dendrimers to be synthesized commercially. PPI dendrimers can 
either be amine terminated or nitrile terminated, which affects their physical and 
chemical properties (Tomalia and Frechet 2001). PAMAM dendrimers, commer-
cially available as Starburst® PAMAM dendrimers based on an ethylene diamine 
core and an amidoamine repeat branching structure, have a diameter ranging from 
1.5 to 14.5 nm. As generation number is increased, the number of active terminal 
groups doubles. For example, G3 dendrimers contain 32 terminal groups and G4 
dendrimers contain 64 terminal groups, while the diameter increases by ~1 nm. In 
PAMAM dendrimers, full generations (G1, G2, G3, etc.) have terminal amine 
groups while half generation dendrimers (G1.5, G2.5, G3.5, etc.) have carboxylic 
acid terminal groups (Esfand and Tomalia 2001).
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3.2 Drug Complexation and Conjugation

To use dendrimers as drug delivery systems, active pharmaceuticals must be incor-
porated into the dendritic structure. Complexation of drugs with dendrimers can be 
achieved by simply mixing the two compounds together. Complexation relies 
mostly on electrostatic interactions between the drug and dendrimer and will be 
discussed in more detail later in this chapter. Covalent conjugation of drugs to den-
drimers is more challenging and few reactions have been reported.

In many instances amine-terminated PAMAM dendrimers (unmodified or sur-
face modified) have been used for conjugation. Different strategies used for drug 
conjugation are illustrated in Scheme 3. Drugs or linkers with acidic groups can be 
attached to PAMAM dendrimer using EDC (1-ethyl-3-(3-dimethylaminopropyl) 

Scheme 3 Scheme for functionalization of amine terminated PAMAM dendrimers with drugs or 
targeting moieties having acidic group (a), isocynate (b), alkyl halide (c), alkene (d), activated 
acidic group (e,j), acidic anhydride (f), epoixide (g), isothiocynate (h) and acid chloride (i)
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carbodiimide hydrochloride) (Quintana 2002) as a coupling agent or by activation 
of acidic group to N-hydroxysuccinimide ester (Bhadra 2003), followed by conjuga-
tion to PAMAM dendrimers to obtain an amide linkage (Fahmy et al. 2007). Folic 
acid, succinic acid, and methotrexate were conjugated to amine-terminated PAMAM 
dendrimers following this strategy (Quintana 2002; Islam et al. 2005; Hong 2007). 
Anhydrides or acid chlorides have also been used to produce amide linkage 
(Quintana 2002; Hong 2007). Partial or complete functionalization can be achieved 
by controlling the stoichiometry of reagents in these conjugation reactions.

Drugs with hydroxyl groups can be attached to dendrimers using various linker 
chemistries. Propranolol was attached to a two carbon linker, followed by conjuga-
tion to PAMAM dendrimers (D’Emanuele 2004), while succinic acid was used as a 
linker for paclitaxel. Linear poly(ethylene glycol) was functionalized with 4-nitro-
phenyl chloroformate to form an active ester, which was then reacted with the ter-
minal amine groups of the PAMAM dendrimer by a nucleophilic substitution 
reaction. Fluorescent labeling and radiolabeling were also achieved by nucleophilic 
substitution reaction of FITC and radiolabeled acetic anhydride respectively with 
PAMAM dendrimers (El-Sayed 2002; Kolhatkar 2007). Newkome et al. (1998) have 
reported the reaction of mixtures of branched isocyanates with polypropylene(imine) 
and 12-cascade acid dendrimers and have shown that different ratios of functional 
groups can be added to the dendrimer surface. Isothiocyanates of comparable reac-
tivity can also be added to the dendrimer and the degree of functionalization can be 
easily controlled by stoichiometric control of reagents. Indeed, sequential additions 
can be used to synthesize heterogeneously functionalized dendrimers even when one 
isothiocyanate is significantly more reactive than another.

4 Applications in Drug Delivery

4.1 Encapsulation of Drugs

Since the inception of dendritic structure, numerous classes of dendrimers have 
been synthesized, yet fewer efforts have been made to physically entrap drug mol-
ecules within them. As a consequence, there is a paucity of information on chemi-
cal features desirable for controlling the release of guest molecules from dendrimers. 
The macromolecular architecture of a dendrimer governs its physical and chemical 
properties. Dendrimer architecture can significantly influence performance as drug 
carriers, in particular, encapsulation efficiency and release. The presence of internal 
voids in the dendritic architecture has led several groups to investigate the possibil-
ity of encapsulating drug molecules within the branches of a dendrimer (Svenson 
and Tomalia 2005). In addition, dendrimers have high surface charge density 
because of the presence of multiple ionizable groups at the periphery, which can be 
exploited to attach the drugs electrostatically. This offers dendrimers the potential 
to interact with labile or poorly soluble drugs, as each macromolecule could attach 
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numerous drug molecules when compared to classical complexing agents, where in 
many cases only a 1:1 stoichiometry can be expected. The resultant solubility 
enhancement allows the presentation of the drug to the biological membrane and 
subsequent internalization and transport. Such systems may also enhance drug 
stability.

Encapsulation of a drug within a dendrimer may also be used to provide a means 
of controlling its release. Several types of dendrimers have been investigated for 
the encapsulation of drugs, including systems designed for triggered release (Paleos 
2004). The nature of drug encapsulation within a dendrimer may be simple physical 
entrapment, or can involve nonbonding interactions with specific structures within 
the dendrimer. Much of the work in this area has been based on the assumption that 
dendrimers possess a hollow core and a dense shell, and indeed much of the litera-
ture on drug encapsulation supports this hypothesis (Tomalia and Frechet 2001). 
The number of molecules incorporated into dendrimers is thought to be dependent 
on the number of surface groups available. There is a desire to use higher genera-
tion dendrimers since with each increase in generation the number of groups avail-
able for complexation doubles. However, not all the surface groups may be 
available for interaction, because of either steric hindrance or back folding of 
chains into the dendrimer. As the generation number increases, more and more 
back folding occurs, giving a spherical shape to higher generation dendrimers when 
compared to an extended conformation of lower generation dendrimers (Bosman 
et al. 1999). Factors that affect complexation, such as surface charge density and ionic 
strength, have been studied by Newkome and coworkers, for the interaction of 
small carboxyl-terminated dendrimers with no interior titratable groups, and the 
strong polycation poly(dimethyldiallylammonium chloride). Complexes formed 
abruptly at a critical surface charge density that was lower for G3 than for G1 den-
drimers, i.e., binding occurred more easily for the larger dendrimers (Miura 1999; 
Zhang 1999). Kabanov et al. (1998) reported differential complexation behavior for 
positively and negatively charged dendrimers. The studies reveal that flexible lin-
ear polyanions can interact with positively charged amine groups at the surface as 
well as in the interior of the dendrimer. However, linear polycations were unable to 
penetrate into the interior and were able to interact with only surface carboxyl 
groups of dendrimer.

Most of the work done so far with biologically active molecules uses PAMAM 
dendrimers with amine surface groups, with a few studies using negatively charged 
carboxyl-terminated and neutral hydroxyl-terminated PAMAM dendrimers. Amine-
terminated PAMAM dendrimers generally showed enhanced solubility for various 
compounds, compared with carboxyl-terminated and hydroxyl-terminated den-
drimers (Chauhan 2003; Devarakonda et al. 2005; Markatou 2007). This is thought 
to be due to the ionic interactions involving positively charged amine groups at 
physiological pH, as solubility was found to decrease at lower pH (Chauhan 2003; 
Yiyun et al. 2005). Few studies have suggested other phenomena such as physical 
entrapment, dendrimer architecture, and nonspecific noncovalent interaction 
(Chauhan 2003; Yiyun et al. 2005) such as hydrophobic interactions (Jansen et al. 
1994; Liu et al. 2000) and weak hydrogen bonding (Chauhan 2003; Prieto 2006) 
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for encapsulation of drugs in the crevices of dendritic structure and observed 
increase in the solubility. Dhanikula and Hildgen (2007) have also reported the 
influence of dendrimer architecture on encapsulation of methotrexate. A series of 
polyether-co-polyester (PEPE) dendrimers with different architectures were syn-
thesized. It was observed that an increase in the branching as well as an interior 
void volume enhanced encapsulation. Physical entrapment, weak hydrogen bond-
ing, and hydrophobic interactions were postulated to be mechanisms of encapsula-
tion. A decrease in encapsulation in dendrimers lacking aromatic rings as branching 
unit further demonstrated the importance of hydrophobic interactions (Dhanikula 
and Hildgen 2007). A correlation with hydrophilic character of a guest molecule 
and solubility in the presence of a dendrimer has been reported by Yiyun and 
Tongwen (2005a). Kojima et al. (2000) have reported an increase in the loading of 
methotrexate associated with grafting of PEG on the surface of dendrimer. The 
loading of methotrexate was dependant on the molecular weight of PEG grafted on 
the surface. Table 1 includes a partial list of pharmacologically active compounds 
with increased solubility when complexed with dendrimers. Several such com-
plexes are described here.

Table 1 Partial list of dendrimer–drug complexes

Type of 
 dendrimer

Terminal group 
(generation)

Mol. wt. 
(Da) Drug

Drug/ 
dendrimer 
ratio Reference

PAMAM NH
2
 (3) 6,909 Dimethoxy-

 curcumin
1.9–5/1 Markatou (2007)

COOH (3.5) 12,931 1.8–4.2/1
PAMAM NH

2
 (4) 14,215 Indomethacin 13.9/1 Chauhan (2003)

COOH (4.5) 26,258 4.8/1
OH (4) 14,215 12.5/1

PAMAM NH
2
 (2–5) 3,256 Ketoprofen – Yiyun et al. 

(2005) and 
Yiyun and 
Tongwen 
(2005)

PAMAM NH
2
 (4) 14,215 Sulfadiazine 30/1 Prieto (2006)

COOH (4.5) 26,258
Tris (poly 

glycerol)
OH (3) 1,690 Paclitaxel 1.87 Ooya et al. 

(2003)
OH (4) 3,508 1.81
OH (5) 7,087 2.30

PPI NH
2
 (5) 14,476 Lamivudine 54% 

(w/w)
Dutta and Jain 

(2007)
Mannosamine 69% 

(w/w)

(continued)
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Table 1 (continued)

Type of 
 dendrimer

Terminal group 
(generation)

Mol. wt. 
(Da) Drug

Drug/ 
dendrimer 
ratio Reference

PPI NH
2
 (5) 14,476 Efivirenz 47% 

(w/w)
Dutta (2007)

NH
2
, Mannosamine 32% 

(w/w)
NH

2
, t-boc 23% 

(w/w)
PAMAM NH

2
 (3) 6,909 Niclosamide 32/1 Devarakonda 

et al. (2005)
PAMAM NH

2
 (2–4) 3,256–

14,215
Nocitinic acid – Yiyun and 

Tongwen 
(2005)

Naproxen Yiyun and 
Tongwen 
(2005)

Diflunisal Yiyun and 
Tongwen 
(2005)

Pilocarpine Vandamme and 
Brobeck 
(2005)

Tropicamide Vandamme and 
Brobeck 
(2005)

Sulfame-
thoxazole

Ma (2007)

PAMAM NH
2
 (6) 58,046 Doxorubicin – Lee (2006)

PEG, NH
2

PAMAM NH
2
 (3) 6,909 Ibuprofen 33 Milhem et al. 

(2000)
(4) 14,215 41/1, 78/1

Polylysine with 
PEG as core

NH
2
 (3) 2,792 Chloroquine 2.2/1 Agrawal et al. 

(2007)
Galactose/NH

2
 (3) 6.1/1

NH
2
 (4) 4,840 4.3

Galctose/NH
2
 (4) 15.27

PAMAM poly(amidoamine), PPI poly(propyleneimine), PEG poly(ethylene glycol)

Malik et al. (1999) have prepared chelates of PAMAM dendrimers with cispla-
tin, a potent anticancer drug with nonspecific toxicity and poor water solubility. 
The chelates showed increased solubility, decreased systemic toxicity, and selec-
tive accumulation in solid tumors. The dendrimer–platinum complexes showed 
increased efficacy relative to cisplatin in the treatment of subcutaneous B16F10 
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melanoma. Dimethoxycurcumin had higher water solubility when complexed 
with G3.5 or G4 PAMAM dendrimers (Markatou 2007). Increased solubility of 
indomethacin in the presence of PAMAM dendrimers increased the flux of 
indomethacin across the skin (Chauhan 2003). The rank order for this increase 
was G4NH

2
 > G4OH > G4.5COOH. Similarly, a linear increase in solubility of 

nonsteroidal anti-inflammatory drugs and nicotinic acid in the presence of 
amine-terminated PAMAM dendrimers at a fixed pH is reported by Yiyun and 
Tongwen (2005b). Increased aqueous solubility was in the order of Naproxen > 
Ketoprofen > Ibuprofen > Diflunisal. Higher generation PAMAM dendrimers 
showed an enhanced effect on solubility (G5 > G4 > G3 > G2) whereas lowering 
the pH decreased solubility, suggesting the involvement of electrostatic interac-
tions. Further studies by the same group reported an increase in solubility of 
ketoprofen using G5 PAMAM dendrimers (Yiyun et al. 2005; Na 2006). It was 
postulated that the increased solubility of ketoprofen was due to electrostatic 
interactions between the acidic group of ketoprofen and amine groups of PAMAM 
dendrimers. G5- ketoprofen conjugates were stable in distilled water as drug 
release from the complex was slower when compared with free ketoprofen. 
Similar electrostatic interactions between the weak acid sulfadiazine and G4 
PAMAM dendrimers were reported, whereas hydrogen-bond interactions between 
tertiary amine groups of G4.5 PAMAM dendrimer and sulfadiazine led to the 
formation of water-soluble complexes with 30 molecules of sulfadiazine per 
PAMAM dendrimer (Prieto 2006). These complexes were stable in water with 
less than 15% drug released in 24 h.

Milhem et al. (2000) reported the solubility enhancement of ibuprofen in the 
presence of PAMAM dendrimers. The number of molecules associated with G4 
PAMAM dendrimer was calculated to be 41. Kolhe et al. (2004) later showed that 
78 molecules of ibuprofen can be associated with G4NH

2
 PAMAM dendrimers and 

that these complexes enter A549 cells much more rapidly than free ibuprofen. Later 
studies from the same group reported conjugation of ibuprofen with G4OH 
PAMAM dendrimers via ester bonds (Kolhe et al. 2006).

Devarakonda et al. (2005) reported a significant enhancement in solubility of 
niclosamide in the presence of G3 PAMAM dendrimers. The authors have suggested 
that dendrimer–niclosamide complexes were more stable than cyclodextrin–
niclosamide complexes. Interestingly, niclosamide is only weakly acidic (pK

a
, 7.3) 

and shows complexation with amine-terminated PAMAM dendrimers through 
ionic interactions. Half generation PAMAM dendrimers did not show any 
increased aqueous solubility for niclosamide. Both G3 and G2.5 PAMAM den-
drimers significantly enhanced the aqueous solubility of piroxicam at pH values 6 
and 8 (D’Emanuele and Attwood 2005). In the case of the G3 dendrimer, this 
enhancement was attributed to electrostatic complexation or hydrogen bonding, or 
both. The solubility increase noted in the presence of carboxylated dendrimer 
(G2.5) was thought to be simply due to an increase in solution pH by the highly 
basic dendrimer, since there is no opportunity for electrostatic interaction with 
these similarly charged compounds.
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The interaction of unsubstituted and substituted benzoic acid at neutral pH 
(virtually water-insoluble) with PAMAM dendrimers formed by conversion of the 
terminal groups to hydroxyls was reported by Beezer et al. (2003). Stable water-
soluble complexes were formed in which the benzoic acid was thought to be 
bound to the internal tertiary nitrogens of the dendrimer by simple ion-pairing. 
Paclitaxel solubilities in polyglycerol G3, G4, and G5 dendrimers at a 10-wt% 
concentration were 270-, 370-, and 430-fold higher, respectively, than that in 
water (Ooya et al. 2003). A further increase in solubility was observed in the 
presence of 80 wt% of polyglycerol dendrimer. Solubility in the presence of den-
drimer was enhanced to a higher extent, compared with that in the presence of 
other linear and star-shaped poly(ethylene glycol)-based polymers. The authors 
suggested that the high density of ethylene glycol units in the dendritic structure 
contributed to an increase in paclitaxel solubility. Recently, Dutta and Jain 
showed an increase in solubility of efivirenz and lamivudine by using PPI den-
drimers (Dutta 2007; Dutta and Jain 2007). The same group reported the use of 
polylysine dendrimers for increasing the solubility of chloroquine phosphate 
(Agrawal et al. 2007). The surface of these dendrimers was modified with mannose, 
galactose, and t-Boc to reduce the toxicity associated with the amine terminal 
groups. These examples illustrate that dendrimer–drug complexation is a powerful 
tool for enhancing drug solubility, which is often a limiting factor in the development 
of novel therapeutics.

4.2 Dendrimer–Drug Conjugates

Noncovalent complexation of drugs to dendrimers suffers from potential nonspe-
cific release. Grafting linear polymers on the surface has expanded the scope of 
encapsulation of drugs such as 5-fluorouracil, methotrexate, and doxorubicin and 
can slow the drug release rates in these systems to some extent. This method, how-
ever, has yet to be demonstrated as a general strategy. Patri et al. (2005) evaluated 
the release profile of the complexed and conjugated form of methotrexate with sur-
face-modified PAMAM dendrimers. The dendrimer–methotrexate complex was 
stable in water but the drug was released rapidly from the complex in buffer. In 
contrast, the conjugates were stable in aqueous environment.

Dendrimers have been used for delivery of various drugs by conjugation (Table 2). 
Covalent attachment allows for the conjugation of several different moieties with a 
high degree of control to create multifunctional drug delivery nanodevices. Hong et al. 
(2007) conjugated folate residues to G5 PAMAM dendrimers along with fluorescein 
isothiocyanate (FITC; Fluorochrome) for targeting as well as detection of such 
 conjugates in tumor cells. Methotrexate was attached to G5-FITC–FA (folic acid) 
conjugates via amide and ester linkages. The remaining amine groups were glyci-
dylated, to minimize nonspecific binding to the receptors. Both types of conjugates were 
internalized in the KB cell line of human epidermoid carcinoma, which overexpresses 
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the folate receptor. In vitro internalization of these conjugates was as efficient as 
conjugates of dendrimers to FA without drug (Hong 2007). Using PEG as a linker, 
Yang and Lopina (2003) conjugated penicillin V to G2.5 and G3 PAMAM dendrimers 
via ester and amide linkages respectively. Less susceptibility of the release of free 
penicillin V from the amide linkage prompted the authors to evaluate the conjugates 
with only ester linkages. Assessment of antimicrobial activity against the Staphylococcus 
aureus strain of bacteria revealed that penicillin-V-conjugated PEG–PAMAM 
(G2.5) dendrimers were as effective as an unmodified penicillin V in inhibiting bacte-
rial growth. Zhuo et al. (1999) described the preparation of PAMAM dendrimers from 
a cyclic tetraamine core and the subsequent attachment of 5-fluorouracil to the den-
drimer periphery via a two-carbon linker by reacting with bromoacetyl chloride. 
The amount of 5-fluorouracil released due to hydrolysis of the conjugates upon 

Table 2 Partial list of dendrimer–drug conjugates

Type of 
 dendrimer

Terminal 
group 
 (generation)

Mol. 
wt. 
(Da) Drug

Dendrimer/
drug ratio

Linker 
(bond) Reference

PAMAM COOH (3.5) 12,931 Strepto-
kinase

1:1–1:20 – (Amide) Wang 
(2007)

1,4,7,10-
Tetraazacycl 
ododacane

NH
2

7,021 5-Fluorou-
racil

1:15 Bromoacetyl 
(ester)

Zhuo et al. 
(1999)

14,326
PAMAM NH

2
 (4) 14,215 Avidin–

biotin/
DNA

100–2.1–1 – (Amide) Mamede 
(2004)

PAMAM NH
2
 (3) 6,904 Biotin 1:7 Succinic acid 

(amide)
Sato (2003)

NH
2
 (succi-

nate)
PAMAM NH

2
 (3) 6,904 5-Amino 

salicylic 
acid

3–9/1 PABA (amide) Wiwattana-
patapee 
et al. 
(2003)

PAH
PAMAM NH

2
 (0) 517 Naproxen 1/1 Lactic acid 

(amide)
Najlah 

(2007)
Diethylene 

glycol 
(ester)

PAMAM NH
2
 (4) 14,214 Ibuprofen 58/1 – (Ester) Kolhe et al. 

(2004)
OH 14,214

PAMAM poly(amidoamine), PABA p-aminobenzoic acid, PAH p-aminohippuric acid
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incubation in phosphate-buffered saline varied with G5 dendrimer, showing higher 
release than with G4.

The use of dendrimers in pH-triggered colon-specific delivery of sulfasalazine 
was suggested by Wiwattanapatapee et al. (2003). G3 PAMAM dendrimers were 
conjugated with two types of spacers, namely, p-aminobenzoic acid (PABA) and p-
aminohippuric acid (PAH), via amide linkage. Both spacers are azo linkers, and the 
drug 5-amino salicylic acid (5-ASA) was bound to both conjugates via azo linkage. 
Conjugates using PAH as the spacer carry three times more 5-ASA than do conju-
gates using PABA as the spacer. Both dendrimer conjugates (PAMAM–PABA–SA 
and PAMAM–PAH–SA) were incubated in homogenates of small intestinal and 
cecal content of albino rats in vitro for 12 h. It was found that in cecal content, about 
28 and 38% of a dose of 5-ASA was released from PAMAM–PABA–SA and 
PAMAM–PAH–SA, respectively, which increased up to 24 hours. In contrast, in the 
case of small intestine homogenate the release of 5-ASA was about 4.5 and 7.2% 
for PAMAM–PABA–SA and PAMAM–PAH–SA, respectively. In the case of small 
intestinal homogenate, significant amounts of PABA–SA (3.8%) and PAH–SA 
(12.5%) were also released. Release of 5-ASA in cecal content was due to the activ-
ity of azo reductase, which led to the breakdown of the azo bond between the spacer 
and drug molecule. About 45 and 57% of 5-ASA was released from PAMAM–
PABA–SA and PAMAM–PAH–SA conjugates, respectively, in 24 h. This release 
was much slower (80% in 6 h) than that of 5-ASA from sulfasalazine  presumably 
due to the highly branched structure potentiality limiting the cleavability of the azo 
bond.

4.3 Dendrimer Surface Modification

In addition to covalent conjugation of drugs to the dendrimer surface, the dendritic 
ends can also serve as a scaffold to custom-tune surface chemistry for particular 
applications. A variety of molecules have been conjugated to dendrimers to improve 
their biological characteristics, including reduction in cytotoxicity, generating mul-
tivalency, controlling encapsulated drug release, and increasing biological half-life. 
Surface modification strategies to address each of these critical issues in drug delivery 
are described here.

4.3.1 Surface Modification to Reduce Cytotoxicity

Despite the extensive interest in the pharmaceutical applications of dendrimers, 
there is conflicting evidence regarding their biological safety, and indeed, cationic 
PAMAM dendrimers have been shown to be hemolytic (Malik 2000). Previous 
studies in our laboratory examined the effect of charge, generation, and  concentration 
on cytotoxicity of Caco-2 cells by using lactate dehydrogenase and water- soluble 
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tetrazolium (WST-1) assays (Kitchens et al. 2005; El-Sayed 2002; Kitchens 2006; 
E1-Sayed 2003). Positively charged dendrimers were more cytotoxic compared 
with negatively charged and neutral dendrimers. Also, higher generation and con-
centration of dendrimers led to higher cytotoxicity. To further explore the effect of 
charge, generation, and concentration, we used transmission electron microscopy 
(TEM) to examine the effect of PAMAM dendrimers on Caco-2 cell monolayer 
integrity (Kitchens 2007). Untreated, control Caco-2 cells displayed well-differentiated 
monolayers with intact microvilli (Fig. 2a). This morphology did not change upon 
treatment with 1 mM G2NH

2
, G1.5COOH, and G3.5COOH (Fig. 2b, c, and e, respec-

tively). However, cells treated with 1 mM G4NH
2
 dendrimers displayed distortion 

in monolayer morphology as well as noticeable cell membrane disruption, as evi-
denced by a loss of microvilli (Fig. 2d). The effect of G4NH

2
 dendrimers on micro-

villi was concentration-dependent, with well-defined microvilli in control cells and 
at low G4NH

2
 concentrations (0.01 mM), and an escalation in the disruption and 

loss of microvilli with increase in G4NH
2
 concentration (Fig. 2f–i). The greater 

number of cationic surface groups on these dendrimers increases the interaction 
with the negatively charged cell membrane when compared to anionic or neutral den-
drimers. This, in turn, contributes to the enhanced cytotoxicity of G4NH

2
 dendrimers.

Many functionalization strategies have been used to mask the terminal amine 
groups, thereby reducing the positive charge. For example, acetylation of the sur-
face amine reduces cytotoxicity (Kolhatkar 2007). In our laboratory, the effect of 
dendrimer concentration and the relative degree of surface amine group acetylation 
on cytotoxicity was evaluated by performing WST-1 assay, which quantifies cell 

Top panel 

Bottom panel 
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Fig. 2 Transmission electron microscopy (TEM) images of Caco-2 cell monolayers in the pres-
ence and absence of PAMAM dendrimers. Top panel: Generation and charge-dependent effect of 
PAMAM dendrimers on Caco-2 microvilli after treatment with 1 mM PAMAM dendrimers for 2 h 
visualized by TEM. (a) control cells, (b) G2NH

2
, (c) G1.5COOH, (d) G4NH

2
, and (e) G3.5COOH. 

Bottom panel: Concentration-dependent effect of G4NH
2
 on Caco-2 microvilli after treatment 

with G4NH
2
 dendrimers for 2 h is shown in f–i: (f) control cells, (g) 0.01 mM G4NH

2
, (h) 0.1 mM 

G4NH
2
, (i) 1.0 mM G4NH

2
. ×12,500. Scale bars = 1 µm. Adapted from Kitchens (2007), with 

permission from Springer
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proliferation and cell viability based on the cleavage of the tetrazolium salt WST-1 
by mitochondrial dehydrogenase in viable cells. Studies at 0.01 and 0.1 mM con-
centrations of G2 and G4 PAMAM dendrimers suggest that partial surface acetyla-
tion can reduce cytotoxicity. At 1 mM concentration cytotoxicity was absent in 
cells incubated with G2 and G4 PAMAM dendrimers exhibiting the highest degree 
of acetylation, whereas an increase in cytotoxicity was seen with a decrease in 
acetylation, suggesting a linear relationship between the number of amine groups 
and toxicity. A simple plot of cell viability vs. the number of surface amine 
groups (Fig. 3a) suggests that an increase in the number of surface amine groups 
resulted in increased toxicity; however, the slope of this plot is different for G2NH

2
 

vs. G4NH
2
. When cell viability was plotted as a function of surface density (SD

a
), 

a linear correlation was observed irrespective of dendrimer generation (Fig. 3b). 
These results suggest that in correlating polymer structure with function, not only 
the sheer number of surface functionalities but also their spatial orientation must be 
considered. The unique three-dimensional branched architecture of PAMAM den-
drimers (compared with, e.g., linear multifunctional polymers) provides opportuni-
ties for spatial control at the nanoscale. Evaluating how such control influences the 
interaction of multifunctional carriers with biological environments (e.g., microm-
eter-sized cells) would be intriguing and yet unexplored.

Jevprasesphant et al. (2003b) compared the cytotoxicity of unmodified amine-
terminated (G2, G3, G4) and differentially modified PAMAM dendrimers on Caco-2 
cells. The surface amine groups were masked with 6, 9, and 15 long-chain lauroyl 
groups and with 2 and 4 linear PEG of molecular weight 2,000. The half maximal 
inhibitory  concentration (IC

50
) values of G3 and G4 PAMAM dendrimers with 6 

attached lipid chains were sevenfold higher than those of unmodified dendrimers. 
Conjugation of G4 dendrimers with 4 PEG chains resulted in marked decrease in 
cytotoxicity.

a b

0

20

40

60

80

100

120

0 0.2 0.4 0.6 0.8

Surface Density (No of amine/nm2)

%
 C

el
l 
V

ia
b
ili

ty

0

20

40

60

80

100

120

0 20 40 60 80

No of surface amine groups

%
  

C
el

l 
V

ia
bi

lit
y

Fig. 3 a Relationship between cell viability and number of surface amine groups for (filled 
square) G4 (R2 = 0.99) and (filled triangle) G2 analogs (R2 = 1). Increasing the number of surface 
amine groups causes a linear increase in toxicity with a generation-dependent slope. 
b Relationship between cell viability and surface density (R2 = 0.93). When surface density of 
amine groups is accounted for, toxicity is linear and generation-independent. Reprinted from 
Kolhatkar (2007), with permission from ACS
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Meijer’s group proposed PPI dendrimer surface modification with Boc protected 
amino acids to control the release of encapsulated drug, and the synthesis of carbo-
hydrate-coated PPI dendrimers was first proposed by the same group for targeting 
to lectin-rich organs (Jansen et al. 1994; Ashton 1997). Following a similar syn-
thetic approach, Agashe et al. (2006) functionalized PPI dendrimers using various 
Boc-protected amino acids and carbohydrates. Hemolytic toxicity using a 2% red 
blood cell (RBC) suspension, and cytotoxicity by performing MTT (3-(4,
5-Dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide) assay using human 
hepatoma (HEPG2) and adherent SV 40 virus transformed African green monkey 
(COS-7) cell lines were assessed. Hematological studies were conducted to deter-
mine white blood cells (WBCs), red blood cells (RBCs), hemoglobin (Hb), hemat-
ocrit (HCT), and mean corpuscular hemoglobin (MCH). All the modified 
dendrimers were nontoxic irrespective of the concentration (0.001–1 mg mL−1) and 
various incubation periods (1,2, and 4 h for hemolytic studies and 24, 48, and 72 h 
for MTT assay). Compared to control, saline-treated animals, a significant increase 
in WBC count and a decrease in RBC, Hb, and HCT were observed after treatment 
of rats with unmodified G5 PPI dendrimer. All surface-modified dendrimers did 
not show any significant changes in the values of hematological parameters when 
compared to control. When evaluated for immunogenicity in BALB/C mice, the 
polymers did not elicit detected antibody(IgG) titre, suggesting nonimmumogenic-
ity of these polymers under the experimental conditions. The authors suggest that 
masking of positively charged surface amine groups presumably reduced the toxic-
ity and improved biocompatibility of the surface-modified G5 PPI dendrimers. 
Although, clearly surface chemistry is significant, the toxicity of dendrimers is not 
solely determined by the nature of their surface groups. Dendrimers based on an 
aromatic polyether skeleton having anionic carboxylate groups on the surface have 
been shown to be hemolytic in a solution of rat blood cells after 24 h. It is suggested 
that the aromatic interior of the dendrimer may cause hemolysis through hydropho-
bic membrane contact.

4.3.2 Surface Modification for Targeting and Multivalent Effect

The synergistic enhancement of a certain activity, e.g., catalytic activity or binding 
affinity from a monomeric to a multimeric system, is generally referred to as the 
“cluster” or “dendritic” effect (Zeng and Zimmerman 1997). The dendritic effect is 
attributed to a cooperative effect in a multivalent system leading to a larger increase 
in activity than expected from the valency of the system (i.e., additive increase). 
Dendrimers have been used extensively as scaffolds to produce the multivalent 
effect (Page et al. 1996; Vrasidas 2001). In particular, glycodendrimers have 
emerged from the need for having multivalent effect for carbohydrate-based drugs 
(Ashton 1997; Zeng and Zimmerman 1997). Carbohydrates constitute an important 
class of biological recognition molecules. Carbohydrate-binding proteins are called 
lectins, and lectin–carbohydrate interactions have been described in numerous 
cases in the immune system (cellular activation events), in bacterial and viral 
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 infections, and in relation to cancer and cell growth. Carbohydrate-based drugs are 
of interest as microbial antiadhesins, microbial toxin antagonists, anti-inflamma-
tory, antiviral, and anticancer drugs. However, there are synthetic difficulties in 
obtaining such bioactive carbohydrate ligands. A strategy to overcome this uses the 
multivalency/cluster effect (vide supra) obtainable by dendrimer presentation, to 
create carbohydrate ligands with adequate binding affinity from simple mono- or 
oligosaccharides (Zeng and Zimmerman 1997).

Many examples of saccharide-functionalized dendrimers have been reported. 
Andre et al. (1999) reported the lactose functionalization of a G5 amine-terminated 
PAMAM dendrimer to study how the topology of binding site presentation and 
ligand display affect binding selectivity (Andre et al. 1999). This group has also 
demonstrated that dendrons having eight sialoside residues on the surface were 
1,000-fold more effective than monomeric sialic acid for the inhibition of binding of 
influenza virus to human erythrocytes (Roy et al. 1993). Tsutsumiuchi et al. (1999) 
reported the galactose and N-acetylglucose functionalization of G6–G8 PAMAM to 
study the effect that sugar density had on the ability of the dendrimer to recognize 
and encapsulate a naphthalenesulfonate salt, as well as the ability of these dendrim-
ers to inhibit wheat germ agglutinin. Woller et al. (2003) described the complete 
functionalization of G1–G6 PAMAM dendrimers with mannose. Relative to methyl 
mannose, significant enhancements in binding toward Concanavalin A (Con A) were 
observed with the larger dendrimers because they were capable of spanning multiple 
binding sites on Con A while the smaller dendrimers could not. A significant effect 
of the degree of mannose loading on the activity of G3–G6 amine-terminated 
PAMAM dendrimers toward Con A was also reported (Woller 2003).

Quintana et al. (2002) modified the surface of G5 amine-terminated PAMAM 
dendrimers with acetamide, 2,3-dihydroxy propyl and succinic acid groups to reduce 
nonspecific binding associated with the positively charged amine groups. Among 
these surface-modified dendrimers, apparent affinity and binding capacity of aceta-
mide dendrimers was highest with hydroxyl-terminated dendrimers, showing half 
the affinity of acetamide, whereas carboxyl-terminated dendrimers showed the least 
affinity toward KB (human epidermoid carcinoma) cells. A systematic study of folic 
acid targeted dendritic nanodevices revealed marked enhancement of binding to KB 
receptors due to multivalency effect (Quintana 2002). However, no increase in cel-
lular internalization was observed, suggesting the possibility that reduced tumor 
volume associated with these nanodevices is due to increased residence time, fol-
lowed by internalization, rather than increased binding, followed by endocytosis.

4.3.3 Surface Modification to Influence Drug Encapsulation and Release

The influence of dendrimer generation (G3 and G4) and PEG molecular weight (550 
or 2,000) on the ability of PEG-grafted dendrimers to encapsulate the hydrophobic 
drugs adriamycin and methotrexate was examined by Kojima et al. (2000). Nuclear 
magnetic resonance data indicated that essentially every terminal amino group on the 
dendrimer reacted with a PEG chain. Drug loading increased with dendrimer size and 
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increasing chain length of PEG grafts, with up to 6.5 adriamycin or 26 methotrexate 
molecules incorporated per dendrimer (G4) molecule. While there was evidence of 
the sustained release of methotrexate from a dendrimer carrier in an aqueous solution 
of low ionic strength, drug release was not controlled in isotonic solutions (Kojima et 
al. 2000). In order to overcome this problem and improve the retention of guest mol-
ecules, the shell structure on the dendrimer surface was introduced (Haba 2005). G4 
PAMAM dendrimers were prepared with PEG 2000 conjugated to the surface and a 
methacryloyl group at every chain end of the dendrimer through l-lysine residue. The 
methacryloyl groups were polymerized using a free radical initiator to form a nano-
capsule that could retain small molecules within the PAMAM environment. When 
methacryloyl groups were polymerized in the presence of Bengal Rose, the guest 
molecules were tightly associated with the dendrimer. However, encapsulation effi-
ciency was low, with an average of only 0.4 Bengal Rose molecules associated per 
dendrimer (Haba 2005). The influence of the degree of PEG substitution on encapsu-
lation efficiency and release characteristics of PEGylated G3 PAMAM dendrimers 
was examined by Pan et al. (2005). Using methotrexate as a model drug, it was found 
that the degree of substitution had little effect on encapsulation efficiency, suggesting 
that the drug was localized within the dendrimer rather than the surrounding PEG 
chains. The degree of substitution was reported to have an effect on release charac-
teristics, but the effect was not dramatic.

The synthesis of PEGylated dendritic systems as nanoparticulate depots for drug 
delivery was described by Bhadra et al. (2003). Amine-terminated G4 PAMAM 
dendrimers were synthesized and PEGylated using methoxy poly(ethylene glycol) 
(MPEG)-5000. A comparison was made between the properties of G4 PAMAM 
dendrimers and PEGylated dendrimers. The PEGylated systems had a higher drug-
loading capacity (12-fold for 5-fluorouracil), a slower drug release rate (1/6th), and 
a decreased toxicity, compared with the non-PEGylated dendrimers. Sideratou et al. 
investigated the solubilization and release properties of PEGylated diaminobutane 
(DAB)–PPI dendrimers using pyrene, betamethasone valerate (BV), and bethameth-
asone dipropionate (BD) (Paleos 2004). Two types of PEGylated dendrimers – 
weakly PEGylated (DAB64–4PEG) and densely PEGylated (DAB64–8PEG) 
dendrimers – along with DAB64 dendrimers, were used for the study. Pyrenes as 
well as BD and BV were successfully solubilized within the interiors of the den-
drimer but only partially in PEG coat. Densely PEGylated derivatives solubilized 
higher concentrations of pyrene. For DAB64–8PEG the loading was 13 wt% and 
7 wt% for BV and BD, respectively, whereas for DAB64–4PEG it was 6 wt% and 
4 wt%, respectively. The enhanced solubilization of these drugs in PEGylated den-
drimers suggests their application as promising controlled-release drug carriers.

4.3.4 Surface Modification to Increase Biological Half-Life

Low accumulation of dendrimers in nontarget organs is a desirable feature for 
many drug delivery approaches. A longer half-life is generally required to obtain 
passive tumor targeting via the enhanced permeability and retention (Maeda 2000) 
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effect. Because the rate of renal filtration is based on hydrodynamic volume, one 
approach to increase the half-life is to make the dendrimer larger. However, the 
synthesis of well-defined, high-generation dendrimers is time-consuming and, as a 
result of the globular architectures of the dendrimers, the increase in hydrodynamic 
volume is modest. In an alternative approach, hybrids of polyester dendrimers and 
poly(ethylene oxide) star polymers have been prepared with an increase in molecu-
lar weight up to 22,000 (Gillies 2005; Gillies and Frechet 2002). Poly(ethylene 
oxide) was chosen because it is biocompatible and available in polydispersity index 
of as low as 1.02, thereby providing hybrids with similar polydispersity. Hybrid 
polymers conjugated to doxorubicin via a hydrazone linkage were prepared. The 
hydrazone linkage is stable at the physiological pH of 7.4, but is designed to 
undergo hydrolysis upon endocytosis and subsequent trafficking to mildly acidic 
subcellular organelles such as endosomes and lysosomes. These drug conjugates 
show an increased circulation time of more than 1 h and are toxic to a range of 
tumor cell lines.

PEGylation of dendrimers has been shown to enhance biodistribution and half-
life. Okuda et al. (2006a) reported the comparison of biodistribution after intrave-
nous injection of amino-acid-based dendrimers (dendritic poly(l-lysine)s (DPKs) 
and dendritic poly(l-ornithine)s (DPOs) with PEGylated generation 6 DPKs. 
Different generations DPKs and DPOs showed similar biodistribution profiles with 
rapid elimination from the blood stream and significant accumulation in the liver 
and kidney. In contrast, PEGylation of generation 6 DPKs, showed increased blood 
retention, decreased hepatic accumulation, and almost no renal accumulation. The 
authors that hypothesized PEGylation reduced the nonspecific interaction between 
the dendrimers and biomolecules, thus improving blood retention and biodistribu-
tion. The same group proceeded to study the impact of PEGylation of generation 6 
DPK dendrimers on their biodistribution in tumor-bearing mice (Okuda 2006b). 
Generation 6 DPK dendrimers with 76 PEG chains showed significantly more 
tumor accumulation (14.6% of dose per g tumor), compared with unmodified den-
drimers (2.2% of dose per g tumor), because of the enhanced permeability and 
retention effect, again illustrating the ability of PEGylation to improve biodistribu-
tion for drug delivery.

5 Dendrimers as Oral Drug Delivery Agents

5.1 Transepithelial Transport of PAMAM Dendrimers

Few reports are available on the ability of dendrimers to cross gastrointestinal (GI) 
membranes. Wiwattanapatapee et al. (2000) first suggested the use of PAMAM 
dendrimers for oral drug delivery. It was observed that transport of dendrimers 
across epithelial barriers was much faster when compared with that of other linear 
polymers such as poly(vinylpyrrolidone), poly(N-vinylpyrollidone-co-maleic 
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anhydride), and N-(2-hydroxypropyl)methacrylamide copolymers (Wiwattanapatapee 
et al. 2000). Transport of cationic (G3 and G4) and anionic (G2.5, G3.5, and G5.5) 
PAMAM dendrimers was further investigated using everted rat intestinal sacs. For 
cationic dendrimers tissue uptake was higher than serosal transport, whereas for 
anionic dendrimers, the serosal transfer rate was higher than tissue uptake. These 
findings suggested that dendrimers could effectively transverse the epithelial layer 
of the gut, but that their transport was size and charge dependent. Specifically, G2.5 
and G3.5 carboxyl-terminated dendrimers showed the highest serosal transfer rates. 
PAMAM dendrimers have also been used for improving the oral bioavailability of 
drugs. D’Emanuele et al. (2004) used G3 PAMAM dendrimers to decrease the efflux 
and improve the transport of propranolol, which is a substrate for P-glycoprotein 
efflux pump. Conjugates with 2, 4, and 6 molecules of propranolol and with 
propranol and lauroyl chains attached to G3 dendrimers were synthesized. A sig-
nificant increase in apical-to-basolateral (AB) and decrease in basolateral-to-apical 
transport were observed when propranolol was conjugated to G3 dendrimer. 
Transport was unaffected when a physical mixture of propranolol and G3 den-
drimer was used. This suggested that when covalently attached to G3, propranolol 
bypasses the P-glycoprotein efflux pump. The extent of AB enhancement was not 
dependent on the number of propranolol molecules attached. A further 3.5-fold 
enhancement of AB permeability was observed when six lauroyl chains were 
attached to the dendrimer. The lauroyl chains likely enhanced permeability by a 
surfactant effect. The mechanisms and relative contributions of the dendrimer cores 
vs. lauroyl chains to penetration enhancement need to be further evaluated.

Using Caco-2 monolayers, as a model of intestinal cells, we evaluated the perme-
ability of fluorescently labeled cationic PAMAM–NH

2
 dendrimers as a function of 

incubation time, generation number, and concentration (El-Sayed 2002). Smaller 
dendrimers (G0–G2) had similar AB permeability despite their different molecular 
weights. PAMAM permeability increased with time (from 90 to 150 min) and con-
centration (from 1.0 to 10.0 mM). These smaller dendrimers exhibited higher perme-
ability than did G3 while exerting no toxicity (evident by lactate dehydrogenase 
assay) at 1.0 mM toward Caco-2 cell monolayers. Subsequent studies were carried 
out to evaluate the effect of surface charge on permeability characteristics of den-
drimers (Kitchens 2006). Permeability of FITC-labeled PAMAM dendrimers 
G2NH

2
, G1.5-COOH, and G2OH with similar molecular weight but different sur-

face charges was evaluated at nontoxic concentrations using Caco-2 cell monolay-
ers. An increase in permeability of amine-terminated PAMAM, compared to 
hydroxyl- and carboxyl-terminated dendrimers, was attributed to their interaction 
with the negatively charged cell membrane. A similar trend was also observed with 
the effect of PAMAM dendrimers on the integrity of Caco-2 cell monolayers. The 
effect of PAMAM dendrimer charge, size, and incubation time on transepithelial 
electrical resistance (TEER), as well as permeability of known paracellular permea-
bility marker (14C mannitol), was evaluated. An increase in permeability of mannitol 
and a decrease in TEER values with increase in concentration and generation of 
amine-terminated PAMAM dendrimers were observed, while neutral PAMAM 
dendrimers did not produce any effect. A decline in TEER value and an increase in 
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permeability of mannitol were observed in the presence of G2.5 and G3.5 PAMAM 
dendrimers but not in the presence of higher (4.5) or lower (0.5, 1.5, 2.5) generation 
dendrimers with negatively charged terminal acidic groups. Together these initial 
studies (El-Sayed 2002, 2003; Kitchens 2006) provided information about the influ-
ences of surface charge, generation, incubation time, and concentration of PAMAM 
dendrimers on toxicity and their transport across the epithelial barrier of the gut.

5.2 Effect of Surface Modification on Transport

Recently, we evaluated the influence of surface modification of amine-terminated G4 
PAMAM dendrimers on permeability across Caco-2 cell monolayers (Kolhatkar 
2007). The surface amine groups (50 and 94%) of G4 were functionalized to aceta-
mide to yield G4A32 and G4A60, respectively. Permeability and cellular uptake of 
native and surface acetylated PAMAM dendrimers were evaluated. Permeability 
enhancement was found to be a function of both dendrimer surface acetylation and 
donor concentration. At 0.01 mM, a significant increase in the permeability of 
G4A32 was observed when compared with unmodified G4 dendrimer. However, an 
additional increase in acetylation levels (e.g., G4A60) did not further enhance perme-
ability. Although unmodified G4 is toxic at 0.1 mM, a 1.5- and twofold enhancement 
of cellular permeability was achieved by increasing the G4A32 and G4A60 concen-
tration from 0.01 to 0.1 mM, respectively. The observed permeability enhancement 
of surface-modified PAMAM dendrimers could be the result of a decrease in 
hydrophilicity of the polymers leading to conformational changes and/or reduction 
in nonspecific binding. To further investigate their cellular entry mechanism, the 
uptake into Caco-2 cells of G4 surface-modified dendrimers was determined at non-
toxic concentrations (0.01 mM). A significant decrease in initial uptake for acetylated 
G4 dendrimer was observed when compared with native dendrimer. In simultaneous 
studies, G4NH

2
 dendrimers were conjugated with FITC at feed molar ratios of 1:1, 

1:4, and 1:8 (G4NH
2
/FITC) to investigate how an incremental increase in conjuga-

tion would modify the toxicity and permeability of the dendrimers (Kitchens 2006). 
The toxicity of G4NH

2
 dendrimers reduced with an increase in FITC content. 

G4NH
2
–FITC (1:8) displayed the highest relative permeability with an increase in 

mannitol flux, most likely due to a higher degree of tight junctional modulation.
Other studies have reported the influence of surface modification of cationic 

PAMAM dendrimers (G2 and G3) with longer molecules such as lauroyl chains or 
PEG on their permeability (Jevprasesphant et al. 2003a). PAMAM permeability 
generally increased with an increase in the number of lipid chains and concentration. 
The only exception was an observed decrease in permeability when the number of 
lauroyl chains attached to G2 dendrimers increased from 6 to 9. This was explained 
by the self-association of the conjugate, since aggregation was facilitated by the 
small size of G2 and the increased number of hydrophobic chains. In summary, 
native (unmodified) as well as surface-modified (e.g., acetyl or lauroyl) dendrimers 
can permeate intestinal barriers. This permeation is a function of size, charge, and 
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the characteristics of the functional group attached. By carefully tuning these proper-
ties, it is possible to tailor-make dendritic structures useful for the oral delivery of 
poorly bioavailable and highly potent drugs.

5.3 Dendrimer Internalization

Limited information is available about the mechanism(s) of transport and traffick-
ing of dendrimers across cellular barriers. Jevprasesphant et al. (2004) studied the 
transport mechanisms of PAMAM dendrimers across Caco-2 cells. Transport 
across these cells is particularly important because of its implications for oral drug 
delivery, in which dendrimers must traverse the intestinal barrier. The cellular trans-
port mechanisms of G3 PAMAM dendrimers with and without surface-modifying 
lauroyl chains across Caco-2 cell monolayers were evaluated using flow cytometry, 
confocal microscopy, and transmission electron microscopy. A significant degree 
of FITC-labeled G3 dendrimer internalization was observed, with little loss of fluo-
rescence after extracellular quenching. A higher cell fluorescence intensity was 
observed with the lauroyl-modified dendrimers, further confirming the enhancing 
effect of these functional groups. TEM studies demonstrated that dendrimer–gold 
composites were found on the apical membrane, in the membrane invaginations, 
and in multivessicular bodies, indicating internalization by endocytosis.

Recently, Seib et al. (2007) investigated the endocytosis of linear and branched 
PEI polymers and G2–G4 cationic PAMAM dendrimers into B16f10 melanoma cells. 
The objective of this work was to investigate the effect of polymer architecture on 
endocytosis and intracellular trafficking. Polymers were fluorescently labeled using 
oregon green. All polymers studied showed internalization as well as extracellular 
binding, but little evidence of exocytosis within the 60-min experimental period was 
present. PAMAM G4 dendrimers had the highest rate of internalization, followed by 
branched PEI, linear PEI, G3 and G2 dendrimers. MβCD, an inhibitor of cholesterol-
dependent endocytosis, significantly reduced the internalization of PEI branched pol-
ymers and G4 dendrimers, while it led to an increase in uptake of linear PEI, showing 
that these polymers are endocytosed by different mechanisms.

Previous studies in our laboratory suggested the contribution of an energy-
dependent process to PAMAM transport across Caco-2 cells (El-Sayed 2003). 
Temperature-dependent studies demonstrated that permeability of cationic and 
anionic dendrimers was lower at 4°C than at 37°C. Subsequent studies further 
investigated the specific mechanism(s) of endocytosis of PAMAM dendrimers by 
fluorescently labeling dendrimers with FITC and visualizing colocalization with 
endocytosis markers by confocal microscopy (Kitchens 2007). Clathrin was used 
as a classical endocytosis marker involved in coated pit formation upon membrane 
invagiation, and showed significant colocalization with the transferrin which was 
used as a positive control. Dendrimers showed significant colocalization with clath-
rin, implying that they were internalized through clathrin-dependent endocytosis 
(Fig. 4). LAMP-1 (lysosome-associated membrane protein 1), a lysosomal marker, 
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showed much lower colocalization with transferrin and also low colocalization with 
dendrimers (Fig. 5). Interestingly, dendrimers showed high colocalization with 
clathrin regardless of incubation time, indicating the constant presence of dendrim-
ers in early endosomes, while colocalization with LAMP-1 increased proportion-
ally with time, suggesting time-dependent lysosomal trafficking of dendrimers 
(Table 3) (Kitchens 2007). When examining the effect of dendrimer surface charge, 
we found that G1.5 carboxyl-terminated dendrimers had much greater colocaliza-
tion with LAMP-1 at early incubation times, while G2 amine-terminated dendrim-
ers showed increased lysosomal localization after longer incubation times, 
indicating time and charge dependence of dendrimer trafficking. Therefore, it 
appears that PAMAM generation and surface functionality influence not only their 
toxicity and permeability, but also the mechanisms and extent of intracellular traf-
ficking across Caco-2 cells.

To confirm the route of endocytosis, we investigated the uptake and apparent 
permeability of G4 PAMAM dendrimers in Caco-2 cells in the presence of four 
endocytosis inhibitors (Kitchens 2008). Specifically, brefeldin A, colchicine, fili-
pin, and sucrose were investigated to elucidate the endocytosis mechanisms that 
transport PAMAM dendrimers across Caco-2 cell monolayers. Brefeldin A and 
colchicines are known to interfere with microtubule tracking, while filipin regulates 
caveolae-mediated endocytosis and sucrose inhibits clathrin recycling. [3H]riboflavin 
was used as a positive control for endocytosis, as it is known to be internalized by 

FITC Clathrin

Tf

G1.5

G2

Merge

Fig. 4 Internalization of fluorescently labeled transferrin (250 µg mL−1) and PAMAM dendrimers 
(100 nM) in Caco-2 cells. The orange color in merged panels indicates colocalization with clathrin 
heavy chain after 20 min. Main panels illustrate the xy plane; vertical panels illustrate the yz plane; 
horizontal panels illustrate the xz plane. Scale bars = 5 µm. Reprinted from Kitchens (2007), with 
permission from Springer
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Tf

G1.5

G2

LAMP1 Merge

Fig. 5 Internalization of fluorescently labeled transferrin (250 µg mL−1) and PAMAM dendrimers 
(100 nM) in Caco-2 cells. The orange color in merged panels indicates colocalization with lyso-
some-associated membrane protein 1 (LAMP-1) after 20 min. Main panels illustrate the xy plane; 
vertical panels illustrate the yz plane; horizontal panels illustrate the xz plane. Scale bars = 5 µm. 
Reprinted from Kitchens (2007), with permission from Springer

Table 3 Extent of colocalization between transferrin and PAMAM dendrimers with 
endocytosis markers

Incubation time (min) Clathrin (%) EEA-1 (%) LAMP-1 (%)

Transferrin   
20  80.3 ± 3.1 70.4 ± 7.0 63.9 ± 7.3
60  83.4 ± 0.2 79.6 ± 0.4 57.0 ± 8.6
G2NH

2
   

20  74.3 ± 5.2 76.7 ± 3.4 37.4 ± 5.9
60  73.7 ± 3.8 72.1 ± 0.4 59.0 ± 5.2
G1.5COOH   
20  70.8 ± 3.9 60.1 ± 6.8 58.7 ± 2.0
60 75.3 ± 1.2 53.8 ± 9.7 48.9 ± 1.3

Colocalization coefficients (M
x
) are given as mean ± standard error of the mean (n = 6). Reprinted 

from Kitchens (2007), with permission from Springer
LAMP-1 lysosome-associated membrane protein 1

receptor-mediated endocytosis. The internalization of both [3H]riboflavin and [3H]-
G4NH

2
 dendrimers increased with increasing concentration. Significant reductions 

in adsorption rates were observed for all four endocytosis inhibitors with high con-
centrations of [3H]riboflavin. While all the inhibitors decreased [3H]riboflavin 
apparent permeability almost equally, they affected the permeability of [3H]-G4NH

2
 

to different degrees (Fig. 6). Based on this data and the specific endocytosis mecha-



Functionalized Dendrimers as Nanoscale Drug Carriers 227

nisms regulated by the inhibitors, it is unlikely that PAMAM dendrimers are trans-
ported by receptor-mediated endocytosis; instead, G4NH

2
 is probably nonspecifically 

internalized partly by clathrin vesicles. Understanding the transport mechanisms of 
these potential drug carriers in Caco-2 cells paves the way for future oral drug 
delivery applications of PAMAM dendrimers. Taken together, these studies show 
that dendrimers are in part internalized by endocytic mechanisms and their traffick-
ing is affected by size and charge. Using this knowledge, we can custom-tailor 
dendrimers to a given drug delivery application.

6 Conclusions and Future Directions

Dendrimers’ unique branched architecture, monodispersity, and nanosized struc-
ture make them particularly useful for delivery of bioactive agents. There are a 
number of ways that dendrimers can be surface-functionalized depending on the 
desired application. It is critical to systematically investigate how these modifica-
tions of chemistry and structure influence the dendrimers’ physiocochemical 
properties and subsequent biological behavior. Studies are emerging about the 
influence of generation number, surface charge, and surface modification on the 
interaction of dendrimers with cell surfaces and their subcellular trafficking. 
A unique advantage of dendritic structures over other random linear polymers is 
that surface topology and functionality can be controlled to a higher extent. As a 
result, intriguing studies can be conducted to systematically evaluate the influence 
of such control over interaction with cell surfaces and subsequent effects on sub-
cellular pathways. Limited in vivo studies have been performed to investigate how 

Fig. 6 Reduced apparent permeability (P
app

 × 10−6 cm s−1) of [3H]riboflavin (500 nM) and [3H]-
G4NH

2
 (1 µM) across Caco-2 cell monolayers in the absence (control) and presence of various 

endocytosis inhibitors: brefeldin A (5 µm), colchicine (10 µm), filipin (1 µg mL-1) and sucrose 
(200 mM). Results are given as mean ± SD (n = 3). Reprinted from Kitchens et al. (2007) with 
permission from ACS
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dendrimer chemistry and architecture affect biodistribution, pharmacokinetics, 
biological half-life and toxicity. These studies are needed to pave the way for the 
use of dendrimers for systemic delivery of drugs in human clinical trials. Although 
the potential of PAMAM and other dendrimers in oral drug delivery has been studied, 
to date there is no report of the utility of such approach for the effective delivery of 
therapeutic agents. Successful transport of stable polymer–drug conjugates (or 
complexes) in the GI tract and across the intestinal barrier at therapeutically relevant 
dosages are prerequisites. More exciting prospects are to target drugs to specific 
sites once they are transported across the GI epithelial barrier.
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1 Introduction

Combination of several treatment regimens such as chemotherapy, radiotherapy, and 
surgery was always more beneficial for cancer patients than monotherapy. Advances 
in combination chemotherapy in the 1970s brought improvement of life quality and 
prolonged patient survival. New types of radiotherapy and progress in noninvasive 
surgery in the mid-1990s were other milestones in cancer treatment. With human 
genome sequencing and rapid development of individual medicine approaches, new 
technologies are needed for successful treatment of cancer and many other pathological 
conditions. The road map for cancer treatment for the first two decades of twenty-first 
century is likely to focus on simultaneous inhibition of several cancer-specific molecular 
markers and/or several altered pathways or on conventional chemotherapy in combi-
nation with prevention of synthesis of tumor-specific genes/proteins. The new drug 
engineering strategies will be based on achievements of genomics and proteomics, 
production of monoclonal antibodies, nanotechnology, and bioinformatics.

They will combine conventional chemotherapy by agents damaging DNA synthesis 
with compounds targeting cell division and programmed cell death machinery, 
tumor invasion, and angiogenesis by blocking mRNA and/or protein synthesis. This 
complex approach has become possible due to modern technologies that allow over-
coming problems with specific tumor targeting and drug delivery step by step.

One of these rapidly emerging and innovative technologies concerns polymeric 
nanoconjugates. They bear numerous chemically functional groups, which allow 
covalent attachment of a variety of biochemically active groups to precisely target a 
malignant tumor and achieve a highly efficient treatment. An obvious advantage of 
polymeric nanoconjugates is that they are capable of bearing functional drugs acting 
on several tumor targets (e.g., mRNA and/or protein) at the same time. Multitargeting 
will provide effective inhibition of several tumor pathways, optimal drug concentra-
tions at the site of treatment, minimal adverse effects on healthy tissue, and a choice 
of more than one prodrug bound to each single conjugate molecule. This is likely to 
result in simultaneous delivery and synergistic effects in the recipient tumor cell.

To be highly effective, a nanoconjugate should be synthesized around a polymer 
with pendant functional groups like –OH, –COOH, or –NH

2
. Synthesis will require 

Biodegradable Multitargeting Nanoconjugates 
for Drug Delivery

Julia Y. Ljubimova, Keith L. Black, Alexander V. Ljubimov, 
and Eggehard Holler

V. Torchilin (ed.), Multifunctional Pharmaceutical Nanocarriers, 233
© Springer Science + Business Media, LLC 2008



234 J.Y. Ljubimova et al.

a hierarchy of stepwise chemical conjugation reactions, carefully avoiding uncon-
trollable side chemistry. An ideal nanoconjugate drug should be biodegradable, 
without prolonged accumulation of possibly harmful deposits and metabolites in 
nontargeted tissue and organs. Nonbiodegradable polymer platforms typically con-
tain long chain all-carbon backbones without heteroatoms (O, N, S). Besides the 
prodrug, which may often be synthetic, biodegradable modules or their components 
can be obtained from natural sources or by appropriate chemical synthesis. 
Biodegradability should be understood to involve metabolic routes and final decom-
position to water and carbon dioxide. Although it seems logical that multifunctional 
and biodegradable drugs should be of highest priority in cancer treatment, the avail-
ability of multifunctional drug-delivery systems remained scarce until now. We will 
discuss in more detail the Polycefin system of nanoconjugates with a biodegradable 
natural-derived polymeric platform. Its main advantage is related to the possibility 
of attaching various inhibitors of multiple molecular targets to the same nanoconju-
gate platform providing combination therapy with one “superdrug.” This system 
offers an easily accessible route for developing highly efficient multitargeted drug 
carriers tailored to the need of individual patients.

2 Nanoconjugate Drug Delivery

Multitargeting is a powerful and successful strategy in modern chemotherapy aimed 
at mounting a multipronged attack on several molecular routes specifically altered 
in diseased tissue, in particular, cancer (Faivre et al., 2006; Konstantinopoulos et al., 
2006; Montemurro et al., 2007; Zinner and Herbst, 2004). Targeting may be pro-
vided by the drug itself and/or by other molecules being part of the drug-delivery 
entity. Multitargeting may be achieved by a single targeting molecule aiming at par-
allel pathways, or by the simultaneous action of several targeting molecules, or by a 
combination of both (Faivre et al., 2006; Zinner and Herbst, 2004). Here, we will 
mainly address multiple targeting structures forming a single chemical entity with 
the prodrug and releasing free drug at the site of targeted tissue. The sizes of such 
chemical entities are of the order of 1–200 nm, qualifying them as nanoconjugates 
and nanodelivery systems. Nanoconjugate delivery systems are distinguished from 
nonconjugated nanodelivery vehicles (micelles, liposomes, etc.), which are physical 
entities of drug, targeting, and/or other functional molecules, but that do not form a 
chemical entity. We shall focus here on nanoconjugate drug-delivery systems with 
emphasis on the recently developed Polycefin family delivery system.

2.1 Nanoconjugate Concept

Particularly relevant to anticancer therapy is a need to reduce side effects that arise 
from toxicity to normal cells and to minimize cancer drug resistance. Nanoconjugates 
may employ several features to overcome this drawback of classical chemotherapy: 



Biodegradable Multitargeting Nanoconjugates for Drug Delivery 235 

sustained release of drug, passive enhanced permeability and retention (EPR; 
Maeda et al., 2000) effect-based targeting of macromolecules to tumor tissue, ligand-
based targeting of cell surface antigens, modules active in endosomal uptake, 
endosomal membrane disruption, drug release in the cytoplasm, protection from 
enzymatic degradation. One or more drug molecules and several or all of these 
modules are covalently bound to a high molecular mass platform thus forming the 
nanoconjugate. Polymers, as platforms able to deliver inhibitory agents to tumor 
cells, increasingly gain importance because they are less immunogenic than anti-
body platforms or viral vectors, and minimize multidrug resistance (MDR) effect 
(Kabanov et al., 2002; Luo and Prestwich, 2002), thus being very useful for repeti-
tive tumor treatment, and prevention of recurrences and metastases.

3 Targets and Targeting Concepts

Glivec®/Gleevec® (imatinib mesylate) was developed by Novartis as a break-
through drug for chronic myeloid leukemia (CML) (see Heaney and Holyoake, 
2007 for review). It was the first medicine that has been tailor-made for a specific 
pathogenetic gene product. Glivec inhibits the Bcr-Abl tyrosine kinase, which is a 
constitutively altered tyrosine kinase created by the Philadelphia chromosome 
abnormality in CML. It inhibits proliferation and induces apoptosis in Bcr-Abl-
positive leukemic cells from Philadelphia chromosome-positive CML. Glivec has 
also dramatically impacted the management of gastro-intestinal stromal tumors 
(GIST) (Bickenbach et al., 2007). This therapeutic strategy known as “targeted 
therapy” represents the future of anticancer therapy. It paves the way for new prin-
ciples of cancer drug development and manufacture.

The use of Glivec therapy for CML and GIST has brought new challenges includ-
ing optimizing disease monitoring, drug resistance, and teratogenicity (Bickenbach 
et al., 2007; Heaney and Holyoake, 2007). They may necessitate further quest for novel, 
more potent, and/or broad-spectrum tyrosine kinase inhibitors. Thus, there was a need 
to establish new best practices for CML management in the post-imatinib era. This 
was confirmed by the responses of 956 eligible physicians from the US and Europe 
to an Internet-based questionnaire, consisting of 26 multiple-choice questions, dis-
tributed between November 2005 and January 2006 (Kantarjian et al., 2007).

Current progress of CML treatment is based on the development of drugs inhib-
iting several targets. One example is dasatinib, an orally active small molecule and 
a dual inhibitor of both Src and Abl kinases, which was developed by Bristol-
Myers Squibb for the treatment of CML patients with imatinib-acquired resist-
ance/intolerance. Whereas imatinib remains a frontline therapy for CML, patients 
with advanced disease frequently develop resistance to it through multiple mecha-
nisms (Jabbour et al., 2007). One of the possible mechanisms of imatinib-acquired 
resistance is associated with increased expression of the Src-related kinase Lyn 
and loss of Bcr-Abl dependence arising from sequence mutations. Dasatinib is 
also undergoing preclinical evaluation for its potential as a therapy against multiple 
myeloma.
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Novartis oncology is actively developing agents that block signaling by simul-
taneously targeting several different protein kinases by a drug AEE788 and other 
proteins involved in cell regulation by a drug RAD001 (Everolimus). AEE788 is an 
oral multiple-receptor tyrosine kinase inhibitor of EGFR, Her-2, and VEGFR. In 
preclinical studies, AEE788 showed target specificity, antiproliferative and antian-
giogenic activity (Younes et al., 2006). RAD001 is blocking mTOR, a key control-
ler of cell proliferation and angiogenesis. mTOR is a critical component of the 
PI3K/Akt pathway, the main survival pathway that is deregulated in many cancers 
and mediates the action of IGF, EGF, PDGF, and VEGF (Yao, 2007).

All the above drugs belong to the family of “small molecules” that are fast 
cleared through kidneys and demand high therapeutic concentrations, with cardio- 
or other toxicity as a side effect. Tumor specificity is also questionable, because the 
majority of targets are present in fast dividing nontumor tissues.

Drug targeting follows an onion skin principle in the order tissue, cell surface, 
cellular compartment, molecule (Fig. 1). General macromolecular targeting of 

Fig. 1 Multitargeting nanoconjugate. A structure and mechanisms of action of a multitargeting 
polymeric nanoconjugate are shown. Nanoconjugate bears two drugs to different targets in the 
tumor cell. Targeting to tumor tissue is achieved by passive (EPR) effect, and by actively targeting 
module. In case of BTB, active targeting is achieved by an antibody to e.g., TfR. Another antibody 
ensures binding of the polymer to a tumor cell surface receptor, which can be TfR, insulin recep-
tor, EGF receptor. Nanoconjugate arrives to the endosome inside tumor cells and the active drugs 
are released to the cytoplasm. Targeting of intracellular tumor targets may be either nonspecific 
(for example, by doxorubicin or cisplatin) or specific (for example, tumor markers are blocked by 
inhibitors of kinases or phosphatases, by antisense RNA, siRNA). Several tumor cell surface anti-
gens together with tumor markers may be targeted. Targeting of several tumor cell surface antigens 
and tumor markers by active moieties on the same carrier molecule has a high probability of 
provoking favorable additive and/or synergistic effects
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tumor tissue may be called “passive,” whereas targeting of cell surface, compart-
ments, and molecules, “active” (Leary et al., 2006). Specific targeting of tumor tissue 
is the advantage of modern macromolecular nanodelivery systems, resulting in high 
drug concentration only in the tissue of delivery with negligible toxicity for healthy 
tissue. Nanoconjugates may also be distinguished on the basis of their passive 
targeting through only EPR effect to tumor tissue and their additional ability of targeting 
tumor tissue cell surface and intracellular tumor markers.

Cell surface-specific targeting agents are used to direct the drug carrier exclusively 
to the desired tissue/tumor cell (Khandare and Minko, 2006). Specific cell binding of 
the carrier system allows delivering toxic drug that acts, for instance, on DNA (cispla-
tin, doxorubicin) and eliminates the targeted cell by a mechanism that would also kill 
healthy cells in the absence of cell specificity. In this case, selectivity is achieved by cell 
surface targeting. For tumor targeting, systemically i.e., intravenously administered 
drug has to pass one or more barriers before arriving at the tumor cell surface (Fig. 1). 
Important cases include blood–tumor barrier (BTB) and blood–brain barrier (BBB). 
Attachment of the drug-delivery molecule on vascular endothelium surface receptor, 
e.g., transferrin receptor (TfR), allows traversing BTB/ BBB by transcytosis (Pardridge, 
2002, 2005). Success of a brain tumor targeting drug-delivery vehicle depends on bind-
ing to both the endothelial TfR and tumor cell surface. Both receptor-binding activities 
have to reside on the same vehicle molecule. The role of cell surface targeting moiety 
on a nanodelivery vehicle is not only to bind selectively to the tumor tissue/cells, but 
also to provide necessary concentration of the delivered antitumor drug.

Enhanced targeting specificity is achieved if the delivery molecule carries and 
releases at once several kinds of drugs active exclusively on tumor-produced mole-
cules, i.e., on tumor-specific proteins and mRNAs. Simultaneous delivery of sev-
eral drugs targeting different tumor markers provokes a statistically higher chance 
for simultaneous delivery than a mixture of nanoconjugates carrying each drug 
separately. Typical drugs with high specificity are antisense RNA and small inter-
fering RNA (siRNA) to tumor specific mRNA (tumor marker RNA). Experience 
has shown that targeting of a single tumor marker at a time may not be necessarily 
fatal for tumor cell/tissue. Targeting of several different markers at the same time 
potentially has a more powerful additive/synergistic impact. The delivery of several 
such drugs by the same delivery molecule ensures the simultaneous action against 
different tumor markers and thus the best antitumor effect. This concept of com-
bined cell surface targeting agents and multiple tumor marker blocking agents on 
same drug-delivery molecule should prove the most powerful antitumor treatment. 
Nanoconjugate drug-delivery systems of this kind are already emerging.

4 History of Targeted Nanoconjugate Drug Delivery

Tissue targeting and sustained delivery were the primary motivations for the design 
of nanoconjugate drug delivery. Ehrlich (1906) founded the concept of macromo-
lecular drug delivery targeting defined biological sites. Conjugation of drugs to 
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synthetic and biological macromolecules was already used a long time ago 
(Jatzkewitz, 1955; Panarin and Ushakov, 1968), in particular, targeted delivery by 
conjugation to immunoglobulins (Mathe et al., 1958), before Ringsdorf (1975) for-
mulated the principle of polymer as a platform for targeted drug delivery.

Antibodies are not only successful therapeutic agents in today’s disease treat-
ment (Brekke and Sandlie, 2003; Carter, 2006), but are also suitable agents for the 
purpose of biodegradable built-in cell surface targeting platforms for conjugated 
drug delivery (Schrama et al., 2006). Degradation of the polypeptide at the site of 
delivery provides release of the free active drug. Immunoconjugates and mono-
clonal antibodies (mAbs), such as doxorubicin (Doxil®), trastuzumab (Herceptin®), 
and bevacizumab (Avastin® and Lucentis®), are among FDA-approved drugs, and 
some others are in clinical trials (Schrama et al., 2006). Because of the immuno-
genicity of antibodies, unless adapted to human immune system (humanized anti-
bodies), structurally simple polymers seem to be more appropriate as nanoconjugate 
platforms. However, up to now they lacked the ability for active targeting except 
for the passive EPR-mediated accumulation in tumor tissue.

The pioneering introduction by Kopecek of synthetic N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymers as carriers of various drugs taking advantage 
of pinocytosis and endosomal cleavage of a polymer-conjugated oligopeptide 
spacer was a milestone in the development of targeted drug delivery (Duncan, 
1992; Kopecek et al., 1991, 2000, 2001). HPMA copolymers were synthesized by 
radical polymerization of methacryloyl derivatives (Kopecek and Baziliva, 1973). 
The development of HPMA copolymers as anticancer drug carriers was preceded 
by thorough investigations of their structure–property relationship and biocompati-
bility (Kopecek et al., 2000 and references therein). In first HPMA conjugates of 
anticancer drugs, such as doxorubicin, camptothecin, cis-platinate, tumor-EPR 
effect was the general mode of passive macromolecular tumor specificity. Only 
those nanoconjugate constructs were active that contained an endosomal cleavage 
site (peptide spacer recognized by endosomal peptidases or spontaneous cleavage 
of pH-sensitive hydrazone bonds (Etrych et al., 2001) ) for drug release from the car-
rier. Thus the cleavable peptidyl spacer may be considered as a targeting device for 
drug release in endosomes. Additional targeting routes were developed by introduc-
ing HPMA copolymer-anticancer drug-antibody (Kunath et al., 2000), N-acylated 
galactosamine (Duncan et al., 1986), or short peptides (Omelyanenko et al., 1999) 
conjugate that targeted specific cells by recognizing their unique surface antigens 
or receptors, respectively. The reader is referred to a recent review on HPMA 
conjugates that target specifically cell surface and intracellular components (Nori 
and Kopecek, 2005). The importance of polymer architecture for drug delivery has 
been reviewed by Qiu and Bae (2006). Macromolecular components of the drug-
delivery vehicle may also indirectly target and decrease tumor multidrug resistance 
in a structure-dependent fashion, thus overcoming limitations of chemotherapy 
with unconjugated free drugs (Nori and Kopecek, 2005). The success of nanocon-
jugate drug delivery, as manifested by FDA approval and clinical trials, as well as 
the emergence of “second generation” of nanoconjugate multidrug (cocktail) delivery 
systems have been reviewed recently (Duncan et al., 2005).
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Whereas membrane-penetrating hydrophobic drugs passively diffuse from endo-
somes into cytoplasm after being released from nanoconjugates, the targeted delivery 
for hydrophilic drugs and especially for antisense oligonucleotides (AON) or siRNA 
required further development of the delivery technique. A notable exemption is 
HPMA copolymer derivatives, which were found to deliver AON in vitro to cell 
nuclei via the endosomal pathway without the help of additional membrane-penetra-
tion moiety (Jensen et al., 2002; Wang et al., 1998). A built-in endosomal membrane 
disruption device was recently successfully introduced for the endosomal escape and 
release of free morpholino AON from Polycefin nanoconjugate (Fujita et al., 2006; 
Lee et al., 2006). This nanoconjugate drug carrier device was designed to contain 
various functional structures (modules) active in multiple targeting.

Direct access to the cytoplasm is mediated by certain peptides, particularly TAT-
derived peptides (Nori and Kopecek, 2005). In contrast to cellular uptake via the 
endocytotic pathway, however, it is not clear how specificity in cellular targeting is 
rigorously achieved in this case.

To preclude deposition in the host organism, the nanoconjugate platform should 
be biodegradable, i.e., be metabolized to water and carbon dioxide. The HPMA 
drug-delivery platform is not biodegraded and is not even cleared by the urinary 
pathway in cases of high molecular mass (>40,000) above renal threshold. By 
cross-linking short-sized HPMA-chains (molecular masses below the threshold of 
40,000) with peptides, efficient sustained drug delivery could be achieved, whereas 
long-term systemic accumulation was avoided (Sprincl et al., 1976). This approach, 
however, does not account for the fate of persisting nondegradable polymer chains 
at the cellular level. Alternative biodegradable platforms have been described in 
nanoconjugate drug delivery, such as amino acid-derived polymers (Haider et al., 
2004), especially poly(l-glutamic acid)s (Li, 2002), poly(malic acid) (Abdellaouri 
et al., 1998; Cammas et al., 1999; Fujita et al., 2006; Lee et al., 2006; Ouchi et al., 
1990), polysaccharides (Sugahara et al., 2001), and polyethylene glycol (PEG) 
(Fleming et al., 2004; Tomlinson et al., 2003; Andersson et al., 2005). Polysaccharides 
conjugated with the drug have been used for targeting colon cancer after oral 
administration (Sinha and Kumria, 2001). A remarkable new development is the 
use of RNA oligonucleotide aptamer-siRNA chimeras that target both cell surface 
antigen and mRNA to inhibit synthesis of tumor-related proteins (McNamara et al., 
2006). Whether they also profit from passive (EPR effect) tumor targeting remains 
to be investigated.

Farokhzad and co-workers (2006) conjugated docetaxel (Dtxl)-encapsulated 
nanoparticles (NP) of poly(d,l-lactic-co-glycolic acid)-block-poly(ethylene glycol) 
(PLGA-b-PEG) copolymer with the A10 2'-fluoropyrimidine RNA aptamers (Apt) 
that recognize prostate-specific membrane antigen (PSMA). After a single intratu-
moral injection of Dtxl-NP-Apt bioconjugates, complete tumor reduction was 
observed in five of seven LNCaP tumor cell xenografted nude mice and they all 
survived until day 109. In contrast, only two of seven mice in the Dtxl-NP group 
had complete tumor regression with 109-days survival rate of 57%. Dtxl alone had 
a survivability of only 14%. This report demonstrates the potential utility of 
nanoparticle-Apt bioconjugates for cancer therapy.
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5 Building of Multifunctional Nanoconjugates

5.1 Biodegradable Platform

The use of biodegradable, also naturally occurring polymers, such as poly(aspartic acid), 
poly(glutamic acid)s, poly(malic acid), and polysaccharides, is preferred when the pre-
vention of vehicle accumulation in treated patients is considered. As a rule of thumb, 
polymers that contain –O–, –NH–, –Phosphate, –S–, and –S–S– groups as main chain 
constituents are considered degradable. Such polymers may be hydrolytically cleaved 
and metabolized to water and carbon dioxide. Ideally, the same principle should hold for 
nanoconjugates. Furthermore, they should be nontoxic, nonimmunogenic and lack initi-
ation of adverse reactions of the host such as complement response or agglutination. To 
minimize immunogenicity, a minimum of different kinds and amounts of amino acids 
are considered, and the conjugate-residing time in the patient should be minimal, a 
compromise between antitumor efficacy and initiation of adverse systemic responses.

Frequently considered biodegradable polymers of synthetic and biological origin, 
such as poly(aspartic acid), poly(glutamic acid), and poly(malic acid), have pendant 
carboxyl groups available for the chemical conjugation of drug and auxiliary delivery 
modules for targeting, protection, membrane disruption, and drug release. These 
platforms are used for systemic treatment after injection into the blood circulation 
system. Other biopolymers such as starch or chitosan and its derivatives, have been 
used as carriers for controlled oral drug delivery (Golenser et al., 1999; Deres et al., 
2004; Roldo et al., 2004).

When choosing a biopolymer as carrier platform, very important properties to be 
considered are synthetic accessibility, stability, toxicity, or immunogenicity. For 
instance, both poly(l-glutamic acid) and β-poly(l-malic acid) each contain a pendant, 
chemically functional, carboxyl group per monomeric unit and a similarly high 
amount of such groups on a per gram basis. However, polypeptide [poly(l-glutamic 
acid)] has several disadvantages compared to polyester [β-poly(l-malic acid)]. 
Polypeptide is insoluble in particular organic solvents, which makes conjugation of 
groups that are functional in drug delivery more difficult and purification circumstan-
tial. On the contrary, polyester is free from these shortcomings. Further, the poly(l-
glutamic acid) chain is rather stiff due to hindered rotation around the peptide bonds. 
The β-poly(l-malic acid) is superior to poly(l-glutamic acid) in this respect because 
it is almost freely rotatable and allows the platform molecule to easily relax after 
conjugation of sterically demanding groups. Enzymatic cleavage of the peptide bonds 
in poly(l-glutamic acid) or poly(l-aspartic acid) during circulation is more likely 
than scission of poly(malic acid) ester bonds, which are not recognized by human 
enzymes. Poly(malic acid) at high doses either as free polymer or conjugated to pro-
tein did not provoke polymer-specific antibodies when injected into mice or rabbits 
(Lee et al., 2002, and unpublished data), whereas the production of antibodies against 
poly(γ-glutamate) that also recognized poly(α-glutamate), as well as those against 
poly-l-aspartate, has been reported (Murphy and Sage, 1970; Wang et al., 1993). 
Antibodies formed against Glu
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 and Glu
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Tyr

10
 had dominant specificity 

against glutamyl residues (Maurer et al., 1964). Moreover, glutamate produced by 
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enzymatic cleavage is known to be cytotoxic (Kumar et al., 2005; Ruiz et al., 2000) 
inducing apoptosis in neuronal cells (Zhang and Bhavnani, 2006) and may contribute 
to glaucoma (Gupta and Yucel, 2007). Poly(d-glutamate) caused lysosomal storage 
disorder (Kishore et al., 1990, 1996). Poly(γ-d-glutamate) is one of the toxic compo-
nents in the capsule of Bacillus anthracis and induces IgG antibodies (Schneerson 
et al., 2003). Thus the immunogenic properties of the biopolymers and toxicity of the 
monomeric unit after cleavage of the polymer have to be seriously taken into account, 
especially in the case of repeated treatment of patients.

5.2 Functional Modules

Nanoconjugates delivering drugs in vivo are equipped with a variety of chemically 
conjugated modules. The term “modules” refers to functional units of a nanoconju-
gate that carries out a particular function in drug delivery, such as endosomal 
escape or drug release from the nanoconjugate. A module not necessary refers to a 
structural unit as is depicted by the endosomal escape unit of Polycefin (Lee et al., 
2006) that comprises leucine ethylester and carboxyl groups distributed over the 
polymer platform.

A promising nanoconjugate for drug delivery contains several modules with differ-
ent functions sequentially active during delivery (Fig. 2). A module has one of the fol-
lowing activities: (1) The platform assembles the entity of module. (2) The cell surface 
targeting modules, i.e., mAbs or peptides against typically tumor overexpressed anti-
gens, such as TfR (Pardridge, 1999; Qian et al., 2002) or folate receptor (Bae et al., 
2005; Chytil et al., 2006; Leamon and Reddy, 2004), chaperone the nanoconjugate 
through cellular barriers (BBB and BTB) and to the tumor cell surfaces. Cell surface 
targeting modules may or may not be structurally identical. (3) PEG is the module 
active in protection against degradation and rapid clearance from the circulation 
(Arpicco et al., 2002; Greenwald et al., 2003; Maruyama et al., 1997; Otsuka et al., 
2003). (4) The drug-containing module carries the prodrug. The drug-releasing module 
connects the drug module to the platform. To release the drug within the endosome, the 
drug is connected with the platform by an enzymatically hydrolyzable peptide bond 
(Kopecek et al., 2000) or by a pH-dependent, spontaneously hydrolyzing, hydrazone 
bond (Bae et al., 2005; Chytil et al., 2006; West and Otto, 2005). To release the drug 
into the cytoplasm, a disulfide bridge between the platform and the drug is introduced 
that is cleaved by reduction with glutathione after the nanoconjugate escapes from the 
endosome (Lee et al., 2006; Saito et al., 2003; West and Otto, 2005). (5) The endosome 
escape module that is activated during maturation of endosomes to lysosomes. This 
module consists either of a combination of protonated and thus neutralized carboxylates 
and hydrophobic groups (Lee et al., 2006; Murthy et al., 1999; Philippova et al., 1997; 
Rozema et al., 2003; Turk et al., 2002), of ionizable, preferentially imidazole, moieties 
that become protonated during maturation (Merdan et al., 2002), or peptides that 
become lysogenic during endosome acidification (Cho et al., 2003; Mastrobattista et al., 
2002; Merdan et al., 2002). (6) An optional fluorophore for nanoconjugate localization 
and imaging after administration (Lee et al., 2006).
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Fig. 2 Polycefin as an example of a multifunctional multitargeting nanoconjugate. a Drug-delivery 
vehicle structure. The percentage values refer to the fraction of pendant carboxyl groups of 
poly(malic acid). b Correlation of the modular structures of Polycefin with their functions. Drugs 
are morpholino AON to different subunits of laminin 411 (formerly, laminin-8), a marker of 
tumor angiogenesis. They inhibit the synthesis of α4 and β1 chains that together with γ1 chain 
form the complex protein laminin 411. In panel (a), the antibodies to transferrin receptor target 
either mouse BTB or human tumor cell surface and cause drug internalization by endocytosis. The 
drug-releasing module refers to a disulfide bond that is cleaved in the target cell cytoplasm by 
glutathione. The endosomal disruption module involves both carboxyl groups and hydrophobic 
leucine ethylester residues, allowing escape of Polycefin from the endosome at a point when dur-
ing acidification of maturating endosome protonation of carboxyl groups and membrane insertion 
of hydrophobic patches formed by leucyl ethylester residues occur. Conjugation of a fluorescent 
dye to Polycefin is optional and allows following the fate of the nanoconjugate after administra-
tion in vitro or in vivo. From Ljubimova et al. 2007 (Chem. Biol. Interact. In press). Reproduced 
by permission of Elsevier Ireland Ltd ©2007

5.3 Multitargeting Property

In the simplest form, a polymer carries the drug bound via a drug-releasing module, 
thus providing tumor tissue targeting by the EPR effect. Nanoconjugate longevity due 
to absence or slow degradation and renal clearing provides sustained drug delivery to 
the tumor. An actively targeting nanoconjugate binds to surface antigens of tumor 
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cells after passive delivery to the tumor by the EPR effect, or by combined EPR and 
active receptor-mediated permeation of the BTB or BBB (see Lee et al., 2006). In this 
case, the nanoconjugate contains, besides the polymer platform, the drug module and 
the drug-releasing module, one or more targeting modules that recognize receptors on 
the surfaces of BTB and tumor cells. The multitargeting is further elaborated if the 
drug itself targets specifically a tumor-functional molecule, for instance a cell surface 
tumor marker protein such as folate receptor (Reddy et al., 2005; Yoshida et al., 2006), 
TfR (Singh 1999; Thorstensen and Romslo 1993; Daniels et al., 2006b; Pardridge, 
2002), EGFR and Her-2 (Solit and Rosen, 2007 and references therein), an intracellular 
tumor marker protein such as certain kinases and phosphatases, or a tumor marker-
encoding mRNA by virtue of a carrier platform attached AON or siRNA.

6 Pathways of Nanoconjugate Drug Delivery

To understand the module functions in the context of multiple targeting, the path-
way of a water-soluble nanoconjugate from the site of intravasal administration, e.
g., of intravenous injection, along its route to the drug targeting effector site(s) is 
briefly considered. Various biomedical aspects of drug targeting have been exten-
sively reviewed (Muzykantov and Torchilin, 2003). Once administered, the nano-
conjugate lifetime is limited by at least three factors: (1) soluble and cellular 
degradative activities in the vascular system; (2) clearance by renal glomerular fil-
tration; (3) uptake by the reticuloendothelial system (RES), particularly liver and 
spleen. A solution to the stability problem is the PEG module. Its task is to sterically 
diminish access of degrading proteases and nucleases, and to minimize recognition 
and elimination by blood cells (Papisov, 1998). To avoid fast kidney clearance, the 
delivery vehicle size should be above a certain threshold. For a polymer-based 
nanoconjugate, the size of the platform can be decisive. For HPMA nanoconju-
gates, the polymer molecular mass is tailored to higher than 40,000–50,000 (Sprincl 
et al., 1976). In general, however, the size is a function of the composition, reflecting 
the sizes of the platform and the modules, depending on their spatial arrangement 
and other parameters (Seymour et al., 1987); the overall size is less than propor-
tional to the sum of molecular masses of the constituents.

One has to keep in mind that whereas increased sizes preclude rapid clearance by 
glomerular filtration, they favor the uptake and clearance by the reticuloendothelial 
system (Gaur et al., 2000). Various mechanisms and clearance-affecting factors have 
been reviewed (Moghimi et al., 2005). To access the tumor, the drug-delivery vehicle 
has to pass through the vascular endothelium into the interstitial fluid to target tumor 
cells. In the brain, the BBB is an impermeable interface. The endothelial cells lining 
the brain–blood vessels form the principle barrier, and their unique phenotype is a 
consequence of interactions with perivascular cell types including glia present in the 
brain parenchyma. The reactivity of efflux transporters in the BBB prevents many 
administered drugs from entering the brain (Taylor, 2002). Recognition of a tumor 
from within the blood vessels would be advantageous for targeted drug delivery, 



244 J.Y. Ljubimova et al.

allowing rapid access to the tumor and avoiding encounter of toxic agents with 
healthy tissue. Targeting and transcytosis of the drug carrier via binding of its con-
jugated mAb to TfR or insulin receptor, overexpressed at BTB, are experimentally 
probed routes to cross BTB (Coloma et al., 2000; Lee et al., 2006; Pardridge, 2002; 
Zhang and Pardridge, 2005; Zhang et al., 2004). An overview on BBB drug targeting 
is presented by Pardridge (Pardridge, 2003). Fortunately, the vascular endothelium 
surrounding the tumor is imperfect and leaky contributing to the generation of the 
EPR effect. Once arrived to the interstitium, the drug vehicle has to penetrate 
through tumor tissue, probably by diffusion, its rate also depending on cell adhesion 
and cell density (Grantab et al., 2006).

After binding to a surface antigen typically overexpressed by tumor cells, the 
drug vehicle is internalized into early endosomes, which then, by fusion with pri-
mary lysosomes maturate, under concomitant acidification toward pH 5, into lyso-
somes. If the drug-delivering nanoconjugate is tailored in such a way as to be 
cleaved by enzymes contained in the maturing endosome, the drug is liberated from 
the carrier and is free to penetrate through the endosomal membrane into the cyto-
plasm. Low molecular mass drugs either find their target in the cytoplasm or diffuse 
passively into the nucleus to react with nucleic acids or nuclear proteins. In cases 
where drugs cannot penetrate the endosomal membrane, i.e., hydrophilic charged 
molecules, especially inhibitory RNA (AON or siRNA), the nanoconjugate has to 
be equipped with a module that disrupts the endosomal membrane for the escape of 
the delivery vehicle into the cytoplasm. The disrupting module contains residues that 
penetrate into the membrane and destabilize the lipid bilayer forming escape leak-
ages. These residues are fusogenic peptides or hydrophobic residues and carboxy-
lates, which are inactive at physiological pH, but form large hydrophobic membrane 
active patches after electrostatic neutralization through carboxylate protonation at 
decreasing pH of the maturating endosomes. Another kind of module contains ion-
izing, e.g., imidazole residues that have an appropriate pKa and ionize during endo-
some acidification. The ions and their counterions thus being accumulated in the 
endosome raise osmotic pressure and provoke membrane disruption.

The nanoconjugate can be designed to contain a disulfide group as drug-releasing 
module, which connects the drug with the carrier platform. Typically, the cytoplasm con-
tains abundant glutathione that rapidly cleaves the bond to release free drug. This mecha-
nism works very efficiently for AON or siRNA that become free to target specific mRNA 
in the cytoplasm for silencing the synthesis of targeted proteins (Lee et al., 2006).

7 Nanoconjugate Synthesis

7.1 Chemical Concept of the Nanoconjugate Synthesis

Chemical synthesis of nanoconjugates makes use of a variety of available synthetic 
and natural polymers that offer pendant carboxyl (–COOH), hydroxyl (–OH), or 
amino (–NH

2
) groups for the conjugation of drugs and auxiliary drug-delivering 



Biodegradable Multitargeting Nanoconjugates for Drug Delivery 245 

modules. In some cases for HPMA (Duncan, 1992; Duncan et al., 1986; Etrych 
et al., 2001; Jensen et al., 2002; Kopecek and Baziliva, 1973; Kopecek et al., 2001; 
Kunath et al., 2000; Omelyanenko et al., 1999) or poly(malic acid) (Cammas et al., 
1999) nanoconjugates, low molecular mass spacers for the attachment of large 
modules have been introduced by the polymerization or polycondensation of the 
appropriate monomeric units.

7.2  Biodegradable Nanoconjugate Platform as Exemplified 
by b-Poly(L-malic acid)

Biodegradable polymers are available as biosynthetic or man-made synthetic mate-
rial. Examples are poly(glutamic acid), poly(aspartic acid), and poly(malic acid). In 
general, chemical synthesis allows preparation of large quantities, frequently how-
ever suffering from sticky, possibly toxic synthetic impurities or undesired chiral 
isomers formed during synthesis. An example is β-poly(l-malic acid), a linear poly-
ester of l-malic acid involving the carboxyl group in β-position, while the carboxyl 
group in α-position remains pendant and available for conjugation with functional 
groups in the nanoconjugate. The biology and chemistry of the polymer have been 
investigated in some detail (Lee et al., 2002). This polycation is synthesized by the 
slime mold Physarum polycephalum, which uses the polymer for stockpiling and 
trafficking of nucleic acid-binding proteins across the giant polynucleate amoeba-
like cell, the plasmodium. Large amounts are secreted from the plasmodium and 
eventually enzymatically cleaved to l-malate by a hydrolase (Korherr et al., 1995). 
β-Poly(l-malic acid) with molecular mass M

w
 = 50,000 (polydispersity M

w
/M

n
 = 

1.3) from the culture broth of P. polycephalum was highly purified and size-fraction-
ated on Sephadex G25 (Lee and Holler, 1999; Ljubimova et al., 2007). The lyophi-
lized polyacid was devoid of material absorbing at 260-nm and 280-nm wavelengths. 
This polymer was used as a backbone for the construction of an anticancer drug-
delivery system, which we termed Polycefin (Lee et al., 2006).

7.3  Currently Used Drugs Conjugated to the b-Poly(L-malic 
acid) Nanoplatform

In current Polycefin variants, the drug module was represented by morpholino AON 
to α4 and β1 chains of tumor-specific protein, laminin-8 (currently termed laminin 
411), which is overexpressed in vessel walls of highly vascular glial tumors, inva-
sive breast cancers, and their metastases (Fujita et al., 2005; Ljubimova et al., 2001). 
This type of AON, unlike others, is very resistant against nuclease degradation and 
is highly specific at low concentrations (Summerton and Weller, 1997).

Laminins are a family of major trimeric structural proteins of basement 
membranes that are important for cell differentiation, migration, and proliferation 
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(Hallmann et al., 2005). They participate in tumor invasion as barriers for tumor cell 
penetration of surrounding tissues. At the same time, some laminins produced by 
tumor cells facilitate their migration via integrin receptors (Fujiwara et al., 2004; 
Hallmann et al., 2005). Laminin 411 (α4β1γ1; formerly, laminin-8), a vascular base-
ment membrane component, plays important roles in angiogenesis (capillary matura-
tion) and cell migration. We have documented overexpression of laminin 411 in grade 
IV human glioma (glioblastoma multiforme, GBM) and ductal breast carcinoma 
(Fujita et al., 2005; Ljubimova et al., 2001, 2004). Because laminins are trimeric pro-
teins, inhibition of synthesis of more than one chain provides a more extensive block-
ing of its production than inhibition of only one chain (Khazenzon et al., 2003). 
Therefore, our strategy was to block two laminin 411 chains rather than one, in a 
multitargeting approach. We further showed that AON inhibition of two laminin 411 
chains (α4 + β1) was able to block glioma invasion in vitro (Khazenzon et al., 2003). 
Laminin 411 involvement in vessel formation and its overexpression in tumors sug-
gested that its inhibition could reduce tumor neovascularization in vivo. In fact, this 
was recently shown for intracranial GBM implanted in rat brain (Fujita et al., 2006).

7.4 Active Tumor-Targeting Delivery Module

Transferrin receptor antibody was chosen to be the active targeting device that 
could carry Polycefin across the BTB in brain and to the GBM target cells by 
promoting binding of the nanoconjugate to pertinent cell surface receptor and its 
endosomal uptake (Jefferies et al., 1985; Skarlatos et al., 1995; Broadwell et al., 
1996; Daniels et al., 2006a, b; Lee et al., 2006). Some nanoconjugate variants con-
tained other targeting antibodies as discussed below (see also Fujita et al., 2007).

7.5  Synthesis of the Polycefin Nanoconjugate Family 
from b-Poly(L-malic acid) Platform

Poly(malic acid) is a platform of choice for a number of different nanoconjugates. 
A general protocol for the synthesis of Polycefin variants has been established 
(Lee et al., 2006), which involves a limited number of chemical reactions and 
techniques, depending on the chemical nature, i.e., solubility and reactivity of the 
nanoconjugate intermediates and the number and chemical nature of the conju-
gated modules. Synthetic reactions are carried out in organic solvents or aqueous 
solutions. Because purification of macromolecular intermediates and products is 
tedious, the experimental conditions have been designed to favor completion of 
chemical reactions. If the number of different modules is higher than two or three, 
this can be achieved by establishing a hierarchy of sequential conjugations along 
chemically different reacting groups typically in the synthesis of Polycefin (Lee 
et al., 2006). A simplified reaction scheme is shown in Fig. 3. Here, in a first set 
of amide forming reactions, the protection module (PEG), the endosome escape 



Fig. 3 Synthesis of Polycefin nanoconjugate carrying a variety of functional modules. Note the 
hierarchy in the choice of the conjugation reactions. The platform consists of biodegradable 
β-poly(l-malic acid) highly purified from the slime mold Physarum polycephalum. The carboxyl 
groups are at first chemically activated by their esterification with N-hydroxysuccinimide. The 
hierarchy involves a first series of conjugation reactions with more durable residues, i.e., with 
PEG, leucine ethylester, and the thiol-containing spacer, 2-thioethane-1-amine. In the second 
series of conjugation reactions, the biochemically fragile molecules, AONs and mAbs, are conju-
gated by forming thioether and disulfide bonds, respectively. An optional fluorescent reporter 
molecule can be similarly conjugated. Unreacted free thiol groups are then chemically blocked to 
prevent uncontrolled reactions. From Lee et al. 2006 (Bioconjug. Chem. 17:317–326). Reproduced 
by permission of American Chemical Society ©2006
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module (leucine ethylester), and a reactive spacer (2-amino-1-mercaptoethanol) 
are conjugated with the NHS-ester activated poly(malic acid) platform. In a sec-
ond set, the targeting antibody and the AON drugs are conjugated via a thioether 
bond and a disulfide bond, respectively. If a multiplicity of different drugs or 
antibodies is chosen, they will be conjugated together in a mixture with any spe-
cific stoichiometry. Purification follows the principle of separation of excess small 
reactants from macromolecular products by molecular sieving methods, either 
membrane filtration or size exclusion chromatography. By this technique, nano-
conjugates can be tailored with predictable composition and stoichiometry (Fujita 
et al., 2006, 2007; Lee et al., 2006; Ljubimova et al., 2007).

8 Physical and Chemical Methods of Delivery Validation

Whereas a variety of classical analytical methods such as confocal microscopy, 
radioactive labeling, gene expression, Western blotting, and chemical or cell bio-
logical methods have been employed to follow the selective accumulation of nano-
conjugates, noninvasive fluorescence imaging has emerged as a sensitive, rapid, 
and convenient technique (Fujita et al., 2006, 2007; Lee et al., 2006; Ljubimova 
et al., 2007).

Typically, for assessment of drug distribution and localization in nude mice, 
Polycefin nanoconjugate with covalently bound Alexa Fluor 680 dye (excitation 
wavelength 660 nm) was injected intravenously. Mice under the Isoflurane anesthe-
sia were imaged at different time points. Also in some cases, organs like brain, 
heart, lung, liver, kidney, and testicles were prepared from euthanized mice and the 
circulating drugs in blood vessels were eliminated by intra-arterial PBS perfusion 
for 20 min. A Xenogen IVIS 200 or MISTI fluorescence-imaging systems of whole 
animals and isolated organs were routinely used.

9 The Polycefin Concept

Polycefin is a fruitful concept allowing the formulation of a large host of multi-
targeting nanoconjugates by following very similar chemical protocols. The plat-
form, poly(malic acid) (Figs. 2 and 3), and technical principles have been published 
before (Fujita et al., 2006, 2007; Lee et al., 2006; Ljubimova et al., 2007). Drugs 
acting on both molecular and cellular targets can be varied by introducing nucleic 
acids, proteins, peptides, and nonprotein molecules. The only requisite is a func-
tional group for conjugation to the carrier platform. Other auxiliary groups like 
PEG, drug-releasing residues, and endosome escape functions can be varied as 
well. The degree of platform loading with functional groups is adaptable to specific 
tasks. Examples of variants have been published (Fujita et al., 2007), and some 
interesting properties will be presented here.
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9.1 Nomenclature

The term Polycefin denotes the drug-delivery device with poly(malic acid) as platform 
and the various functional groups described previously, specifically a mAb to TfR and 
leucyl ethylester as the active endosomal escape residue. Other versions of Polycefin 
that contain substitutions of the originally conjugated groups are indicated by the sub-
stituting molecule(s). Newly synthesized versions of Polycefin contain other mAbs 
instead of anti-TfR mAb. Polycefin(mTfR) denotes the version with mouse antihuman 
TfR. Polycefin(2C5) is the version with nucleosome-specific monoclonal antinuclear 
mouse autoantibody 2C5 recognizing cancer cell surface-bound nucleosomes (Fujita 
et al., 2007; Gupta and Torchilin, 2007; Iakoubov and Torchilin, 1997; Torchilin and 
Lukyanov, 2003) and Polycefin(mTfR,2C5) is the version with both antibodies.

9.2  Cell-Free Studies: Stoichiometry and Function 
of Conjugated Antibodies, Drug Release from the Platform, 
Membrane Disruption

Poly(malic acid) platform did not significantly contribute to molecular mass when 
measured by reducing sodium dodecyl sulfate polyacrylamide gel electrophoresis, 
exhibiting Polycefin (single IgG conjugated) with electrophoretic mobility coincid-
ing with that of IgG heavy chain (Lee et al., 2006). The presence of two immuno-
logically functional mAbs with different specificities was documented by ELISA 
of Polycefin(mTfR,2C5) (Fujita et al., 2007).

AONs conjugated via disulfide bonds to the Polycefin platform were rapidly released 
in the presence of millimolar concentrations of glutathione prevailing in the cytoplasm 
(Lee et al., 2006). Employing a hemolytic assay, it was shown that hydrophobic amino 
acids, when bound to the platform, contributed strongly to membrane rupture necessary 
for endosomal escape, whereas PEG functioned as a stabilizer (Lee et al., 2006).

9.3  In Vitro Results: Receptor-Dependent Endocytosis, 
Endosomal Escape, Laminin 411 Protein Synthesis 
Inhibition in Glioma Tissue

Receptor-dependent endosomal uptake was demonstrated by confocal microscopy 
(Fig. 4a) for human GBM U87MG cells using fluorescein-labeled Polycefin with 
conjugated anti-TfR antibody (Lee et al., 2006). The same uptake mechanism was 
shown in U87MG cells for Oregon Green-labeled Polycefin bearing antinucleosome 
autoantibody 2C5 or both anti-TfR and 2C5 mAbs in tandem (Fujita et al., 2007).

In vitro endosomal escape could be visualized by fluorescence confocal micros-
copy and further documented on Western blots by the inhibition of synthesis of 
glioma-specific laminin 411 chains α4 an β1 by morpholino AON (Fig. 4b) after 
their release from Polycefin in the cytoplasm (Lee et al., 2006).
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9.4  In Vivo Results: Imaging of Glioma and Breast Cancer Tumors, 
Tandem Antibody Targeting of Human Glioma Implants 
on Mice, Drug-Induced Inhibition of Tumor Angiogenesis, 
Significant Increase of Survival of Glioma-Bearing Rodents

Targeting of human glioma grown in rat brain was efficient with Polycefin-conjugated 
rat anti-TfR antibody, which cross-reacted with human TfR on the surface of human 
GBM cells thus allowing efficient transfer through the BTB and uptake by the tumor 

Fig. 4 Polycefin delivery into cultured glioma U87MG cells and in vitro targeting and inhibition of 
laminin chain synthesis. a Kinetics of intracellular accumulation of Polycefin. At 10 min of treatment 
with fluorescein-labeled Polycefin, it is localized near the cell membrane and early endosomes are 
beginning to form. At 20 min after treatment with Polycefin, maturing endosomes are visible inside 
the cells. At 30 min after treatment there is extensive codistribution of endosomal marker FM 4–64 
with Polycefin in cultured glioma U87MG cells. FM 4–64 stains endosomes (red color), and Polycefin 
is found in the same place (green color). Colocalization is revealed as yellow color (lower left). 
Confocal microscopy. b Western blot analysis of laminin chain secretion into medium with or with-
out treatment. Conditioned media of both glioma cell lines, U87MG and T98G, contain α4 and β1 
chains of laminin 411. Polycefin dramatically inhibited secretion of both laminin chains. Gels were 
normalized by the content of secreted fibronectin. From Lee et al. 2006 (Bioconjug. Chem. 17:317–
326). Reproduced by permission of American Chemical Society ©2006
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cells themselves (Lee et al., 2006). Efficient targeting was also observed with Polycefin 
for human breast cancer grown in mice (Ljubimova et al., 2007) (Fig. 5).

Targeting of human tumor in mouse brain was also attempted using Polycefin(mTfR) 
that facilitated transfer through mouse BTB but did not have the ability to target 
human glioma cells due to lack of cross-reactivity of antimouse mAb with human 
TfR (Fujita et al., 2007; Lee et al., 2006). Maximum targeting efficacy was achieved 
by Polycefin(mTfR,hTfR) that conferred in a tandem configuration targeting of both 
mouse BTB by antimouse TfR antibody and human glioma cells by antihuman TfR 
antibody (Fujita et al., 2007). A similarly enhanced tumor targeting was observed 
with Polycefin(mTfR,2C5) where antihuman TfR antibody was substituted by an 
antinucleosome mAb 2C5 reacting with nucleosomes on human tumor cell surface 
(Fig. 6). The accumulation was conveniently followed by whole animal and isolated 
organ fluorescence imaging using Alexa Fluor 680-labeled Polycefin variants (Fujita 
et al., 2006, 2007; Lee et al., 2006; Ljubimova et al., 2007).

The drug component of Polycefin was aimed at inhibiting laminin 411 synthesis and 
thus tumor-specific angiogenesis. Indeed, angiogenesis in treated glioma was substan-
tially reduced (Figs. 7 and 8) after treatment with Polycefin (Fujita et al., 2006). 

Fig. 5 Polycefin imaging with MISTI system after intravenous administration into tumor-bearing 
animals. a Breast cancer accumulation. In vivo fluorescence images of mice with xenografted 
human MDA-MB 468 breast tumor before treatment and in 2, 10, and 60 min after intravenous 
injection of Alexa Fluor 680-labeled Polycefin. Polycefin circulated in blood vessels in early 
phase (2–10 min), but declined after 60 min. However, the drug kept retaining in tumor tissue even 
after 60 min. b Brain tumor accumulation. In vivo fluorescence imaging of mouse brain with 
xenografted human U87MG glioma 24 h after intravenous injection of Polycefin. The tumor area 
(within arrowheads) shows distinct fluorescent signal. From Ljubimova et al. 2007 (Chem. Biol. 
Interact. In press). Reproduced by permission of Elsevier Ireland Ltd ©2007
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Inhibition of tumor angiogenesis was accompanied by a significantly prolonged 
survival of treated rodents (Fujita et al., 2006; Lee et al., 2006) (Fig. 7).

10 Conclusions and Future Directions

The results reported for the Polycefin family of nanoconjugates support the idea 
that tandem of even more versatile configurations of platform-conjugated antibod-
ies or other entities with appropriate target specificities and a tandem or more elab-
orated combinations of different molecular drug species are feasible and may 
significantly enhance the efficacy of tumor treatment. Multiple cell-targeting 
devices can facilitate penetration of barriers, whereas the function of multiple drug 
moieties will provoke simultaneous or even synergistic inhibition of tumor cell 
pathways and eventually tumor cell death.

An alternative approach, to simplify Polycefin structure, may involve the use of 
single inhibitors that act on multiple pathways simultaneously by blocking the 

Fig. 6 Fluorescence imaging of brain from nude mice bearing human U87MG glioma. 24 h after 
intravenous injection of free Alexa Fluor 680 and various Alexa Fluor 680-labeled Polycefin vari-
ants, only the tumor contains fluorescent drug. The highest drug accumulation in the tumor is 
observed for the tandem configuration in Polycefin(mTfR,2C5). Polycefin variants with one anti-
body (antimouse TfR or antinucleosome 2C5) show less accumulation. 100 µl of Alexa Fluor 680 
(0.6 µM) or labeled Polycefin variants at concentrations of 3 µM AONs were injected intrave-
nously. From Fujita et al. 2007 (J. Control. Release 122:356–363). Reproduced by permission of 
Elsevier B.V. ©2007
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Fig. 7 In vivo target inhibition by Polycefin and animal survival. (a) Survival of Polycefin-treated 
(0.5 mg/kg body weight) and control animals. After intracranial administration of four doses of 
Polycefin, the animal survival time was significantly increased (p < 0.0004) compared to saline-
treated or Polycefin(-mAb)-treated rats. (b) Immunofluorescent analysis of xenotransplanted brain 
tumors with antihuman mAbs to laminin α4 or β1 chains. After Polycefin treatment, the number 
of tumor vessels positive for either laminin chain was markedly diminished. Therefore, Polycefin 
inhibited the expression of both its targets and their incorporation into basement membrane by 
human tumor cells. Asterisks denote tumor-adjacent (normal) brain area. This area has signifi-
cantly decreased cellularity (revealed by blue nuclear staining with DAPI) compared to highly 
cellular tumor at the left. No vascular staining is observed in tumor-adjacent area with both 
mAbs, because the antibodies only recognized human laminin chains. Left lower panel, a hema-
toxylin-eosin (H&E) stained tumor showing a sharp boundary between highly cellular tumor and 
surrounding brain parenchyma with significantly fewer cells. Right lower panel, staining of a 
serial section with a polyclonal antibody (pAb) to laminin α4 chain recognizing human and rat 
protein that reveals all vessels. Note increased vascularity and cellularity of the tumor as opposed 
to hypocellular surrounding tissue (asterisk) that has only scattered vessels (arrows). From Fujita 
et al. 2006 (Angiogenesis 9:183–191). Reproduced by permission of Springer Science + Business 
Media B.V. ©2006
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production and/or function of groups of enzymes, such as tyrosine kinases, or mas-
ter regulatory molecules, such as protein kinase CK2. In the first group of drugs, 
for instance, SU11248 (Faivre et al., 2006), AEE788 (Younes et al., 2006), and 
RAD001 (Yao, 2007) are being seriously considered as potent anticancer drugs. 
Each of them inhibits several targets associated with tyrosine kinase-depending 
signaling pathways abnormal in many tumors. Serine-threonine protein kinase 
CK2, as a representative of the second group, acts upon more than 300 substrates 

Fig. 8 Decreased vascular density and area in tumors treated with Polycefin. (a) Double immu-
nohistochemical staining of rat brain vessels using antibodies to two endothelial markers, von 
Willebrand factor (vWF, green) and CD31 (red). The two markers were used to optimize the 
screening accuracy. In most vessels both markers codistribute (yellow color). The vessel number 
is higher in the xenotransplanted U87MG tumor than in normal brain, and this number is 
decreased after four intracranial Polycefin treatments. (b) Quantitative assessment of vascular 
density in treated and untreated tumors compared to normal brain. Vessels were revealed by either 
marker (a) and their number was quantitated at ×200 direct magnification. Images were analyzed 
using ImageJ software. Statistical significance was determined by ANOVA. Microvascular den-
sity in xenotransplanted U87MG human glioma is significantly increased compared to normal 
brain (p < 0.001). After four intracranial treatments with Polycefin, tumor vessel density was 
significantly decreased (p < 0.001) and became similar to normal brain tissue (NS, not significant 
with p > 0.05). (c) Quantitative assessment of vascular area in treated and untreated tumors com-
pared to normal brain. Vessels were revealed by either marker (a) and their relative area quanti-
tated as for vessel density. Vessel area in xenotransplanted U87MG human glioma is significantly 
increased compared to normal brain (p < 0.001). After four intracranial treatments with Polycefin, 
tumor vascular area significantly decreased (p < 0.001) but remained somewhat higher than in 
normal brain (p < 0.05). From Fujita et al. 2006 (Angiogenesis 9:183–191). Reproduced by per-
mission of Springer Science + Business Media B.V. ©2006
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inside the cell and its single inhibitors can block cell proliferation, migration, tumor 
growth, and angiogenesis, and increase cancer cell apoptosis (Ahmad et al., 2005; 
Kramerov et al., 2006; Ljubimov et al., 2004; Pagano et al., 2006; Wang et al., 
2006). The pertinent inhibitor drugs are potential candidates for future Polycefins 
or similar nanoconjugates.

The future Polycefins compounds may be directed not only against cancer but 
also against other pathological conditions, where specific delivery may be neces-
sary. Such conditions may include neovascularization in the eye as exemplified by 
the most vision-threatening diseases to date like age-related macular degeneration 
(AMD) and proliferative diabetic retinopathy (PDR). Certain aptamer (pegaptanib/
Macugen® from Pfizer) and antibody-based (ranibizumab/Lucentis® from Genentech) 
anti-VEGF drugs have been already approved for human use in wet (neovascular) 
form of AMD, with clear beneficial effects in patients after intravitreal injections 
(Takeda et al., 2007). It is quite possible that their use as part of neovasculature-
targeting nanoconjugate may increase the drug efficacy and specificity and reduce 
side effects. Drugs against PDR are only being slowly developed, which may be dif-
ficult because this disease appears to be more multifactorial than AMD, requiring 
multitargeted approach. A Polycefin with a conjugated CK2 inhibitor or inhibitors 
of several angiogenic pathways may prove to be a viable candidate for PDR therapy.

In the cardiovascular field, nanoconjugates of Polycefin type may be used that 
bear inhibitors of antiangiogenic molecules, such as thrombospondins. These drug-
delivery systems may prove beneficial for patients with myocardial infarctions who 
need enhanced angiogenesis at the site of injury (Chatila et al., 2007). Alternatively, 
after myocardial infarction there is a need for stimulating angiogenesis that may 
also be accomplished with nanoconjugates. Some small molecules, such as a syn-
thetic prostacyclin agonist, ONO-1301, have been described that activate ang-
iogenic growth factor signaling pathways and promote angiogenesis in the ischemic 
heart (Nakamura et al., 2007).

Poly(malic acid) as a polymer with multiple chemically functional pendant 
groups offers a great potential for future syntheses of tandem configured drug car-
rier systems. For instance, with the combination of anti-TfR to direct the conjugate 
across the BTB and 2C5 antibody to target tumor cells, the Polycefin system repre-
sents an ideal combination for brain tumor treatment. Further investigation of this 
system should provide a more profound understanding of the optimal targeting 
mechanisms. A tandem-type Polycefin might serve in the future as a potential ther-
apeutic intervention for treatment of patients with brain tumor and in experimental 
cancer studies. Moreover, the versatility, multitargeting abilities, and the biode-
gradable nature of the poly(malic acid) platform favor further development of the 
Polycefin concept for treatment of various diseases including cancer, ocular neo-
vascular diseases, and cardiovascular ischemic problems.
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1 Introduction

Targeted drug delivery is of particular importance for the treatment of life-threatening 
diseases such as cancer, since the adverse effects of cytostatic drugs can be very 
detrimental (Crommelin et al., 1995; Gros et al., 1981; Moses et al., 2003). 
Nowadays, polymer micelles are extensively studied as drug delivery systems to 
fulfill the requirements for selective and tissue-specific drug delivery (Adams et al., 
2003; Allen et al., 1999; Gaucher et al., 2005; Jones and Leroux, 1999; Kabanov 
et al., 1992; Kataoka et al., 2001; Kreuter, 2006; Kwon, 2003; Lavasanifar et al., 
2002b; Liu et al., 2007; Moghimi et al., 2001; Nishiyama and Kataoka, 2006; 
Torchilin, 2001, 2006; Yokoyama et al., 1992). The most attractive feature is their 
hydrophobic core with a relatively large capacity to accommodate hydrophobic 
agents, which are normally difficult to formulate. Polymeric micelles have been 
used to encapsulate a great variety of highly potent but hydrophobic drugs 
(Avgoustakis et al., 2002; Cheng et al., 2007; Djordjevic et al., 2005; Lee et al., 
2007; Lin et al., 2003, 2005; Nishiyama et al., 2001, 2003; Yi et al., 2005; 
Yokoyama et al., 1998; Zamboni, 2005), such as doxorubicin (DOX) (Gillies and 
Frechet, 2005; Hruby et al., 2005; Kabanov et al., 2002b; Lee et al., 2005; Nakanishi 
et al., 2001; Rapoport, 2004; Yokoyama et al., 1992), paclitaxel (PTX) (Cavallaro 
et al., 2003; Hamaguchi et al., 2005; Huh et al., 2005; Kim et al., 2001, 2004; 
Krishnadas et al., 2003; Liggins and Burt, 2002; Shuai et al., 2004; Torchilin et al., 
2003;), amphotericin B (Lavasanifar et al., 2002), and photosensitizers used for the 
treatment of cancer (Le Garrec et al., 2004; van Nostrum, 2004; Zhang et al., 2003). 
Some of these micellar formulations have already entered clinical trials and showed 
promising results with regard to their therapeutic index in cancer patients (Barratt, 
2000; Kim et al., 2004; Matsumura et al., 2004; Torchilin, 2006). A drug delivery 
system needs to fulfill several (pharmaceutical) requirements such as a significant 
increase in therapeutic effect with respect to the free drug, good biocompatibility, 
and the possibility to scale-up the production of the micellar formulation. In addition, 
the ideal micellar system (1) has long circulating properties and adequate stability 
in the blood stream, (2) has a high drug-loading capacity, (3) is able to selectively 
accumulate at the target site, and (4) offers the possibility to control the release of 
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the drug at the target site, for example, by external stimuli (Allen et al., 1999; 
Gaucher et al., 2005; Jones and Leroux, 1999; Kabanov et al., 1992; Kreuter, 2006; 
Kwon, 2003; Moghimi et al., 2001; Nishiyama and Kataoka, 2006; Torchilin, 2001, 
2006, 2007). Other desirable properties of polymeric micelles are the ability to be 
(degraded and) excreted from the body after the drug is released and the possibility 
to track and trace the micellar structure by encapsulating an imaging agent 
(Torchilin, 2002).

The primary focus of this chapter is the description and discussion of longevity and 
stability of drug-loaded polymeric micelles after intravenous injection, and the possibility 
to release their payload in a controlled manner upon local and/or external stimuli.

2 Longevity

Drug delivery systems such as polymeric micelles should deliver their payloads 
selectively at the target sites, and therefore longevity in the blood circulation is a 
prerequisite. Provided that the encapsulated drug will remain associated with the 
nanocarrier, a long circulating nanocarrier will longer maintain the blood level of 
its loaded drug, thereby enhancing the therapeutic effect of the drug as a result of 
the prolonged interactions in the target organ (Moghimi et al., 2001; Torchilin, 
2001, 2006). In addition, a long circulation time allows the accumulation of polymeric 
micelles themselves in pathological tissue via the so-called enhanced permeability 
and retention (EPR) effect. This EPR effect was proposed by Maeda et al. in the 
eighties, and is attributed to the higher permeability of the vasculature in diseased 
areas due to discontinuous endothelium, and to impaired lymphatic drainage 
(Gaucher et al., 2005; Matsumura and Maeda, 1986; Maeda et al., 2000, 2003; 
Torchilin, 2001). These two features enable extravasation of colloidal particles 
through the “leaky” endothelial layer into the tumor and inflamed areas, and subsequent 
retention there.

However, the human immune system rapidly recognizes and eliminates foreign 
objects via adsorption of opsonic proteins onto their surface. Therefore, a key issue 
for prolonged circulation of colloidal drug carriers is to reduce the rate and extent 
of this opsonization, and the recognition by cells of the reticulo-endothelial system 
(RES). It has been shown that the so-called steric stabilization, i.e., coating of the 
particle surface with hydrophilic polymers (e.g., poly(ethylene glycol), poloxamer) 
effectively reduces the interaction with opsonic proteins, and thereby uptake by the 
RES cells of the liver, spleen, and bone marrow (Illum et al., 1987; Leroux et al., 
1995; Moghimi et al., 1991b; Owens and Peppas, 2006; Stolnik et al., 1995; 
Woodle and Lasic, 1992). Next to surface characteristics, the biodistribution of 
polymeric micelles depends on many other factors including predominantly particle 
size (Gaucher et al., 2005; Nishiyama and Kataoka, 2006; Torchilin, 2007; 
Vonarbourg et al., 2006a) and particle rigidity (Sun et al., 2005; Vonarbourg et al., 
2006a) as will be described in this section (vide infra).
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2.1 Steric Stabilization

2.1.1 Poly(Ethylene Glycol)

Poly(ethylene glycol) (PEG) (also called poly(ethylene oxide) (PEO) ) is the most 
frequently used hydrophilic segment of amphiphilic micelle-forming copolymers, 
for example in PEG-b-poly(propyleneglycol) (PPO) (Kabanov et al., 1992), PEG-b-
polyesters (Hagan et al., 1996; Carstens et al., 2007a; Luo et al., 2002; Shi et al., 
2005; Yamamoto et al., 2001), PEG-b-phospholipid (PL) (Lukyanov and Torchilin, 
2004; Weissig et al., 1998), and various PEG-b-poly(meth)acrylamide derivatives 
(Neradovic et al., 2004; Rijcken et al., 2005; Soga et al., 2004; Topp et al., 1997). 
The ubiquitous use of PEG results from its low toxicity and immunogenicity, and 
FDA approval in various pharmaceutical formulations. Moreover, it has unique 
physicochemical properties, such as excellent water solubility, high flexibility, and 
a large exclusion volume, resulting in good “stealth” properties (Adams et al., 
2003; Allen and Hansen, 1991; Lee et al., 1995; Molineux, 2002; Torchilin and 
Trubetskoy, 1995; Woodle and Lasic, 1992;). Since the discovery of these “stealth” 
properties and the positive effect of a PEG coating on the circulation kinetics of 
colloidal drug delivery systems in the early nineties (Klibanov et al., 1990), the 
responsible mechanisms and factors that influence this effect have been extensively 
studied, but are not fully elucidated yet, as reviewed recently by Vonarbourgh et al. 
(Vonarbourg et al., 2006a). In general, the reduction of opsonization by PEG is 
ascribed to shielding of surface charge and an increased hydrophilic surface, 
thereby preventing the two main driving forces for protein adsorption, i.e., electro-
static and hydrophobic interactions. In addition, reduction of the Van der Waals 
interactions, enhanced repulsive forces, and the formation of an impermeable poly-
meric layer on the particle surface, and also the binding of dysopsonins (i.e., natu-
rally occurring substances known to inhibit phagocytic ingestion) are considered to 
attribute to the protective effect (Owens and Peppas, 2006; Soppimath et al., 2001; 
Torchilin, 2006; Torchilin and Trubetskoy, 1995; Vonarbourg et al., 2006a). 
Prolonged circulation times as a result of effective blocking of opsonization can 
only be achieved when the protective polymer layer is sufficiently thick. On the 
other hand, the PEG chains should retain their flexibility for an optimal protection 
against recognition by the immune system. Both factors are related to PEG molecular 
weight, conformation, and the surface chain density (Gaucher et al., 2005; Michel 
et al., 2005; Owens and Peppas, 2006; Soppimath et al., 2001; Vonarbourg et al., 2006a).

The positive effect of a higher PEG molecular weight to reduce protein adsorption 
(Fig. 1), and to prolong circulation times of colloidal particles was among others 
demonstrated for 14C-benzylamine labelled PEG-b-P(Asp) micelles with covalently 
bound doxorubicin. An increase in the molecular weight of PEG from 5,000 to 
12,000 resulted in a fivefold increase of the blood level of the micelles at 4 h post 
injection (13 vs. 68% of the injected dose), and decreased hepatosplenic uptake 
(Kwon et al., 1993b, 1994). The favorable influence of a longer PEG chain on the 
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blood circulation times was also reported for a series of Pluronic® (PEG-PPO-PEG) 
block copolymers (Kabanov et al., 2002a). Although usually PEG with a molecular 
weight between 1,000 and 15,000 Da is used to design polymeric micelles for drug 
delivery, smaller PEGs may also be able to form a protective layer. For instance, 
coating of lipid nanocapsules with PEG with a molecular weight of 660 Da resulted 
in steric stabilization and reduced protein opsonization, which was ascribed to a 
high surface chain density (Vonarbourg et al., 2006b). Remarkably, regarding the 
PEG chain conformation on the surface, it was shown that the attachment of both 
ends of the PEG chain onto the surface resulted in better protection than single 
chain end attachment, despite a lower chain mobility (Hu et al., 2007; Peracchia 
et al., 1997). It was suggested that single chain end attachment allows easier 
penetration of the PEG layer by proteins (Fig. 1B), and that it results in a less dense 
PEG layer, when compared to double chain end attachment (Hu et al., 2007; 
Peracchia et al., 1997).

Although nowadays PEG is considered to be the golden standard for the steric 
stabilization of nanoparticles, it is not as inert as generally assumed. Several studies 
with PEGylated liposomes indicate the binding of blood proteins (Moghimi and 
Szebeni, 2003), and disappearance of the stealth properties at low lipid doses and/or 
upon repeated administration (Carstens et al., 2006; Dams et al., 2000; Ishida et al., 
2002; Laverman et al., 2000). The repeated administration of drug-loaded poly-
meric micelles has been reported in several studies. However, these studies focussed 
on the antitumor effect of the micellar formulation of a cytostatic drug, rather than 
the biodistribution of the carrier itself, or the loaded drug (Hamaguchi et al., 2005; 
Kim et al., 2001; Le Garrec et al., 2004; Nishiyama et al., 2003; Yokoyama et al., 
1998, 1999;). It is anticipated that the loss of the long circulation behavior upon 
repeated administration or at low doses is not limited to PEGylated liposomes, and 
that micelles with a hydrophilic PEG shell may be subject to this phenomenon as 
well. This warrants the search for alternative protective coatings, as will be 
described in the next section.

Fig. 1 Effect of chain density (A, large (a) and small (b) proteins) and conformation (B) on the 
repulsion of opsonic proteins (P). This figure was published in (Vonarbourg et al., 2006a). 
Copyright Elsevier (2006)
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2.1.2 Alternative Coatings

Based on the above-mentioned mechanistical aspects, alternative hydrophilic 
polymers (Table 1) have to be biocompatible, hydrophilic, water soluble, and 
highly flexible. Polymeric coatings that successfully prolonged the circulation 

Table 1 Various hydrophilic polymers used for the steric stabilization of micelles

Polymer Abbreviation Chemical structure References

Poly(ethylene 
glycol)

PEG HO

O

Hagan et al. (1996); Kabanov et al. 
(1992); Kwon et al. (1993b); Topp 
et al. (1997); Weissig et al. (1998); 
Yokoyama et al. (1998); Yamamoto 
et al. (2001); Carstens et al. (2007a); 
Luo et al. (2002); Lukyanov and 
Torchilin (2004); Neradovic et al. 
(2004); Rijcken et al. (2005); Shi et 
al. (2005); Soga et al. (2004)

Poly(N-vinyl
pyrrolidone)

PVP

N O

Benahmed et al. (2001); Chung et al. 
(2004); Le Garrec et al. (2002, 
2004); Lee and Lee (2007); Lele and 
Leroux (2002); Luo et al. (2004)

Poly(vinyl)
alcohol

PVA

OH

Zuccari et al. (2005)

Poly(2-ethyl-2-
oxazoline)

PEOx N

O

Hsiue et al. (2006); Kim et al. (2000); 
Lee and Lee (2007); Lee et al. 
(1999b); Volet et al. (2005)

Poly(N-(2-
hydroxy-
propyl) 
methacryla-
mide)

PHPMA O

N
H

OH

Lele and Leroux (2002)

Poly(acry
lamide)

P(AAm) O

NH2

Allen et al. (1999); Torchilin and 
Trubetskoy (1995)

Dextran Dex

O

O

OH O

HO
HO

O

O

OH

HO
HO

O
O

OH O

HO

Lemarchand et al. (2005); Rouzes 
et al. (2000)
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times of liposomal carriers are based on poly(oxazoline) (Woodle et al., 1994), 
poly(glycerol) (Maruyama et al., 1994b), poly(N-vinyl pyrrolidone) (PVP) (Torchilin 
et al., 1994, 2001), poly(acrylamide) (PAAm) (Torchilin et al., 1994), 
poly(vinylalcohol) (PVA) (Takeuchi et al., 2001), poly(N-(2-hydroxypropyl) meth-
acrylamide) (PHPMA) (Whiteman et al., 2001), and poly(amino acids) (Metselaar 
et al., 2003; Romberg et al., 2007). Several of these polymers have also been used 
as hydrophilic part of amphiphilic block copolymers in the development of polymeric 
micelles, which will be described in this section.

Poly(N-Vinylpyrrolidone)

An attractive PEG alternative is poly(N-vinylpyrrolidone) (PVP), which is highly 
hydrophilic, flexible, and biocompatible, similar to PEG. In recent years, micelle 
formation of several amphiphilic PVP-containing block copolymers has been 
reported, for example, copolymers with poly(lactic acid) (PLA) (Benahmed et al., 
2001; Le Garrec et al., 2004; Luo et al., 2004), PCL (Chung et al., 2004; Lee and 
Lee, 2007; Lele and Leroux, 2002), and PNIPAAM (Le Garrec et al., 2002), and the 
effective encapsulation of hydrophobic drugs such as indomethacin (Benahmed et al., 
2001), chloro aluminum phthalocyanine (Le Garrec et al., 2002), and paclitaxel 
(PTX) (Le Garrec et al., 2004) was demonstrated. It has been shown that PVP effec-
tively prolongs the circulation time of liposomes (Torchilin et al., 1994, 2001), but 
these data are not yet available for micellar systems. In vivo studies with PVP-coated 
micelles focused on the biodistribution and tumor accumulation of micelles loaded 
with chloro aluminum phthalocyanine (Le Garrec et al., 2002) or PTX (Le Garrec et al., 
2004). For both drugs, no improvement in blood circulation times, tumor accumulation, or 
therapeutic effect was observed when compared to a similar dose formulated in 
Cremophor EL®, which may be related to a fast release of the drug from the micelles 
or disintegration of the micelles themselves. However, the maximum-tolerated dose 
of PTX-loaded PVP-b-PLA micelles in mice was more than five times higher than 
that of Taxol® (PTX formulated in Cremophor EL). By using a higher dose, a better 
antitumor activity could be achieved (Le Garrec et al., 2004).

Polysaccharides

Another class of polymers used as PEG alternative is the group of polysaccharides, 
which play a role in the surface characteristics of several cells, e.g., red blood cells. 
These cells effectively evade the immune system, which may be related to the pres-
ence of oligosaccharide groups on their surface (Lemarchand et al., 2004; Moghimi 
et al., 2001). It was demonstrated that dextran-g-PCL nanoparticles, and dextran-
coated PLA nanoparticles showed a lower protein adsorption than bare polyester 
nanoparticles (Lemarchand et al., 2005; Rouzes et al., 2000). Whereas these studies 
did not investigate the circulation kinetics of these dextran-coated nanoparticles, 
prolonged circulation times were reported for poly(methyl methacylate) (PMMA) 
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nanoparticles coated with dextran or heparin, compared to bare PMMA nanoparti-
cles (Passirani et al., 1998). Recently, micelles of hydroxyethyl starch (HES) 
grafted with acyl chains were reported, which may also evade the RES (Besheer et al., 
2007). However, the pharmacokinetics of these HESylated nanoparticles in vivo has 
not been investigated yet. It was demonstrated that the conformation of polysaccharides 
is of high importance when minimizing the interactions with plasma proteins 
(Lemarchand et al., 2006). In contrast to PEG (vide supra, Sect. 2.1.1), a brush-like 
configuration conferred a more effective protection than the presence of dextran 
loops at the surface. Although poly- and oligosaccharides present at the nanoparticles 
surface may protect against RES uptake, saccharide receptors are present in the 
membranes of several cells (Lemarchand et al., 2004). This enables their use in 
active targeting approaches (Sect. 2.4), and is illustrated by the recognition of 
galactose presenting nanoparticles by hepatocytes (Maruyama et al., 1994a).

Other Hydrophilic Blocks

Several other biocompatible hydrophilic polymers have been used as the 
shell-forming component in polymeric micelles, for example, poly(N,N,dimethylamino-
2-ethyl methacrylate)(PDMAEMA) (Bougard et al., 2007), poly(ethylenimine)(PEI) 
(Nam et al., 2003), poly(acrylic acid) (PAAc) (Allen et al., 1999; Inoue et al., 
1998), and poly(asparagine) (Jeong et al., 2005a). However, the longevity of these 
micelles in vivo is questionable, because of the charges present on the micellar shell 
surface. In addition, p(NIPAAM-co-N,N-dimethylacrylamide (DMAAm) ) was 
suggested as the shell-forming block (Kohori et al., 1999). Since this copolymer 
displays thermosensitive behavior, it can be used for the temperature-triggered 
release of encapsulated drugs, as will be discussed further on in this chapter.

Micelles composed of poly(2-ethyl-2-oxazoline)-b-polyester (Hsiue et al., 2006; 
Kim et al., 2000; Lee and Lee, 2007; Lee et al., 1999b; Volet et al., 2005;), 
PHPMA-b-PCL (Lele and Leroux, 2002), poly(acryl amide) (PAAm)-b-palmitate 
(Allen et al., 1999; Torchilin and Trubetskoy, 1995), and PVA-b-oleylamine (Zuccari 
et al., 2005) may exhibit prolonged circulation times in vivo, since these 
hydrophilic blocks effectively protected liposomes against rapid RES uptake (vide 
supra), but evidence is not yet obtained.

2.2 Micellar Size

The size of micelles is another predominant parameter determining its fate after 
i.v. injection. Nanoparticles larger than 200 nm are removed by mechanical filtration 
by the interendothelial cell-slits in the spleen, and particles with a molecular weight 
smaller than 50 kDa (a hydrodynamic diameter of 5–10 nm) are subject to renal 
excretion (Kabanov et al., 2002a; Kwon, 2003; Moghimi et al., 1991a, 2001). The 
size of polymeric micelles (10–100 nm) prevents elimination via these routes, but it 
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was shown that the extent of RES uptake and tumor penetration were related to 
their size as well (Gaucher et al., 2005; Kabanov et al., 2002a; Kwon, 2003; 
Nishiyama and Kataoka, 2006; Torchilin, 2007). For example, shell-crosslinked 
poly(tert-butylacrylate)-b-polystyrene (PBA-b-PS) micelles with a size of 20 nm 
had significantly higher blood residence times than their two times bigger counter-
parts (50% vs. 5% of the injected dose at 1 h after injection) (Sun et al., 2005), and 
the same trend was found with PEG-b-PHDCA micelles of 80 and 170 nm (Fang et al., 
2006). It should be mentioned, however, that in the latter study, the longer circulation 
times of the 80-nm micelles may be related to a higher surface density of PEG 
because of the smaller size. As pointed out in Sect. 2.1.1, a higher PEG density 
results in more effective shielding. Furthermore, it was suggested that the particle 
size itself is of importance, since small particles have a higher curvature, thereby 
hampering the adsorption of proteins (Vonarbourg et al., 2006a).

In contrast, Weissig et al. demonstrated that i.v.-injected PEG
5000

-b-distearoyl 
phosphatidyl ethanolamine (PEG-b-DSPE) micelles of 15 nm circulated shorter 
than 100-nm liposomes in mice with a subcutaneously established Lewis lung car-
cinoma. Remarkably, the tumor accumulation of the small micelles was much 
higher than that of the liposomes (Weissig et al., 1998). This is ascribed to the low 
cutoff size of the tumor vessel wall, which is different in each tumor type, and 
determines the ability of nanoparticles to penetrate the tumor tissue (Hobbs et al., 
1998; Yuan et al., 1995). Especially in solid tumors, such as Lewis lung carcinoma, 
the small size of micelles is indeed an additional advantage over, e.g., liposomal 
and other bigger nanoparticulate systems. A different tumor penetration was also 
reported for doxorubicin-loaded PEG-b-poly(aspartate hydrazone adriamycin) 
micelles of 65 nm and liposomes of 150 nm (Bae et al., 2005; Nishiyama and 
Kataoka, 2006). The micelles were found inside tumoral spheroids, whereas the 
150-nm liposomes were found only in the periphery (Nishiyama and Kataoka, 
2006). Thus, small-sized nanoparticles benefit more from the EPR effect as a result 
of their higher ability to penetrate into tumor tissue.

2.3 Other Strategies to Improve Circulation Times

Next to surface characteristics and particle size, the rigidity of the particle also 
influences the circulation kinetics. It has been reported that liposomes with a rigid 
lipid bilayer exhibit long circulation times despite the absence of a protective PEG 
layer (Oku and Namba, 1994; Senior and Gregoriadis, 1982). Sun et al. compared 
the biodistribution of poly(tert-butylacrylate) (PBA)-b-polystyrene (PS) micelles 
with a high T

g
, glassy PS core, to that of PBA-b-poly(methyl acrylate) (PMA) 

micelles with a low T
g
, fluid-like PMA core, and demonstrated that a more rigid, 

glassy micellar core results in a longer blood retention.
In addition to changing particle-related parameters, such as surface characteristics, 

size, and rigidity, another strategy to improve the circulation times of nanoparticles 
may be predosing with empty micelles to saturate the elimination mechanisms. 
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In fact, this was the first strategy to improve the circulation times of liposomes 
(Abra et al., 1980), but so far it has not yet been investigated for micellar systems.

2.4 Longevity of Actively Targeted Polymeric Micelles

Although long circulation times promote the passive targeting of polymeric 
micelles and thus the delivery of the entrapped drug at its site of action, their delivery 
may be further improved by active targeting. Specific ligands such as internalizing 
antibodies (Gao et al., 2003; Torchilin et al., 2003), sugar moieties (Jeong et al., 
2005b), transferrin, RGD, and folate (Park et al,. 2005; Xiong et al., 2007) have 
been coupled to the micellar shell to promote cellular recognition and internalization 
of the drug carrier (Lee et al., 2003; Liu et al., 2007b; Torchilin, 2004; Xiong et al., 
2007). The delivery of drugs by actively targeted long-circulating micelles is a 
promising approach to improve its site-specific action, but the properties of such 
carriers are paradoxal. On the one hand, the presence of a targeting ligand, especially 
antibodies or other proteins, on the micellar surface may enhance its recognition by 
the immune system and thereby removal from the circulation. On the other hand, 
the presence of a protective polymer such as PEG may interfere with the binding of the 
ligand to its target. A strategy to tackle the above-mentioned paradox is the use of 
a “sheddable” coating, i.e., a coating that is removed after arrival at the target site. 
Recently, a pH-sensitive deshielding of a TAT peptide coupled to the surface of 
PEG-b-PLLA micelles was reported. The cationic TAT ligand was shielded at pH 
7.4 by the anionic pH-sensitive poly(methacryloyl sulfadimethoxine) (PSD) block 
of a PEG-b-PSD copolymer. Upon lowering the pH to 6.6, the complex was 
disrupted and TAT was exposed, resulting in enhanced cellular uptake and localization 
at the surface of the nucleus (Sethuraman and Bae, 2007).

3 Micellar Stability

Even with a prolonged circulation, selective drug accumulation can take place only 
if premature leakage of drug molecules from the micelles is prevented or the release 
of the drug is slow during the first few hours after administration. Essentially, the 
core-forming segment determines the micellar stability, its drug-loading capacity, 
and drug release profile, which explains why so many core-forming, mainly hydrophobic, 
polymers have been investigated (Table 2) (Allen et al., 1999, 2000; Hagan et al., 
1996; Kabanov et al., 2002a; Kwon, 2003; Liggins and Burt, 2002; Torchilin, 2001; 
van Nostrum, 2004; Yokoyama et al., 1998; Zhang et al., 2006).

The stability of a polymeric micelle can be considered either thermodynamically 
or kinetically. Polymeric micelles are thermodynamically stable when the polymer 
concentration in the water is above the critical micelle concentration (CMC), also 
called the critical aggregation concentration (CAC). Below the CMC, amphiphilic 
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block copolymers in water are present as single chains in the bulk and at the air–
water interface. When the concentration is increased above the CMC, the Gibbs 
free energy (∆G) of the system is minimized by the self-assembly of the 
amphiphiles, as a result of the hydrophobic interactions between the hydrophobic 
blocks (Attwood and Florence, 1983; Kwon, 2003). Since polymeric micelles are 
subject to dilution in the circulation upon intravenous injection, it is important to 
know their CMC, and to administer a sufficiently high dose (Allen et al., 1999; Liu 
et al., 2007). The kinetic stability of a micellar system is related to the exchange 
rate of single polymer chains between the micelles and the bulk, and even upon 
dilution below the CMC, the micellar system may still be kinetically stable (Allen 
et al., 1999; Attwood and Florence, 1983; Kwon, 2003; Kwon and Okano, 1996). 
The rate of disassembly is related to the strength of the interactions in the micellar 
core, which depends on many factors, such as the physical state of the core-forming 

Table 2 Hydrophobic polymers used as core-forming block in polymeric micelles

Polymer Abbreviation Chemical structure References

Poly (lactic acid) PLA

O

O

O Dong and Feng 
(2004); Le Garrec 
et al. (2004)

Poly(ε-caprolactone PCL

O

O

O

Carstens et al. 
(2007a); Luo et al. 
(2004); Shi et al. 
(2005)

Poly(N-iso 
propylacrylmide)

PNIPAAM

HN

O

R

O

O

R = CH2 or C2H4 

Neradovic et al. 
(2001); Topp et al. 
(1997)

Poly(γ-benzyl l-gluta-
mate) or poly(γ-
benzyl l-aspartate)

PBLG or 
PBLA

HO

O

Jeong et al. (2005b); 
Kwon et al. 
(1993a); Watanabe 
et al. (2006); 
Yokoyama et al. 
(2004)

Poly(propylene oxide) PPO O

N
H

O

R O

O

H

n

R = H or CH3; n is 1 - 4 

Kabanov et al. (1992, 
2002b); Rapoport 
et al. (2002)

Poly(methacrylam ide 
oligolactates)

pHEMA-Lac
n
, 

pHPMA-
Lac

n

O

N
H

O

R O

O

H

n

R = H or CH3; n is 1 - 4 

Rijcken et al. (2005); 
Soga et al. (2004)
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polymer state (crystalline or amorphous), the presence of solvent (e.g., methanol or 
dioxane residues due to the preparation procedure) in the micellar core, the ratio 
between the hydrophilic and the hydrophobic block of the copolymer, and the 
encapsulation of hydrophobic compounds (Allen et al., 1999; Gaucher et al., 2005; 
Kwon, 2003; Yokoyama et al., 1998). Preferably, polymeric micelles have a (semi-)
crystalline or glassy core at body temperature, and are composed of block copoly-
mers with a low CMC (Allen et al., 1999; Gaucher et al., 2005; Kwon, 2003; Teng 
et al., 1998). In addition to micellar stability, several other factors influence the 
release of the loaded drug, such as the length of the core-forming polymer segment 
and the amount of loaded drug (Kim et al., 1998). Importantly, the compatibility 
between the core-forming polymer and the drug affects the drug loading and release 
(Allen et al., 1999; Gaucher et al., 2005). By a proper selection of the block copoly-
mer, the compatibility with the drug was optimized for various micellar systems, 
which is expected to increase the in vivo drug retention (Forrest et al., 2006; 
Hamaguchi et al., 2005; Huh et al., 2005; Kwon et al., 1994; Lavasanifar et al., 
2002a; Le Garrec et al., 2004; Lee et al., 2003b; Liu et al., 2004; Prompruk et al., 
2005; Torchilin, 2001; Wilhelm et al., 1991).

However, the presence of blood components often leads to premature drug 
release, either by provoking micelle destabilization, or by extraction of encapsu-
lated drug from intact micelles (Konan-Kouakou et al., 2005; Liu et al., 2005; Lo 
et al., 2007; Opanasopit et al., 2005; Savic et al., 2006). Therefore, much effort is 
currently undertaken to improve the thermodynamic and the kinetic stability of 
drug-loaded micelles. Several strategies have been investigated, including modification 
of the micelle-forming polymers to reduce their CMC (Sect. 3.1), physical and 
covalent crosslinking (Sects. 3.2 and 3.3), and improving the drug–polymer 
compatibility (Sect. 3.4).

3.1 Reducing the CMC

The thermodynamic stability of polymeric micelles can be improved by reducing 
the CMC of the amphiphilic block copolymers. This is easily achieved by adjusting 
the sizes of the blocks (Allen et al., 1999; Gaucher et al., 2005). Both, a larger 
hydrophobic block and a smaller hydrophilic block, result in a higher overall hydro-
phobicity, thereby reducing the CMC (Carstens et al., 2007a; Kabanov et al., 2002a; 
Kwon, 2003; Le Garrec et al., 2004; Letchford et al., 2004). In addition to size, the 
nature of the hydrophobic block is an important parameter determining the CMC. 
Chemical modification of the hydrophobic block, for example by the introduction 
of aromatic groups, has been demonstrated to effectively reduce the CMC (Carstens 
et al., 2007a; Mahmud et al., 2006; Opanasopit et al., 2004; Watanabe et al., 2006; 
Yokoyama et al., 2004). For instance, changing the amount of benzyl groups in the 
modified poly(β-benzyl l-aspartate) (PBLA

mod
) block of PEG-b-PBLA

mod
 copolymer 

from 44 to 75% resulted in a tenfold reduction of the CMC (Opanasopit et al., 
2004). A 60–200-fold reduction was obtained by the end group modification of 
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mPEG
750

-b-oligo(ε-caprolactones) with a benzoyl or a naphthoyl moiety (Carstens 
et al., 2007a). Similarly, an increase in the level of fatty acids (Lavasanifar et al., 
2001) or hydrophobic oligolactates (Rijcken et al., 2005) attached to the polymer 
backbone resulted in a reduced CMC.

3.2 Physical Interactions

The introduction of aromatic groups does not only improve the thermodynamic 
stability by decreasing the CMC, but may also improve the kinetic stability of the 
micelles by strengthening the interactions inside the micellar core through π-π-
stacking. Mahmud et al. studied the viscosity of the core of PEG-b-PCL micelles 
and PEG-b-poly(α-benzyl-ε-caprolactone) micelles with fluorescence spectroscopy 
and found, besides a decreased CMC (vide supra), an increased rigidity of the micellar 
core as a result of the introduction of aromatic groups (Mahmud et al., 2006). 
The introduction of crystallinity or stereocomplex formation was shown to enhance the 
stability of micelles as compared to the amorphous counterparts (Kang et al., 2005; 
Zhang et al., 2006a). An increase in physical interactions was also obtained by 
hydrogen bonding (Yoshida and Kunugi, 2002). A summary of physical interactions 
that can play a role in the kinetic stability of micelles is illustrated in Fig. 2.

In addition to interactions between the core-forming polymers, the incorporation 
of a hydrophobic drug may also enhance the micellar stability. For example, 
Yokoyama et al. demonstrated that the stability of PEG-b-P(Asp)micelles was not 

Fig. 2 Interactions in the micellar core that enhance the kinetic stability of polymeric micelles
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only increased by the amount of chemically bound doxorubicin (DOX), but also by 
the amount of physically entrapped DOX (Yokoyama et al., 1998).

Micelle formation may also be driven by the electrostatic ionic interaction forces 
of oppositely charged block copolymers, to form the so-called polyion complex 
(PIC) or complex coacervate micelles (Fig. 3) (Cohen Stuart et al., 2005; Harada 
and Kataoka, 1999; Rodriguez-Hernandez et al., 2005b). Examples of polyion couples 
are PEG-b-poly(L-lysine)(P(Lys) ) and PEG-b-poly(α, β-aspartic acid) (Harada and 
Kataoka, 1995, 1999), PEG-b-polymethacrylic acid (PMA) and poly(N-ethyl-4-vin
ylpyridinium)(PEVP)(Kabanov et al., 1996), or PEG-b-poly(2-vinylpyridinium) 
(P2VP) and polystyrene sulfonate (PSS) (Gohy et al., 2000). PIC micelles that 
comprise thermosensitive shells were described (Cohen Stuart et al., 2005; Park et al., 
2007), as well as PIC micelles composed of PEG-PMA and Ca2+, with a crosslinked 
PMA core (Bronich et al., 2005). Polymers having negatively charged units, such 
as PMA and P(Asp) (co)polymers, were used to form micelles with cationic drugs 
or peptides, and polycations such as PEG-P(Lys) were used to form micelles with 
siRNA/DNA (Harada and Kataoka, 2006). The advantage of PIC micelles is their 
ease of preparation, i.e., simple mixing of aqueous solutions of drug and polymer. 
However, their application is limited due to the low stability in physiological saline 
and the drugs prerequisite to be hydrophilic, although this could be overcome by 
copolymerizing phenylalanine in the polymer backbone, thereby enhancing the 
hydrophobic/aromatic interactions (Prompruk et al., 2005). On the other hand, the saline-
induced micelle destabilization can be utilized to control the release of the loaded 
drug. This concept was demonstrated for cisplatin complexed PEG-b-p(glutamic 
acid), as will be discussed in Sect. 4.7 (Nishiyama et al., 2003).

Fig. 3 Formation of PIC micelles with a thermosensitive shell composed of poly(2-isopropyl-2-
oxazoline)(PiPrOx) shell and a core composed of the anionic ionomer poly(aspartic acid)P(Asp) 
and cationic poly(l-lysine) (P(Lys) ). Reprinted with permission from (Park et al., 2007). 
Copyright (2007), American Chemical Society
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3.3 Covalent Crosslinking

In addition to the above-mentioned physical means to enhance stability of micelles, 
chemical crosslinking of either the shell, the interfacial layer, or the core of the 
micelles has been used to prepare stable particles with a micellar morphology (Fig. 4) 
(Harada and Kataoka, 2006; O’Reilly et al., 2006; Rodriguez-Hernandez et al., 
2005b; Rosler et al., 2001). The increased stability of covalently crosslinked 
micelles vs. their noncrosslinked counterparts was proven among other techniques 
by the insensitivity of micelles toward a destabilizing agent (e.g., sodium dodecyl 
sulphate (SDS) ) (Iijima et al., 1999; Kim et al., 1999; Rijcken et al., manuscript 
submitted). While the micellar morphology was fixed by the crosslinking proce-
dure, drug release could be controlled by the crosslink density (Hu et al., 2006), and 
stimuli responsiveness was retained (e.g., to pH, temperature, salt concentration) 
(Bae et al., 2006; Bontha et al., 2006; Liu et al., 2002a; Rijcken et al., manuscript 
submitted). However, in contrast to physical crosslinking, the covalent crosslinking 
approach may adversely affect the overall degradability of the micelle and the 
structural integrity of the encapsulated drug (when the crosslinking procedure is 
performed in the presence of the drug).

3.3.1 Shell Crosslinking

The hydrophilic shell of polymeric micelles has been covalently crosslinked by 
chemical or photo-induced reactions (Harada and Kataoka, 2006; Jiang et al., 
2006b, 2007; Joralemon et al., 2005; Li et al., 2006, 2006a; O’Reilly et al., 2006; 
Rodriguez-Hernandez et al., 2005a; Sun et al., 2005). For example, in polypeptide-
b-polydiene micelles, covalent bonds were formed between either the amine or 
carboxylic acid groups in the hydrophilic polypeptide block using glutaraldehyde 
or a diamine, respectively, as crosslinking agents. Crosslinking by amide bond 
formation was induced by the addition of an activating agent (e.g., a water-soluble 
carbodiimide) (Rodriguez-Hernandez et al., 2005a). The shell consisting of 
poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) were crosslinked 

Fig. 4 Covalent crosslinking of the micellar shell, the interfacial layer, or the micellar core
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by alkylation with a bifunctional alkyl iodide (P2ilon et al., 2005) and the shell of 
poly(4-vinylpyridine) (P4VP)-b-polystyrene were crosslinked by addition of a 
water-soluble radical initiator, followed by UV irradiation at 50 °C (Thurmond 
et al., 1999). Besides shape fixation, shell crosslinking also provides a tool to con-
trol the permeability of the micellar shell for drug molecules (Hu et al., 2006). The 
surface stabilization can also be applied in stimuli-sensitive micelles to further 
control the drug release (Bae et al., 2006; Li et al., 2006a; Pilon et al., 2005) (see 
Sect. 4). A major disadvantage of crosslinking the shell segments is that all reactions 
have to be performed at high polymer dilution, in order to selectively crosslink the 
micellar shell while avoiding the formation of intermicellar crosslinking (O’Reilly 
et al., 2006). Furthermore, the shell fixation may hamper the chain flexibility of the 
shell-forming polymers, thereby impairing the steric stabilization.

3.3.2 Interfacial Crosslinking

Alternatively, the interfacial layer between the micellar core and shell can be 
crosslinked by the introduction of a crosslinkable spacer between the hydrophobic 
and the hydrophilic block (Jiang et al., 2006b; Liu et al., 2002b; Zhang et al., 
2006b). This approach will leave both the micellar core and shell, and consequently 
the loaded drug and steric stabilization, respectively, unaffected, while it may pro-
vide a way to control drug release. Examples of spacers used are poly(glycerol 
monomethacrylate) (PGMA) and poly(2-hydroxyethyl methacrylate) (PHEMA), 
which can be crosslinked by the addition of divinyl sulfone (Liu et al., 2002a,b), or 
by derivatizing PGMA with cinnamoyl chloride followed by UV irradiation of the 
aqueous micellar solution (Jiang et al., 2006b).

3.3.3 Core Crosslinking

Core crosslinked (CCL) micelles can be prepared using functional groups present 
at the chain end or along the core-forming block. Often, hydroxyl moieties present 
in the hydrophobic block are functionalized with (meth)acrylate groups (Iijima et al., 
1999; Li et al., 2006b; Shuai et al., 2004). After micelle formation, the hydrophobic 
blocks are crosslinked by thermal (Iijima et al., 1999; Li et al., 2006b) or photo-
induced polymerization (Kim et al., 1999; Rheingans et al., 2000). Other strategies 
to obtain CCL micelles from (meth)acrylate functional block copolymers are 
Michael addition with multifunctional thiol compounds (Lee et al., 2006), or for-
mation of an interpenetrating network using a hydrophobic polyfunctional acrylate 
(Petrov et al., 2005). Another example is PIC micelles composed of anionic PEG-
b-P(Asp) and the cationic protein trypsin, which were crosslinked by Schiff-base 
formation of gluteraldehyde with the protein. An interpenetrating network of 
crosslinked trypsin was formed in the core which was stable even at high ionic 
strength (0.6 M NaCl), indicating that, next to protein–protein crosslinks, also 
covalent bonds between the primary amino groups at the ω-end of the P(Asp) 
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segments and aldehyde groups in glutaraldehyde were formed. Besides, the pro-
tein retained its enzymatic activity (Jaturanpinyo et al., 2004). PIC micelles com-
posed of PEG-b-PMA/Ca2+ were crosslinked by reacting the carboxylic acid 
groups in PMA with 1,2 diethylenediamine in the presence of a carbodiimide 
(Bontha et al., 2006; Bronich et al., 2005).

3.3.4 Cleavable Crosslinks

A drawback of crosslinked micelles may be that covalent linkages in the shell, the 
core, or the interfacial layer can negatively affect the biodegradability of the poly-
meric assemblies. The use of reversible or degradable crosslinks may (partly) cir-
cumvent this. Reversible crosslinked micelles were formed by the introduction of 
thiol groups on the lysine units in PIC micelles, followed by their oxidation to 
disulfide bonds (Kakizawa et al., 1999). In addition, disulfide bonds were used to 
stabilize the interfacial layer of PEG-b-(poly(N,N-dimethylacrylamide)-stat-
(N-acryloxysuccinimide) )-b-PNIPAAM micelles. The resulting particles were 
prone to reduction by agents such as gluthatione or dithiothreitol. Therefore, the 
reducing environment in the cytoplasm of cells is also a potential trigger for disintegration 
and drug release from these particles (Li et al., 2006a).

Recently, hydrolyzable CCL micelles were developed via introduction of 
methacrylate moieties at degradable oligolactate grafts of a core-forming polymer 
backbone. These crosslinked micelles showed superior physical stability with 
respect to their noncrosslinked counterparts and the degradation time could be 
controlled by their crosslink density (Rijcken et al., manuscript submitted).

3.3.5 Effects of Crosslinking on Drug Loading and Release

The above-described crosslinking strategies of the shell, interfacial layer, or micellar 
core not only fixed the micellar morphology, but also retarded the release of the 
loaded drug (Hu et al., 2006; Jiang et al., 2006a; Li et al., 2006a, 2007a). In addition, 
the crosslinking can influence the drug-loading capacity. An eightfold higher 
amount of triclosan was encapsulated in PEG lipid micelles after polymerization of 
the chain ends, which was attributed to a higher stability of core crosslinked compared 
to unmodified micelles (Tian et al., 2004). Obviously, one should always be aware 
that the structural integrity of the loaded drug molecules should be preserved upon 
the chemical crosslinking of the core. To avoid unwanted modification of entrapped 
drug molecules, the micelles can be crosslinked first and subsequently loaded with 
drugs. For example, mPEG-b-PLA micelles were crosslinked by thermally initiated 
polymerization of methacrylate groups in the core. Next, via a microemulsion 
method and subsequent evaporation of the organic solvent, paclitaxel (PTX) was 
loaded into these CCL micelles. A loading capacity of 3–6 weight percent (% w/w), 
equal to noncrosslinked micelles, was achieved (Kim et al., 1999). Crosslinked 
PEG-b-poly(methacylic acid) micelles were loaded with cisplatin by 48 h of incubation 
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with an aqueous drug solution. Subsequently, the unbound cisplatin was removed 
by ultracentrifugation, and a drug loading of 22% w/w was obtained (Bontha et al., 2006).

3.4 Micellar Core–Drug Compatibility

Even at high micellar stability, the retention of the loaded drug cannot be guaranteed. 
Upon contact with blood, extraction and redistribution of the drug between the 
micellar core and blood components might take place (Konan-Kouakou et al., 2005; 
Liu et al., 2005). The retention and release of a drug is related to the amount of drug 
loaded, the size of the core (Kim et al., 1998), the compatibility between the micellar 
core and the drug, and the effect of external stimuli (vide infra). The compatibility 
between the polymer and the drug can be quantified and predicted by the Flory–
Huggings interaction parameter:

c
sp

= (d
s
 – d

p
) 2 V

RT
s ,

where c
sp

 is the interaction parameter between the drug (solubilizate, s) and the 
core-forming polymer (p), d

s
 is the Scatchard–Hildebrand solubility parameter of 

the drug and d
p
 that of the polymer, and V

s
 is the molar volume of the drug (Allen 

et al., 1999; Torchilin, 2001). To obtain an optimal compatibility between the drug 
and the core-forming polymer, c

sp
 should be as low as possible. This means that 

there is no universal micellar system that can be used for all drugs, but an optimal 
combination has to be found for each drug to improve its retention (Allen et al., 
1999; Forrest et al., 2006; Gaucher et al., 2005; Hamaguchi et al., 2005; Huh et al., 
2005; Kwon et al., 1993b, 1994; Lavasanifar et al., 2002a; Le Garrec et al., 2004; 
Lee et al., 2003b; Liu et al., 2004; Prompruk et al., 2005; Torchilin, 2001; Watanabe 
et al., 2006; Wilhelm et al., 1991; Yokoyama et al., 1994, 1998, 2004). This 
approach was proven for example by Liu et al. who compared the interaction 
parameters of a series of core-forming polymers with a drug (ellipticine). It was 
demonstrated that in this way a good selection could be made, resulting in high 
drug-loading capacities and slow release (Liu et al., 2004). Similarly, the core-
forming polymer can be modified to get a better compatibility with the drug. For 
example, the loading efficiency in PEG-b-poly(β-benzyl L-aspartate) (PBLA) 
micelles and the in vivo therapeutic effect of the aromatic drug camptothecin was 
improved by increasing the number of aromatic groups on the polymer backbone, 
which was ascribed to aromatic interactions between the benzyl groups and the 
drug (Watanabe et al., 2006; Yokoyama et al., 2004). A similar approach was used 
to design a micellar system for doxorubicin (DOX) (Kataoka et al., 2000) and pacli-
taxel (PTX) (Hamaguchi et al., 2005). Chemical modification of the drug can be an 
alternative way to increase the compatibility with the micellar core. Forrest et al. 
synthesized prodrugs of the anticancer drug geldanamycin and indeed demon-
strated that a higher encapsulation could be obtained when the chemical structure 
of the prodrug was matched with the core-forming segment (Forrest et al., 2006).
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The drug is stably retained in the micellar core when the drug is chemically 
attached to the micelle-forming polymer. This approach was applied by Yokoyama 
et al., who covalently bound DOX to the P(Asp) block of PEG-b-P(Asp) copolymers. 
The resulting PEG-b-P(Asp)-DOX conjugate formed micelles (Kwon et al., 1994; 
Yokoyama et al., 1994, 1998). In addition to the bound DOX, large amounts of free 
DOX could be loaded through π–π stacking in these micelles, and encapsulation 
efficiency depended on the amount of conjugated drug (Yokoyama et al., 1998). In 
vivo studies demonstrated that these DOX-loaded micelles had a considerably 
higher antitumor activity compared to free DOX in C26-bearing mice after i.v. 
injection (Nakanishi et al., 2001). A phase I clinical trial was conducted with this 
formulation (NK911, Fig. 5) in 23 patients with metastatic or recurrent solid tumors 
refractory to conventional chemotherapy. It was found that the toxicity profile of 
NK911 was similar to free DOX. However, NK911 exhibited longer half-lives, a 
lower clearance, and a larger AUC, suggesting prolonged circulation times compared 
to free DOX. A phase II clinical trial is currently going on (Matsumura et al., 2004).

In summary, ideally the micelles should circulate long and reach the target site 
intact, with the drug still loaded in the micellar core. However, this should not be 
confused with completely inert, nondegrading, and nonreleasing micelles since this 
would cause long-term accumulation in the body, especially after repeated 
administration. Moreover, the drug should eventually be released to interact with 

Fig. 5 PEG-b-poly(aspartic acid) micelles with covalently bound and physically entrapped doxo-
rubicin, also known as NK911. Reprinted from Macmillan Publishers Ltd: British Journal of 
Cancer (Matsumura et al., 2004), copyright (2004). Permission request in progress



Pharmaceutical Micelles: Combining Longevity, Stability, and Stimuli Sensitivity 281

the therapeutic target. Therefore, ideally, the encapsulated agents should be selectively 
released at the target site, and the micelles should dissociate into single block 
copolymer chains or even chain fragments, with a molecular weight less than 
50,000 g/mol to enable clearance via the renal pathway (Lavasanifar et al., 2002b; 
Seymour et al., 1987). At the target site, the drug can be released by degradation of 
the carrier system, but preferably via a more controlled mechanism, i.e., being the 
result of specific stimuli as discussed in the next sections of this chapter.

4 Stimuli Sensitivity

As pointed out in the previous sections, in an ideal micellar system, the drug is stably 
retained in the micelle during circulation, and after accumulation in the targeted 
tissue, only here the drug is released as a result of environmental triggers. A release 
mechanism utilizing the locally different conditions in pathological tissue com-
pared to healthy tissue is attractive to achieve a high concentration of the drug in 
the target tissue. Besides, the loaded drug can be released by an external trigger 
including temperature, light, or ultrasound. Micelles which are destabilized as a 
result of either physiological or external triggers are referred to as “stimuli-sensitive 
micelles.” After micelle formation, stimuli-sensitive micelles disassemble only after 
certain triggers, for example as a result of changed polymers properties (e.g., polarity). 
Moreover, the originally stably encapsulated drug is expected to be released con-
comitantly with the disintegration of the micelles. A variety of triggers has been 
investigated to destabilize drug-loaded polymeric micelles, including temperature 
(Sect. 4.1), pH (Sect. 4.2), hydrolysis (Sect. 4.3), enzymatic reactions (Sect. 4.4), 
redox processes (Sect. 4.5), light (Sect. 4.6), other (e.g., ultrasound in Sect. 4.7), as 
well as combinations thereof (Sect. 4.8) (Fig. 6). These approaches have been 
described for micelle-forming amphiphilic block copolymers (Rodriguez-Hernandez 
et al., 2005b), and for peptide amphipiles (Mart et al., 2006).

A sophisticated stimuli-sensitive release system is obtained by coloading of an imaging 
agent, which enables tracking of the micelles in vivo as discussed in Sect. 4.9.

4.1 Thermosensitive Polymeric Micelles

An aqueous solution of a thermosensitive polymer is characterized by a so-called 
cloud point (CP). Below the CP, the polymer is hydrated and intra- and interpoly-
mer interactions are prevented, thus rendering the polymer water soluble. Once 
the polymer solution is heated above the CP, the hydrogen bonds between the 
water molecules and the polymer chain are disrupted and water is expelled from 
the polymer chains. Interactions between the hydrophobic moieties of the polymer 
chain can now take place, which is associated with the collapse of the polymer 
and finally results in phase separation (aggregation/precipitation of the polymer). 
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Various thermosensitive block polymers are presently under investigation for the 
development of polymeric micelles for pharmaceutical applications (Chilkoti et al., 
2002; Hoffman et al., 2000; Jeong et al., 1997; Kabanov et al., 2002a). Poly(N-
isopropylacrylamide) (PNIPAAm) is the most extensively studied thermosensitive 
polymer with a CP of 32 °C (Heskins and Guillet, 1968; Pelton, 2000; Schild, 
1992). The CP of a thermosensitive polymer can be tailored by copolymerization 
with hydrophobic or hydrophilic comonomers, resulting in a decreased or 
increased CP, respectively (Feil et al., 1993; Neradovic et al., 2001; Park and 
Kataoka, 2006; Rijcken et al., 2005; Shibayama et al., 1996; Soga et al., 2004). 
Via this strategy, polymers with a CP around body temperature were designed to 
create polymeric micelles, which are suitable for temperature-induced micelle 
dissociation. Thermosensitive copolymers can be used either as a hydrophilic, 
shell-forming segment (for example, p(NIPAAM-co-DMAAm) and poly(2-isopro-
pyl-2-oxazoline) (Kohori et al., 1999; Park et al., 2007) ) or as a hydrophobic, core-
forming segment of block copolymers (for example, pNIPAAM and pHPMA-Lac

n
 

(Soga et al., 2004; Topp et al., 1997) ) (Fig. 7).
The advantage of thermosensitive core-forming segments is that micelles are 

simply prepared by heating an aqueous polymer solution (above the CMC) till 
above the CP of the thermosensitive part, i.e., no organic solvents are required. The 
heating rate is a critical factor for the ultimate size of the formed nanoparticles; a 
fast heating rate resulted in smaller micelles than when a slow heating rate was 
applied (Neradovic et al., 2004; Qiu and Wu, 1997; Zhu and Napper, 2000). A major 
drawback for the first generation of thermosensitive polymeric micelles based on 
nondegradable polymers (e.g., pNIPAAM) is that thermal treatment (hyperthermia 
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Fig. 6 Examples of stimuli-sensitive polymeric micelle destabilization. Adapted from a figure 
published in Rijcken et al. (2007). Copyright Elsevier (2007)
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or hypothermia) is required for their destabilization and concurrent drug release, 
which is not always feasible in clinical practice. Therefore, thermosensitivity is 
frequently combined with other stimuli-responsive mechanism, such as pH- or 
light-sensitivity, and degradability (Sect. 4.8).

4.2 pH-Sensitive Polymeric Micelles

The mildly acidic pH encountered in tumor and inflammatory tissues (pH ∼ 6.8) as 
well as in the endosomal and lysosomal compartments of cells (pH ∼ 5–6), provides 
a potential trigger for destabilization of a pH-sensitive carrier (Engin et al., 1995; 
Haag, 2004). The major mechanism to induce pH-sensitivity is changes of charges 
in (polyion complex) micelles; pH-dependent cleavage and destabilization will be 
discussed in Sect. 4.3.

Typically, block copolymeric micelles that contain basic groups such as L-histidine 
(His) (Lee et al., 2003, 2003a), pyridine (Martin et al., 1996), and tertiary amine 
groups (Lee et al., 1999a; Tang et al., 2003) are pH sensitive. The block copolymers 
assemble into micelles at a pH one unit above the pKa of the amines, where the 
pH-sensitive block is essentially uncharged and hydrophobic, thereby forming the 

Collapse and
aggregation 

Thermosensitive
block 

Hydrophobic
block 

Hydrophilic
block 

heating 

cooling
Dissolution

Fig. 7 Drug-loaded block copolymer micelles comprising a thermosensitive block either as the 
hydrophilic shell below the CP (top) or as the hydrophobic core above the CP (bottom). Heating 
or cooling will accomplish distortion of the micellar structures with concomitant release of the 
loaded drug. This figure was published in Rijcken et al. (2007). Copyright Elsevier (2007)
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core of the micelles. Decreasing the pH below the pKa results in protonation of 
the polymer, which in turn leads via an increased hydrophilicity and electrostatic 
repulsions to destabilization of the micelles. The transition pH can be controlled by 
mixing different block copolymers. For instance, a mixture of PEG-b-P(His) and 
PEG-b-PLA formed stable micelles at pH 7.4 and dissociated at pH 6.0–7.2, 
depending on the ratio of the two block copolymers in the micelles (Lee et al., 
2003, 2003a). Another example of pH-sensitive micelles is the sulphonamide-
containing nanoparticles which collapsed upon protonation of the sulphonamide 
units (pKa = 6.1), thereby releasing the loaded doxorubicin at pH < 7 (Na and Bae, 
2002; Na et al., 2004).

Block copolymers that are in their protonated (= water soluble) form at pH < pKa 
can be easily loaded with drug. Upon increasing the pH of an aqueous solution of 
2-(methacryloyloxy)ethyl phosphorylcholine (PMPC)-b-2-(diisopropylamino)ethyl 
methacrylate (PDPA) block copolymers from pH 3 to pH 7, the PDPA block (pKa 
6–7) became deprotonated (i.e., hydrophobic) and self-assembly took place. In the 
presence of a model compound (dipyridamole, only soluble below pH 5.8), this 
neutralization resulted in the formation of dipyridamole-loaded micelles (Giacomelli 
et al., 2006). Furthermore, tamoxifen and paclitaxel could be stably encapsulated in 
these PMPC-b-PDPA micelles at pH 7.4. Lowering of the pH below the pKa of the 
PDPA block resulted in a fast release of the drugs. This pH-triggered release might 
be advantageous when loaded micelles permeate into relatively acidic tumor tissue, 
or when they are taken up via the endocytotic pathway (Licciardi et al., 2006).

4.3 Chemical Hydrolysis to Induce Micellar Disintegration

Micellar disintegration and concommittant drug release can be established by 
chemical hydrolysis, which includes degradation of the polymer backbone 
(discussed in Sect. 4.3.1), cleavage of side groups (discussed in Sect. 4.3.2), and 
hydrolyis of covalent bonds between drug and polymer in micelle-forming polymer–
drug conjugates (discussed in Sect. 4.3.3).

4.3.1 Chemical Hydrolysis of the Polymeric Backbone

Backbone hydrolysis of the hydrophobic block of an amphiphilic block copolymer 
is a frequently applied method to destabilize micelles used for drug delivery 
(Kumar et al., 2001) (Table 3). For example, the chemical degradation of the pol-
yester block in PEG-b-poly(DL-lactic-co-glycolic acid) (PLGA) (Zweers et al., 
2004), PCL-b-PEG-b-PCL (Hu et al., 2004), and mPEG-b-oligocaprolactones 
(Carstens et al., 2007b) was associated with changes in particle size, indicating 
micelle destabilization. Furthermore, transition of PEG-b-PCL worm micelles 
into spherical micelles was observed upon hydrolysis of the ester bonds in the 
PCL block (Geng and Discher, 2005). The ester hydrolysis is pH dependent and 
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the ester bonds in oligolactates (de Jong et al., 2001) and oligocaprolactones 
(Carstens et al., 2007b) displayed an optimal stability at pH ∼ 4–5. However, even 
at physiological pH and temperature, chemical hydrolysis of caprolactone-based 
polymers and oligomers is slow and will hardly play a role in vivo. It is antici-
pated that in the body these polymers will be mainly cleaved by enzymatic deg-
radation (vide infra) (Carstens et al., 2007b). Moreover, when the drug should be 
released in the mildly acidic tumor tissue and endosomal compartments of cells 
and, consequently, degradation of micelles is desired at relatively low pH, other 
types of polymers such as poly(ortho esters) (POE) have a better degradation 
profile (Heller and Barr, 2004) (Table 3). Indeed, PEG-b-POE micelles displayed 
a higher stability at pH 7.5 than at pH 5.5 (Heller et al., 2002). The effect of 
hydrolytic degradation on micelle stability has been extensively studied, and 
although it is generally believed that micelle destabilization leads to the release 
of the loaded drugs, experimental data on the relation between degradation and 
drug release are scarce. One of the few examples was described by Geng et al., 
who correlated the degradation-induced transition of PEG-b-PCL worm-to-sphere 

Table 3 Biodegradable moieties embedded in polymeric micelles
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micelles with the release of the loaded paclitacel (PTX). PTX release from these 
micelles was caused by a reduction of the drug-carrying capacity, since spherical 
micelles have a smaller volume-to-surface ratio than worm micelles (Geng and 
Discher, 2006).

4.3.2 Cleavable Side Chains

When hydrophobic side chains in the core-forming block, which are contributing to 
the stability of the micelles, are removed by hydrolysis, the hydrophilicity of the 
micellar core will increase and micelles undergo destabilization. A good example 
is PEG-b-P(Asp) that is stabilized by cyclic benzylidene acetals in the hydrophobic 
core via π–π stacking. The micelles were stable at physiological pH, whereas 
hydrolysis of the acetal bonds at pH 5 generated the more polar diols (Table 3). The 
overall hydrophilicity of the polymer increased, resulting in micellar dissolution 
and release of an encapsulated hydrophobic dye (Gillies and Frechet, 2003). A 
similar mechanism was applied for linear dendritic block copolymers. In vitro, 
these polymeric micelles displayed an accelerated release of entrapped DOX at 
acidic pH as a result of micelle disruption (Gillies and Frechet, 2005; Gillies et al., 
2004). Thermosensitive (block co) polymers containing biodegradable side chains 
will be discussed in Sect. 4.8.2.

4.3.3 Cleavage of Polymer–Drug Conjugates

In the case of polymer–drug conjugates, drug release from polymeric micelles can 
be established by the acid-catalyzed cleavage of a labile linkage by which the drugs 
are attached to the polymer. For example, the acid-labile hydrazone linkage 
between DOX and PEG-b-P(Asp) resulted in an accelerated release of DOX at 
acidic pH in vitro (Table 3). In comparison to free DOX, these pH-sensitive DOX-
hydrazone-micelles had a 15-fold greater AUC

blood
, a higher antitumor activity, and 

a reduced toxicity in vivo. Moreover, micelles in which DOX was bound via a non-
degradable amide bond did not exert any antitumor activity (Bae et al., 2003, 2005; 
Hruby et al., 2005). In a recent study, a triblock copolymer ( (PLA-co-glycolic acid-
alt-glutamic acid)-b-PEG-b-(PLA-co-glycolic acid-alt-glutamic acid) ) was used to 
couple PTX via an acid labile ester linkage and the resulting micelles displayed a 
threefold higher release of PTX at pH 4.2 than at 7.4 (Xie et al., 2007).

4.4 Enzymatic Triggered Destabilization of Polymeric Micelles

The abundant presence of certain enzymes in pathological tissues has been applied 
as an environmental trigger to destabilize (drug-loaded) polymeric micelles. Similar 
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to hydrolytic degradation, enzymes may cleave either the backbone of the hydrophobic 
block, their side chains, or the bonds between the polymer and drug. It was demon-
strated that polyesters are not only degraded hydrolytically, but they are also 
susceptible to enzymatic degradation, for example by lipases. This lipase-catalyzed 
degradation was shown for PEG-b-poly(3-hydroxybutyrate)(PHB)-b-PEG micelles 
(Chen et al., 2006), PEG-b-PCL nanoparticles (Gan et al., 1999), accompanied by 
the release of encapsulated pyrene, and for PEG-b-oligo(ε-caprolactone) micelles 
(Carstens et al., 2007b). Furthermore, the peptide bonds in poly(amino acid)s, used 
as hydrophobic blocks, can be cleaved by proteases, as demonstrated for example 
for poly(γ-glutamic acid)-g-L-phenylalanine (PGA-g-L-PEA) micelles (Akagi 
et al., 2006).

4.5  Oxidation-Sensitive and Reduction-Sensitive Polymeric 
Micelles

The reduction of disulphide bonds in polymeric assemblies by intracellular glutathione 
can be used for micellar decrosslinking (vide supra, Sect. 3.3) or for full destabili-
zation (Ghosh et al., 2006; Kakizawa et al., 1999, 2001; Li et al., 2006a). 
Furthermore, the reversible redox reactions of organometal compounds, e.g., viologen 
and ferrocene, are an attractrive trigger to alter the charge density and thus to 
change the solubility of viologen or ferrocene containing polymers (Anton et al., 
1993). Oxidation of redox-active micelles, containing a hydrophobic ferrocenylalkyl 
moiety in the block copolymer, was demonstrated to shift the hydrophobic/
hydrophilic balance, and the micelles disintegrated into water-soluble unimers. The 
release of a model hydrophobic drug (perylene) from these micelles was precisely 
controlled by a selective electrochemical oxidation of the ferrocenylalkyl moiety 
and zero-order kinetics could be realized (Takeoka et al., 1995). Selective drug 
release at pathogenic sites may be accomplished via externally applied electric 
current or by taking advantage of the accumulation of activated macrophages in 
inflamed tissues and certain tumors. These macrophages release oxygen-reactive 
species, which may also trigger the transformation of redox-sensitive micelles. 
However, so far, these redox-sensitive polymeric micelles have not yet been inves-
tigated in vivo.

4.6 Light-Induced Micellar Deformation

Light-responsive polymeric micelles ideally release their entrapped guest molecules 
only upon either ultraviolet (UV), visible (VIS), or (near-) infrared ( (N)IR) light 
exposure. The use of NIR is of particular interest for biomedical applications 
because of its deeper tissue penetration and minimal detrimental effects on 
healthy cells.
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4.6.1 Irreversible Reactions upon Illumination (Photolysis)

Light-induced micellar disruption can be applied using UV or IR illumination to 
cleave photolabile hydrophobic side chains. An amphiphilic block copolymer com-
posed of PEG and a polymethacrylate bearing photolabile pyrene methyl esters in 
the side chain (PPy) as the hydrophobic core-forming domain was synthesized 
(Jiang et al., 2005, 2006a). Upon illumination, these ester side groups were split off, 
thereby transforming the hydrophobic micellar block into a hydrophilic 
poly(methacrylic acid) (PMA) block which brought about dissociation of the 
micelles. A controlled release of encapsulated Nile red could be accomplished, 
since the dissociation kinetics were controlled by the intensity of the light (Jiang et al., 
2005). Moreover, upon core crosslinking of these micelles, the photolysis-induced 
micellar destabilization was prevented by the crosslinks. Nevertheless, the overall 
hydrophilicity of the polymer increased upon illumination and the micelle swelled, 
thereby still releasing the loaded hydrophobic guests, although at a lower rate 
(Jiang et al., 2006a).

In addition, irreversible rearrangements upon illumination are used to eradicate 
the hydrophobic micellar interaction forces. For example, hydrophobic 2-diazo-1,2-
naphthoquinone derivatives were attached to alkyl-PEG chains, which self-assembled 
into micelles. The so-called Wolff rearrangement (Fig. 8) that takes place upon 
illumination of these chromophores drastically changed their polarity, destabilized 
the micelles, and released the encapsulated Nile red (Goodwin et al., 2005).

4.6.2 Light-Induced Reversible Changes

Besides irreversible micellar disintegration, environmental light can induce reversible 
and nondestructive destabilization. Several photoactive groups that undergo 
reversible structural changes upon illumination have been attached to amphiphilic 
block copolymers, thereby mainly shifting the hydrophobic/hydrophilic balance. 
Chemical entities that display photochemical-induced transitions include azobenzenes 
(change in dipole moment) (Tong et al., 2005), cinnamoyl (isomerization into a 
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Fig. 8 Solubility change of 2-diazo-1,2-naphthoquinone derivatives after Wolff rearrangement to 
3-indenecarboxylate in buffered water
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more hydrophilic residue or photodimerization) (Jiang et al., 2007), spyrobenzopyran 
(formation of zwitterionic species) (Konak et al., 1998), and triphenylmethane 
leucohydroxide (generation of charges) (Kono et al., 1995), as recently reviewed in 
detail (Rijcken et al., 2007).

For instance, exposure of azobenzenes-containing methacrylate-b-(tert-butyl 
acrylate-co-acrylic acid) polymers to UV-light results in a trans-cis isomerization 
and a more hydrophilic polymer is generated, causing dissolution of the assemblies 
(Tong et al., 2005). Another example is the reversible trans-to-cis photoisomerization 
upon UV-irradiation of cinnamoyl-containing PEG-b-poly(methacrylate) polymers, 
which creates compounds with an increased hydrophilicity or leads to reversible 
photodimerization (Fig. 9) (Jiang et al., 2006b, 2007). Some of these photosensitive 
moieties were also embedded in thermosensitive block copolymers as will be 
discussed in Sect. 4.8.3.

4.7 Other Physical Triggers to Destabilize Polymeric Micelles

Besides the above-mentioned temperature, pH, hydrolysis, and light triggers, ultra-
sound and ion exchange have also been explored to induce drug release. The use of 
ultrasound as an external trigger to release drug from Pluronic® micellar systems in 
vitro and in vivo was extensively studied by Rapoport et al. (Gao et al., 2005; 
Rapoport et al., 2003, 2004). The cellular cytotoxicity of DOX-loaded micelles in 
combination was 66%, without ultrasound 53% while free DOX without applying 
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Fig. 9 Reversible trans-cis isomerization (top) and photodimerization (bottom) of the cinnamoyl 
photoreactive group upon irradiation with UV light
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ultrasound resulted only in 15% in cell death (Rapoport et al., 2003). In vivo, an 
increased uptake of both free drug (in PBS) and DOX-loaded Pluronic® micelles was 
observed for sonicated tumor cells in vivo (Gao et al., 2005; Rapoport et al., 2004). 
The mechanisms of the ultrasound effect might be: (1) enhanced permeability of 
blood vessels results in extravasation of the carriers, (2) dissociation of micelles into 
unimers with concomitant drug release, (3) accelerated diffusion in the interstitium 
and tumor, and (4) enhanced membrane permeability which lead to increased cellu-
lar uptake of the drug (Gao et al., 2005; Rapoport et al., 2003, 2004).

Ion-sensitive polymer–metal micelles were formed by complexation of cisplatin 
to the carboxylate groups of PEG-b-p(glutamic acid) block copolymer. In 0.15 M 
NaCl, ion exchange reactions occurred, thereby slowly releasing cisplatin from the 
micelles, accompanied by the dissociation of the micellar structure (Fig. 10). 
Intravenous injection of these micelles led to a significantly increased plasma level 
and tumor accumulation of cisplatin as compared to free drug (Nishiyama et al., 

Fig. 10 Cisplatin complexation with carboxylate containing polymers (PEG-b-p(glutamic acid) ) 
results in stabilized micelles (above), while ligand exchange reactions in saline lead to gradual 
release of cisplatin (below). Reproduced with permission from Nishiyama et al. (2003). Copyright 
(2003), American Association for Cancer Research. Permission request in progress
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2003). Cellular uptake and release of cisplatin was recently also demonstrated with 
cisplatin-loaded crosslinked PIC micelles (Bontha et al., 2006).

Magnetic micelles (220 ∼ 430 nm) were obtained in water by coating iron oxide 
nanoparticles with peptide-based polymers (polybutadiene-b-poly(glutamic acid) ). 
It is anticipated that the micellar shape is manipulable in a magnetic field but 
experimental data are not available yet. These superparamagnetic self-assembled 
hybrids might be of interest for future drug delivery systems but also as contrast 
agents in MRI (Lecommandoux et al., 2006a,b) as described in the Sect. 4.9.

4.8 Polymeric Micelles Sensitive to a Combination of Triggers

4.8.1 pH- and Temperature Sensitivity

Random copolymers based on NIPAAm, N,N-dimethylacrylamide, and 10-undecenoic 
acid displayed a CP that was not only dependent on the copolymer composition but 
also on the pH. The polymer was designed in such a way that the polymer was 
below its CP and thus highly hydrated at pH 7.4 and 20 °C, with the hydrophobic 
undecenoic acids side chains clustering together to form core-shell morphologies 
of approximately 200 nm. The hydrophobic drug DOX could be loaded in the unde-
cenoic acid core by a dialysis method. Lowering the pH to 6.6 caused protonation 
of the undecenoic carboxylate group and decreased the CP below 20 °C. Thereby, 
the micelles disintegrated, which was accompanied by the release of the encapsulated 
DOX (Liu et al., 2007b; Soppimath et al., 2005). A similar effect was seen at pH 
7.4, when increasing the temperature to above the CP of 40 °C (Soppimath et al., 
2005). Furthermore, a broad range of other block copolymeric assemblies that use 
this pH dependency to control the temperature sensitivity have been reported in 
literature (Liu et al., 2004; Mertoglu et al., 2005; Piskin, 2004; Salgado-Rodriguez 
et al., 2004; Yin et al., 2006).

4.8.2 Biodegradable Temperature-Sensitive Polymers

Dual-sensitive micellar systems that are based on biodegradable thermosensitive 
(block co) polymers have been described (Lee and Vernon, 2005; Neradovic et al., 
1999, 2001; Rijcken et al., 2005; Shah et al., 1997; Soga et al., 2004). The polymers 
self-assemble into micelles in aqueous solution above their critical micelle temperature 
(CMT), which is the temperature above which phase separation of the thermosensi-
tive block takes place. pH-Dependent cleavage of hydrophobic side chains resulted 
in a “hydrophobic-to-hydrophilic” conversion of the micellar core. Consequently, 
the CMT gradually increases, which ultimately results in micelle destabilization 
and polymer dissolution. Our department designed biodegradable thermosen-
sitive polymers that have methacrylamide backbones with oligolactates attached via 
hydrolytically sensitive ester bonds (e.g., 2-hydroxypropyl methacrylamide lactate 
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(HPMAm-Lac
n
, n is the number of lactic acid units in the oligolactate chain) (Lee 

and Vernon, 2005; Rijcken et al., 2005; Soga et al., 2004). The CMT of these meth-
acrylamide–oligolactate copolymers is precisely tailored by the monomer feed ratio. 
The CMT of copolymers of HPMAm-Lac

1
 with HPMAm-Lac

2
 covers a temperature 

range of 10–63 °C (corresponding to 0–100% HPMAm-Lac
1
, respectively). The 

slightly more hydrophilic homopolymer poly(N-(2-hydroxyethyl)methacrylamide-
dilactate) (P(HEMAm-Lac

2
) ) has a CP of 22 °C, which could be lowered by copol-

ymerization with HEMAm-Lac
4
. Generally, the CMT of the block copolymers can 

be tuned to be below the temperature at which micelles are wanted (e.g., ambient or 
body temperature). PEG-b-P(HPMAm-Lac

2
) (CMT 8 °C) displayed a transient sta-

bility at physiological conditions. After one week, a sufficient amount of lactate 
side chains were hydrolyzed to increase the CMT to above body temperature, 
which resulted in polymer dissolution and thus the micelles disintegrated (Fig. 11) 
(Soga et al., 2005). A much shorter destabilization time of 8 h was obtained with 
PEG-b-P(HEMAm-Lac

n
) micelles since the hydrolysis of HEMAm-Lac

n
 was much 

faster than that of HPMAm-Lac
n
 (Rijcken et al., 2005)

Recently, other biodegradable thermosensitive polymers with different hydrolyzable 
groups were reported. A cyclic ester is the degradable moiety in poly(NIPAAm-co-
dimethyl-γ-butyrolactone acrylate) (Cui et al., 2007), whereas hydrazone bonds in 
poly(NIPAAm-hydrazone-alkyl

n
) (Hruby et al., 2007) or ortho-esters in poly(N-(2-

(m)ethoxy-1,3-dioxan-5-yl)methacrylamide) (Huang et al., 2007) have been used 
as acid-labile groups. It is anticipated that by applying these types of polymers in 
block copolymer architectures, a second generation of controlled biodegradable 
thermosensitive micelles can be created.
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Fig. 11 Hydrolysis of PEG-b-poly(HPMAm-Lac
2
) (left) causes an increase of the critical micelle 

temperature of the block copolymer by removal of the hydrophobic lactic acid groups (black dots; 
right). Thus, micelles formed above the cloud point of PEG-b-poly(HPMAm-Lac

2
) destabilize 

when the CMT passes the incubation temperature. This figure was published in Rijcken et al. 
(2007). Copyright Elsevier (2007)
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4.8.3 Other Dual Sensitive Systems

Photoresponsive thermosensitive copolymers do not only respond to temperature, 
but also display a photo-induced change in CP. UV illumination of a thermosensi-
tive copolymer that contains light-sensitive compounds (such as those mentioned in 
Sect. 4.6.2) can result in increased hydrogen-bonding capacity, and consequently 
an increased CP (Ivanov et al., 2002; Laschewsky and Rekai, 2000; Sugiyama and 
Sono, 2000). In the case of poly(2-(dimethylamino)ethylmethacrylate)-b-poly(6-
(4-phenylazo)phenoxy)-hexylmethacrylate) micelles, the application of only light 
was not sufficient to induce dissociation, since the light-induced trans-to-cis 
isomerization did not overcome the hydrophobic interactions (Ravi et al., 2005). 
Additionally, pH sensitivity could be obtained by the introduction of carboxylic 
acid units (Desponds and Freitag, 2003). The photodimerization of cinnamoyl units 
was used to design crosslinked polymeric micelles that responded to pH, temperature, 
and ionic strength (Szczubialka et al., 2004).

The so-called schizophrenic micelles were developed by Armes et al. and are 
based on the pH-induced micellar inversion of zwitterionic diblock copolymers 
assemblies. For example, a diblock copolymer composed of 2-(diethylamino)ethyl 
methacrylate (PDEA) and 2-(N-morpholino)ethyl methacrylate (PMEMA) is fully 
dissolved at pH 6 and 20 °C, since the PDEA is protonated and the neutral PMEMA 
is hydrophilic. At pH 8.5, the PDEA block is deprotonated and micelles are formed 
with PDEA as the core-forming part. Lowering the pH and addition of sufficient 
electrolyte causes the PMEMA block to be selectively salted out to yield PMEMA-
core micelles (Butun et al., 1998). An overview of these types of micelles bearing 
pH and ionic strength dependency was published recently (Butun et al., 2006).

The combination of enzyme and temperature sensitivity was introduced in a pNI-
PAAm-based polymer with peptide side chains. Upon phosphorylation of the peptide 
by protein kinase A, the CP of the copolymers increased (from 36.7 °C to 40 °C) due 
to the hydrophilization of the peptide chains (Katayama et al., 2001). At physiological 
conditions and due to the action of this enzyme, the polymers gradually dissolved in 
time. However, this concept is not used to design responsive micelles so far.

4.9 Imaging-Guided Drug Delivery

Encapsulation of drugs in stimuli-sensitive polymeric micelles aims at achieving an 
optimal pharmacotherapeutic effect, e.g., drug release as a result of (external) stimuli 
after accumulation of the loaded nanocarrier at its site of action. The possibility to 
detect the presence of the drug-loaded micelles at their aimed site of action by in 
vivo imaging, and to subsequently trigger the release of the loaded drug would be 
an important new feature (Wickline and Lanza, 2003).

For imaging purposes, polymeric micelles were loaded with either magnetic 
resonance imaging (MRI) contrast agents (mainly Fe, Mn, or Gd), γ-emitting radiolabels 
(such as 111indium or 99 mtechnetium) (Trubetskoy et al., 1996), heavy elements 
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(e.g., I, Br, and Ba) for CT imaging, or with quantum dots (QD) (Otsuka et al., 
2003; Torchilin, 2002, 2007). Importantly, encapsulation of these agents in micelles 
is favorable since in that form they are less prone to renal clearance while their 
accumulation in tumor tissue (via the EPR effect) will enhance the signal strength 
and specificity, respectively (Ai et al., 2005; Nakamura et al., 2006).

Coloading diacyllipid micelles with Fe
3
O

4
 and a photosensitizer (a drug that is acti-

vated via illumination) enabled to monitor in vitro cellular uptake in real time (Cinteza 
et al., 2006). Furthermore, applying an external magnetic field to cells incubated with 
these magnetic nanoparticles resulted in a so-called magnetophoretic control of the 
cellular uptake (Cinteza et al., 2006; Yoon et al., 2005). Future in vivo administration 
of iron and drug-loaded micelles in combination with a local magnetic field might thus 
increase the concentration of the drug at the target site. Another sophisticated carrier 
for imaging-guided drug delivery was developed by Reddy et al. PEGylated polyacry-
lamide nanoparticles were loaded with both iron oxide and photofrin (photosensitizer) 
and also a targeting ligand directing to tumor vasculature was coupled onto the micellar 
shell. In vivo, a higher photodynamic therapeutic effect (i.e., killing of tumors) was 
observed when compared to nontargeted nanoparticles or free photofrin. The multi-
functional targeted nanoparticles were internalized while the iron oxide enables to 
monitor the tissue localization of the micelles real time by MRI, and the optimal time 
for illumination could be chosen (Kopelman et al., 2005; Reddy et al., 2006).

Semiconductor quantum dots (QDs) also have a potential for image-guided drug 
delivery using polymeric micelles. Several markers can be probed simultaneously 
since QDs absorb over a very broad spectral range, while the extreme high photostability 
of QDs enables real-time monitoring over long periods of time (Otsuka et al., 2003; 
Sahoo et al., 2003). Furthermore, since QDs generate highly reactive free radicals 
upon illumination, these QDs containing micelles can be used for diagnostic as well 
as for (photodynamic) therapeutic purposes (Fig. 12) (Maysinger et al., 2007). 

Fig. 12 Multifunctional QD containing micelles. This figure was published in (Maysinger et al., 
2007). Copyright Elsevier (2007)
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The most extensively studied QD in biology is CdSe, which has been encapsulated 
in phospholipids (Dubertret et al., 2002) and in antibody-decorated multiblock copoly-
meric micelles. The latter type of micelles gave a clear imaging signal in vivo and 
enabled very precise tracking of the active tumor uptake (Gao et al., 2004).

5 Combining Longevity, Stability, and Stimuli Sensitivity

In conclusion, polymeric micelles are very attractive drug delivery carriers for 
hydrophobic drugs in particular because of their unique morphology, high versatility, 
and high drug-loading capacity. The ideal micellar system should be able to stably 
encapsulate drugs, also when circulating in vivo. Several strategies have been inves-
tigated to improve the circulation times (“longevity”) of the micellar carriers, their 
stability, and the retention of the loaded drugs in the micellar core. Once the 
polymeric micelle has reached the aimed target site, the desired release of the 
entrapped drug poses conflicting requirements on the micellar building blocks. 
Internal or external triggers create possibilities to develop transiently stable polymeric 
micelles from which the time and site of release of entrapped drug can be precisely 
tailored.

The most popular approach to combine longevity and triggered release properties 
is the use of building blocks that contain a hydrophilic PEG block in combination 
with a degradable or stimuli-sensitive hydrophobic block, accounting for both 
desired properties, respectively. However, only a few systems combine additional 
stabilizing strategies with stimuli-triggered drug release. For example, biodegradable 
PEG-b-PCL micelles were stabilized either by reducing the CMC (Carstens 
et al., 2007a; Mahmud et al., 2006) or by core crosslinking (Shuai et al., 2004). 
Furthermore, thermosensitive PEG-b-P(HEMA-Lac

n
) micelles were core crosslinked, 

and demonstrated transient stability upon pH-dependent degradation (Rijcken et al., 
manuscript submitted). A third example is PEG-b-P(Asp) micelles with covalently 
coupled doxorubicin, which increased the compatibility of the micellar core with 
additional physically encapsulated doxorubicin (Yokoyama et al., 1998).

Despite all promising aspects, so far, only few micellar formulations have 
entered clinical trials; well-known concepts are Genexol-PM® (paclitaxel-loaded 
mPEG-b-PLA micelles) and PEG-b-P(Asp) micelles with either encapsulated 
paclitaxel (NK105) or covalently bound and physically entrapped doxorubicin 
(NK911) (Kato et al., 2006; Kim et al., 2004; Matsumura et al., 2004). Phase I studies 
with these formulations indicated prolonged circulation times when compared to 
the conventional formulations (Kato et al., 2006; Matsumura et al., 2004) or a better 
toxicity profile, allowing higher dosing (Kim et al., 2004).

In conclusion, it is anticipated that a proper combination of long circulating 
properties with sophisticated stabilizing strategies will generate highly stable 
micelles that are able to reach the target site in their intact form. Introduction of 
stimuli-sensitive building blocks will control the release behavior while further 
improvement is obtained by attaching targeting ligands. Incorporation of imaging 
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agents allows detection of the drug-loaded micelles at the target site and application 
of the external trigger at the appropriate site and time. The building blocks of polymeric 
micelles are synthetic polymers, which offer almost unlimited possibilities to tailor 
and optimize the micellar structures toward the desired morphology, drug compatibility, 
and drug release profile. It is therefore expected that within the coming years their 
favorable properties will be exploited to successfully encapsulate various hydrophobic 
compounds and that these drug-loaded micelles will display superior performance 
in the treatment of several diseases.
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1 Introduction

Nanotechnology, as a field of applied science, focuses on the development, produc-
tion, characterization and application of materials, and devices at the level of mole-
cules and atoms with a typical size between 10−9 nm and 10−6 µm. Nanotherapeutics, 
a rapidly expanding area of medicine, uses nanotechnology products for highly spe-
cific medical interventions at the molecular scale for curing diseases or repairing 
damaged tissues. Although some nanotechnology products can be applied alone as 
therapeutic or imaging agents, they are being most often used as pharmaceutical 
nanocarriers for delivering drugs or imaging agents to the site of the action in desired 
quantities and releasing therapeutic loads with a specific time profile. Linear and 
branched polymers, dendrimers, quantum dots, nanoparticles, nanospheres, nano-
tubes, nanocrystals, nanogels, liposomes, micelles, as well as other types of nanocar-
riers are being employed in different fields of medicine for diagnostics, imaging, 
treatment, and prophylaxis of many pathological conditions (Fig. 1)

In contrast to the earlier developed nanotherapeutics, which had a relatively simple 
two-component drug–carrier composition, modern nanocarriers often include other 
active ingredients that perform different specific functions for enhancing cellular 
uptake and efficiency of the main drug, preventing adverse side effects, providing 
drug release with a predetermined profile in the certain compartment of an organ, 
tissue, or cell, and preventing the development and/or suppression of the existent 
drug resistance, etc. The increase in complexity and performed functions of nano-
carriers actually converts them into multifunctional nanotherapeutical products. 
This chapter is mainly focused on reviewing modern multifunctional approaches in 
nanotherapeutics designed for effective cancer treatment.

2 Requirements for Cancer Nanotherapeutics

Based on literature data and our own research, we conclude that almost all tradi-
tional anticancer drugs initiate four main effects in cancer cells: (1) induction of cell 
death, (2) triggering drug efflux pumps, (3) activation of cellular detoxification 
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mechanisms, and (4) activation of cell death defensive mechanisms (Fig. 2). The 
first component – cell death induction – is specific (especially in its initial steps) to 
a particular anticancer drug. The last three components, particularly after repeated 
treatment, ultimately lead to an increase in cellular drug resistance limiting the effi-
cacy of cancer chemotherapy. Cellular resistance to chemotherapy in turn might be 
subdivided into two types: pump and nonpump resistance (Pakunlu et al., 2003). 
Development of pump resistance, also termed as multidrug resistance, depends on 
the activation of drug efflux pumps, which pump an anticancer drug out from the 
cellular cytoplasm to the surrounding medium. In contrast, nonpump resistance 
includes all cellular defensive mechanisms that are not related to the active efflux of 
drugs from the cells. The main components of nonpump resistance are cellular 
detoxification mechanisms and antiapoptotic defense (Fig. 2). Nonpump resistance 
decreases a specific activity of an anticancer agent limiting cellular damage caused 
by the drug and prevents the expansion of this initial cellular damage to cell death.

Ideal anticancer therapeutics have to fulfill one main requirement: it should 
effectively kill cancer cells without harming the surrounding normal cells. Acting 
like a “magic bullet,” an anticancer drug should kill the villain while sparing the 
victim. Although the concept of “magic bullet” in chemotherapy was first 
 introduced by Paul Ehrlich at the beginning of 20th century, the problem of selec-
tive toxicity of a drug only to cancer cells has not yet been completely solved. The 
most promising way to achieve the desired result is to use a delivery system, which 
will minimize toxic effects of an anticancer drug by (1) increasing the amount and 
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 persistence of a drug in the vicinity of “target” (cancer) cells and (2) reducing the 
drug exposure of “nontarget” (normal) cells. In addition, an advanced drug delivery 
system (DDS) should promote the therapeutic effects of a drug (an induction of cell 
death in cancer cells) and minimize its previously discussed undesirable effects (an 
increase in cellular resistance). Based on the cellular effects of the anticancer drugs 
discussed earlier, we formulate the main requirements to the advanced anticancer 
DDSs in general and anticancer nanotherapeutics in particular (Table 1).

2.1 Protected Drug Delivery and Prodrug Approach

The drug and other components of nanotherapeutics should be protected from the 
action of detoxification enzymes and other types of degradation during their voy-
age in the bloodstream, organs (stomach, liver, intestines, etc.), and inside the 
cancer cell. Protected delivery of therapeutics is usually achieved by the so-called 
“prodrug approach.” A prodrug is an inactive form of a drug, which converts to 
active drug form in the site of its action. Prodrug approach decreases the degrada-
tion of the drug during its journey in gastrointestinal tract or systemic circulation 
and prevents systemic toxicity. In most cases, a type of attachment of a drug to a 
carrier is designed to prevent substantial degradation during drug transfer to the 
site of action (organ, tissue, cell, or intracellular organelles) and allows release of 
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Fig. 2 Cellular effects of anticancer drugs. Most anticancer drugs induce cell death while activat-
ing antiapoptotic cellular defense, detoxification mechanisms, and ATP-dependent drug efflux 
pumps. This limits the efficacy of cancer therapy and develops multidrug resistance



312 T. Minko et al.

the drug in its active form in the targeted spot. For a more detail description of 
different types of prodrugs, the reader is referred to the corresponding reviews and 
original reports (Mehvar et al., 2000; Duncan et al., 2001; Greenwald et al., 2003; 
Choe et al., 2004; Chung & Cho, 2004; Greenwald et al., 2004; Minko, 2004; 
Minko et al., 2005; Naik et al., 2005; Zhang et al., 2005; Khandare & Minko, 
2006; Khandare et al., 2006a).

Usually drugs incorporated into special kind of micelles, liposomes, micro-
spheres, nanoparticles, etc, or bound to natural or synthetic polymers, are suffi-
ciently protected from destructive enzymes if two actions occur: (1) the drug carrier 
does not degrade significantly during its voyage and (2) the carrier–drug linkage is 
designed to be stable in the bloodstream and interstitial space, but susceptible 
to hydrolysis or other types of degradation inside the targeted cell compartment 
(e.g., lysosomes, cytoplasm). This approach also guarantees the targeted delivery of 
the drug and other components of nanotherapeutics to the specific cellular 
compartments.

2.2 Targeted Drug Delivery

The term targeted drug delivery is typically interpreted as the delivery of a thera-
peutic agent to the “target” organ or tissue. In our opinion, the definition of this 
term should be extended to mean “the delivery of the drug to the specific intracel-
lular site of action”. For example, DNA damaging agents, such as doxorubicin 
(DOX), should be delivered to the tumor cells and released in the perinuclear region. 

Table 1 Requirements for anticancer multifunctional nanotherapeutics

1. Protected drug delivery

   •  Protect the drug from the action of detoxification enzymes during its trafficking to cancer 
cells

   •  Protect the drug from the action of detoxification enzymes during its trafficking inside the 
cell to the site of its action

2. Targeted drug delivery

   •  Deliver anticancer drug specifically to tumor cells and protect normal cells from the action 
of the drug

   • Deliver anticancer drug to the specific intracellular site of action

3. Modulation of pump resistance

   • Overcome the existing pump resistance
   • Prevent the development of pump resistance
   • Suppress existing drug efflux pumps

4. Suppression of nonpump resistance

   • Prevent or suppress cellular defensive mechanisms specific to used anticancer drug
   • Suppress nonspecific antiapoptotic defensive mechanisms

5. Controlled drug release

   • Provide an optimal pattern of anticancer drug release
   •  Provide optimal sequence and timing of the release of nondrug and drug components from 

the complex system
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There are two main approaches of delivering drugs specifically to tumors. The first 
( passive) approach is based on the so-called enhanced permeability and retention 
(EPR) effect (Matsumura & Maeda, 1986; Maeda, 2001; Fang et al., 2003; Greish 
et al., 2003). The EPR effect is the result of the increased permeability of the tumor 
vascular endothelium to circulating macromolecules combined with limited lym-
phatic drainage from the tumor interstitium. The second (active) approach is based 
on the coupling of a drug carrier with a targeted moiety specific to certain or a 
majority of cancer cells. Many different types of targeting moieties are being used 
in experiments and clinical trials. For example, substrates to specific receptors 
expressed on certain types of cancer cells (luteinizing hormone release hormone 
receptors, somatostatin analogs, folate, vasoactive intestinal peptide, gastrin-releas-
ing peptide, cholecystokinin or gastrin, neurotensin, substance P, neuropeptide Y, 
etc.), antibodies or their fragments targeted to different proteins (tumor-associated 
glycoprotein-72, TAG-72; CD20 antigen; tumor necrosis factor, TNF; epidermal 
growth factor, EGF receptor; etc.) overexpressed in cancer cells. Detailed descrip-
tion of various targeting moieties have been presented in several recent reviews and 
experimental papers (Torchilin, 2000; Kopecek et al., 2001; Langer & Beck-
Sickinger, 2001; Langer, 2001; Dharap et al., 2003; Reubi, 2003; Minko et al., 
2004) for the details.

2.3 Modulation of Pump and Nonpump Resistance

One of the very important requirements for advanced anticancer nanotherapeutics 
is the ability to overcome or suppress drug efflux pumps. In addition, a new genera-
tion of nanotherapeutics should simultaneously suppress the nonpump cellular 
resistance, specifically the antiapoptotic cellular defense – the key component of 
this type of resistance. It should be stressed, that only simultaneous modulation of 
multidrug resistance and antiapoptotic cellular defense is capable of significantly 
increasing the efficacy of traditional anticancer drugs. Therefore, advanced anti-
cancer nanotherapeutics should contain inhibitors of both drug efflux pumps and 
antiapoptotic cellular defense. Several methods have been recently developed to 
modulate pump and nonpump resistance. The most promising of them are based on 
the suppression of the overexpression of P-glycoprotein or multidrug resistance 
associated proteins and antiapoptotic members of BCL2 family proteins – the key 
players in pump and nonpump resistance respectively. Two main approaches are 
currently being used for this purpose. The first approach is based on the use of 
small molecules that downregulate protein expression by specifically binding to the 
protein itself. This approach was already applied to the suppression of BCL2 pro-
tein (Cosulich et al., 1997; Holinger et al., 1999; Lutz, 2000; Dharap & Minko, 
2003; Dharap et al., 2003; Dharap et al., 2006). The second approach is based on 
the use of antisense oligonucleotides (ASOs) directed to mRNA encoding proteins 
responsible for both types of cellular defense (Pakunlu et al., 2003; Minko et al., 
2004; Pakunlu et al., 2004, 2006).
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2.4 Controlled Drug Release

Another requirement for advanced anticancer nanotherapeutics is controlled drug 
release. Controlled drug release in the context of drug delivery means that the 
DDS could provide the release of its components through a preprogrammed time 
profile. This consideration becomes especially important when components of a 
complex DDS have substantial variations in timing of maximal therapeutic effect. 
If, for instance, the drug (apoptosis inductor) acts immediately after its release, 
while a DDS component that suppresses cellular antiapoptotic defense has rela-
tively long lag time of action, the latter should be released from the DDS first, 
followed by a delay in the release of the apoptosis inductor. The duration of that 
delay should be sufficient to suppress an antiapoptotic cellular defense. In this 
case, apoptosis induction will take place on the background of suppressed cellular 
defense. This should significantly improve the efficacy of the anticancer drug, 
since the opposite situation is less favorable. Controlled release complex DDS 
components might be achieved by variations in the type and strength of a bond 
used to attach the DDS components to the drug carrier. It should be stressed that 
while many different controlled release dosage forms of drugs are widely being 
developed, tested, and used, controlled release of drugs from proposed complex 
DDS containing multiple active ingredients with different mechanisms of action 
still need to be developed.

3 Novel Multifunctional Nanotherapeutics for Cancer

The modern conception of effective anticancer drugs frequently uses the meta-
phor “silver bullet” to describe a new anticancer drug or approach that is expected 
to easily cure one or several cancer types with extreme effectiveness. A narrower 
meaning of “silver bullet” is used for describing a drug that precisely targets a 
selected protein or mechanism in specific tumors and demonstrates high effec-
tiveness in killing cancer cells. However, many diseases, including cancer, have 
very complex etiology and intrinsically possess or rapidly develop defensive 
mechanisms against anticancer treatment, which prevents an effective cure. In 
response to this complexity, a new paradigm has recently emerged that chal-
lenges the widely held assumption that “silver bullet” agents are superior to 
“dirty drugs” in therapeutic approaches aimed at the prevention or treatment of 
cancer, AIDS, and neuropsychiatric and cardiovascular diseases (Van der Schyf 
et al., 2006). Although such a concept is interesting, we believe that a combina-
tion of several “silver bullets” targeted to different mechanisms in one DDS 
should be used instead of a “dirty drug” with predominately uncontrolled mecha-
nisms of action. In addition to simultaneous targeting of several mechanisms of 
cell death and drug or cell death resistance, it is extremely important that modern 
multifunctional anticancer drugs come close to being “magic bullet” – a perfect 
drug that cures a disease without a risk of side effects. The latter usually is 



Multifunctional Nanotherapeutics for Cancer 315 

achieved by targeting drugs to the tumor or organ or tissues that bear tumors. 
Within this paper, we provide some examples of recently developed multifunc-
tional nanotherapeutics, which partially or fully satisfy the earlier-mentioned 
demands.

3.1 Linear and Branched Water-Soluble Polymers

Several types and designs of water-soluble polymers are extensively used as carri-
ers for multifunctional nanotherapeutics. Some of the designs that are most fre-
quently employed for delivery of anticancer therapeutics are shown in Fig. 3.

The simplest design of a polymeric DDS includes linear polymer with active 
ingredients conjugated to the distal ends of polymer or polymer backbone directly 
or through so called “spacers” (Fig. 3a). Such spacers may play several roles in a 
DDS. First, they provide for binding structurally and chemically different 
 compounds (polymer, drug, targeting moiety, etc.) in one complex relatively stable 

Linear Polymer

Branched Polymer

Linear polymer
with branched spacers 

Linear polymer
combined with other
type of nanocarriers

a

b

c

d

Fig. 3 Classification of water-soluble multifunctional anticancer polymeric drug delivery 
systems. PEGylated liposome is shown as an example of mixed type of drug delivery system
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chemical structure. Second, they physically separate the polymer from the active 
ingredients, preventing their negative influence on the specific activity of the drug(s) 
used in the DDS. Third, the specific construction of a spacer allows for the regulation 
of the degree of binding of drugs or other active ingredients to the polymer backbone 
and therefore predetermines the rate and specific place of drug release (if any). Two 
polymers are most widely used in these systems – N-(2-Hydroxypropyl)methacryla
mide (HPMA) copolymer and poly(ethylene glycol) (PEG).

HPMA copolymer is a water-soluble, biocompatible, nontoxic, nonimunogenic 
polymer, which is frequently used in different DDSs (Minko et al., 1998; Minko et al., 
1999a,b, 2001; Demoy et al., 2000; Kunath et al., 2000; Minko et al., 2000; Wang 
et al., 2000; Kasuya et al., 2001; Lu et al., 2002; Peterson et al., 2003; David et al., 
2004; Funhoff et al., 2004; Kovar et al., 2004; Ulbrich et al., 2004a,b; Luten et al., 
2006; Zarabi et al., 2006; Duncan, 2007). HPMA copolymers have been most 
intensively studied at the Center for Controlled Chemical Delivery (US), at the 
Institute of Macromolecular Chemistry (Czech Republic), at the Center for Polymer 
Therapeutics at the University of Cardiff (UK), and at the Utrecht Institute for 
Pharmaceutical Sciences (Netherlands). The main advantage of HPMA as a drug 
carrier is the existence of several sites for potential conjugation of drugs, targeting 
moieties, and other components of a DDS. The HPMA copolymer main chain is not 
biodegradable, and so all conjugates developed clinically have been limited to a 
molecular weight of less than 40,000 Da to ensure eventual renal elimination. In 
most cases, an increase in molecular weight of HPMA copolymers results in the 
prolonged circulation times of HPMA-bound drugs (Lammers et al., 2005).

PEG is a water-soluble nonionic polymer approved by FDA for pharmaceutical 
applications (Zhao et al., 2000; Greenwald, 2001, 2004; Minko et al., 2002; Dharap 
et al., 2003, 2006; Choe et al., 2004; Gunaseelan et al., 2004; Paranjpe et al., 2004; 
Chang et al., 2005). Because of its nontoxic character, it is widely used in many 
biochemical, cosmetic, pharmaceutical, and industrial applications. It is also impor-
tant that PEG polymers exhibit low antigen activity and, in most cases, decrease the 
antigenicity of active ingredients conjugated to polymers (Caliceti et al., 2001). The 
major disadvantage of a linear PEG polymer is that they have only two binding 
sites. This allows for the binding of only two DDS components directly to the poly-
mer. PEG is commercially available from major chemical suppliers.

Several other types of polymers can also be used in linear polymer systems. 
A new prototype of the polymeric DDS, the nanoconjugate Polycefin, was tested 
for its ability to accumulate in tumors based on the EPR effect and receptor medi-
ated endocytosis (Ljubimova et al., 2007). Polycefin was synthesized for the tar-
geted delivery of Morpholino ASOs into certain tumors. It consists of units that 
are covalently conjugated with poly(β-l-malic acid) (M

w
 = 50,000, M

w
/M

n
 = 1.3) 

that is purified from cultures of myxomycete Physarum polycephalum. The units 
are active in endosomal uptake, disruption of endosomal membranes, oligonucle-
otide release in the cytoplasm, and protection against enzymatic degradation in the 
vascular system. The conjugate also contained AlexaFluor 680 C2-maleimide 
dye for in vivo detection. The polymer is biodegradable, nonimmunogenic, and 
nontoxic.
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An interesting polymeric carrier consisting of folate-poly(ethylene glycol)-
grafted chitosan was recently synthesized for targeted plasmid DNA delivery to 
tumor cells (Chan et al., 2007). The carrier employs PEG polymer to enhance the 
aqueous solubility of chitosan and folate to improve gene transfection efficiency 
due to promoted uptake of folate receptor-bearing tumor cells. Such a polymeric 
construct can be a promising gene carrier because of its solubility in physiological 
pH, efficiency in condensing DNA, low cytotoxicity, and targeting ability.

A substantial disadvantage of the linear polymeric system is low loading capac-
ity, which is limited to two distal ends or few backbone sites. To overcome this 
problem, branched polymers (Fig. 3b), linear polymers with branched spacers (Fig. 
3c), and combinations of linear polymers with other types of nanocarriers (lipo-
somes, nanoparticles, etc.) (Fig. 3d) have been developed. Dendrimers are routinely 
synthesized as tunable nanostructures that may be designed and regulated as a func-
tion of their size, shape, surface chemistry, and interior void space, and are distin-
guished by their precise nanoscale scaffolding and nanocontainer properties 
(Tomalia et al., 2007). As a result of these important properties, they are expected 
to play an important role in the emerging field of nanomedicine.

A typical branched polymer, dendrimer, is a regularly branched molecule that 
resembles the branches of a tree (dendron on Greek). A number of surface groups of 
polymer that can be used for conjugation of active components doubles with the 
branching of each terminal end of polymer or generation (G) of dendrimer. Typical 
structures of polyamidoamine (PAMAM) dendrimers with different number of genera-
tions are presented in Fig. 4. The increase in G from 0 (native PAMAM) to 4 leads to 
an increase in number of surface groups from 4 to 64. Such branching slightly enlarges 
an average diameter of the PAMAM dendrimer (approximately 3 times in most cases), 
but substantially increases an average molecular weight of the dendrimer (up to 30 
times). The solubility of dendrimers and other properties are mainly determined by the 
functional groups on the molecular surface, e.g., a dendrimer can be water-soluble 
when its end-groups are hydrophilic groups, such as carboxyl groups. The molecular 
heterogeneity of complex dendrimer conjugate nanodevices also depends heavily upon 
the types of terminal functional groups (Islam et al., 2005; Shi et al., 2006). The drug 
and other active components of DDS can be associated with dendrimers by placing 
drugs into the inner core of the system or conjugating these components to the outer 
surface groups directly or through spacers. For instance, we recently used succinic acid 
as a spacer to synthesize PAMAM succinic acid–paclitaxel conjugate (Khandare et al., 
2006b). Conjugation of succinic acid to paclitaxel resulted in the formation of mono 
carboxylic acid conjugate, which was further conjugated with hydroxyl groups in 
PAMAM-OH dendrimer. The solubility and cytotoxicity of PAMAM–paclitaxel con-
jugate were 10 times higher when compared with those of free paclitaxel. It is impor-
tant that not only several copies of drugs can be associated with one molecule of 
branched polymers, but other functional groups can be used in multiple copies to 
enhance the multifunctionality of the carrier. For instance, a dendrimeric system con-
taining five folate molecules was designed and evaluated (Hong et al., 2007). 
Experimental results showed that dissociation constants K

D
 between the nanodevices 

and folate-binding protein were dramatically enhanced through multivalency 
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(approximately 2,500–170,000-fold). The data support the hypothesis that multivalent 
enhancement of K

D
, not an enhanced rate of endocytosis, is the key factor resulting in 

the improved biological targeting by these drug delivery platforms. However, the drug 
payload and number of copies of other functional groups in one DDS is limited mainly 
because of the decrease in solubility and steric hindrance. Consequently, a real number 
of active ingredients can be conjugated to dendrimer substantially lower than the total 
number of available surface groups and in most cases is close to 10% of total mass of 
the system. However, covalent conjugation of 58 molecules of a drug to one molecule 
of G4 PAMAM-OH dendrimer have also been reported (Kolhe et al., 2004).

The type of the bond that conjugates active ingredients to the polymer or spacer 
is very important for performing their functions. While targeting moieties in most 
cases conjugated to polymeric carrier by nondegradable in physiological conditions 
bonds, anticancer drugs should be conjugated via bonds degradable in the tumor 
environment or inside specific organelles in cancer cells (mainly lysosomes). For 
example, DOX attached to a biodegradable dendrimer via the pH-sensitive hydra-
zone (HZ) linkages was more than 10 times toxic when compared with that of free 
DOX. At the same time, a dendrimer–DOX complex in which DOX was attached 
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Fig. 4 A schematic of PAMAM dendrimer. G0, G1, G2, G3, G4 – generations of dendrimer
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by means of a stable carbamate bond did not show antitumor activity in vivo (Lee 
et al., 2006).

In addition to targeting moieties and anticancer drugs, several other active ingre-
dients that are able to perform different functions may be conjugated to dendrimers 
converting them into multifunctional DDSs. For example, Myc et al. (2007) synthe-
sized a PAMAM dendrimer-based nanodevice in which folic acid was used as the 
targeting molecule, staurosporine was employed as an anticancer drug or apoptosis 
inducer, and a caspase-hydrolyzable, fluorescence resonance energy transfer (FRET)-
based substrates was utilized as the apoptosis-detecting agent. The developed device, 
in addition to active targeting folic acid-receptor-positive cancer cells and cell death 
induction, could be used for simultaneously monitoring the apoptotic potential of a 
delivered drug by a fluorescent detection of caspase activity. Other imaging agents 
are being used to visualize delivery system and tumors. These agents include rare 
earth metals (Kobayashi et al., 2006; Langereis et al., 2006), gold (Khan et al., 
2005), radionuclides (Mitra et al., 2006), fluorescein isothiocyanate (FITC) (Majoros 
et al., 2006; Mora et al., 2006), and other fluorescent dyes. Recently, we used near-
infrared dye Cy5.5 to visualize PAMAM dendrimers. The main advantage of near-
infrared radiation is its ability to penetrate much farther into a sample than do 
mid-infrared or shorter wavelength rays. This allows for in vivo imaging (Fig. 5) 
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Fig. 5 Typical in vivo images of mouse bearing xenograft of multidrug resistant A2780 human 
ovarian carcinoma. Mouse was injected with PAMAM generation 4 dendrimer (14.2 kDa, 4.5 nm) 
labeled with near-infrared fluorophore cyanine dye (Cy 5.5). Images were taken using IVIS Imaging 
System (Xenogen, Alameda, CA) in anesthetized animals 72 h after injection of dendrimer. Visible 
light and fluorescent images were overlaid to obtain a composite image. The distribution of den-
drimer fluorescence was analyzed using an original software program developed in our laboratory



320 T. Minko et al.

using commercially available devices, such as the IVIS system (Xenogen Corporation, 
Alameda, CA). Using this system, we evaluated the distribution of PAMAM genera-
tion 4 dendrimers with molecular weight about 14 kDa and size about 4.5 nm in mice 
nearing xenografts of human ovarian carcinoma. It was found that because of the 
EPR effect, dendrimer accumulated predominately in the solid tumor.

Instead of using branched polymers to increase the loading capacity of DDS, 
branched spacer architecture can be utilized (Fig. 3d). Recently, we proposed a 
novel multifunctional polymeric DDS with linear PEG polymer and branched citric 
acid spacer (Khandare et al., 2006a). The complex system includes several copies 
of a targeting moiety (synthetic LHRH peptide, analog of luteinizing hormone-
releasing hormone) and anticancer drug (camptothecin). The next generation of 
such multifunctional DDS with multiple copies of active ingredients per one mole-
cule of PEG carrier has been developed in our laboratory. In addition to specified 
components (targeting moiety and anticancer drug), the system includes BH3 pep-
tide as a suppressor of cellular antiapoptotic defense.

Several types of more complex polymeric structures, including combinations of 
dendrimers and linear polymers with liposomes, nanoparticles, oligonucleotides, 
etc., (Fig. 3d) were developed and evaluated (Torchilin, 2002, 2007; Amirkhanov 
and Wickstrom, 2005; Choi and Baker, 2005; Gillies et al., 2005; Khan et al., 2005; 
Papagiannaros et al., 2005; Lee et al., 2006). The main advantages of such complex 
systems include, but not limit to, an increase in loading capacity and better phar-
macokinetics and biodistribution in vivo.

3.2 Quantum Dots

A quantum dot (QD) is a semiconductor crystal that limits the motion of conduction 
band electrons, valence band holes, or excitons (bound pairs of conduction band 
electrons and valence band holes) in all three spatial directions. The limitation can be 
achieved by electrostatic potentials (generated by external electrodes, doping, strain, 
impurities), the presence of an interface between different semiconductor materials 
(e.g., in core-shell nanocrystal systems), the presence of the semiconductor surface 
(e.g., semiconductor nanocrystal), or a combination of these. Small QDs, such as col-
loidal semiconductor nanocrystals, can be as small as 2–10 nm, corresponding to 10–
50 atoms in diameter and a total of 100–100,000 atoms within the QD volume. 
Self-assembled QDs are typically between 10 and 50 nm in size. QD heterostructures 
can have lateral dimensions exceeding 100 nm. By being exposed to ultraviolet or 
near-ultraviolet light, QDs emit fluorescent light with very high quantum yield. 
Consequently, QDs are particularly significant for different optical applications.

Free QDs, as well as other nanoparticles, injected in the systemic circulation are 
acively phagocytized by macrophages and are taken up by the liver, spleen, and 
lymph nodes. It was found that, at low doses, the majority of the QDs are seques-
tered in the liver, spleen, and lymph nodes. At higher doses, increasing quantities of 
QDs are noted within the experimental brain tumors. Macrophages and microglia 
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colocalize with glioma cells, carrying the QD and thereby optically outlining the 
tumor. The optical signal may be detected, allowing for improved identification and 
visualization of tumors, potentially augmenting brain tumor biopsy and resection 
(Popescu and Toms, 2006; Jackson et al., 2007). More complex simultaneous two-
color in vivo wavelength-resolved spectral fluorescence lymphangiography using 
two near infrared QDs with different emission spectra was developed for noninva-
sive and simultaneous visualization of two separate lymphatic flows draining the 
breast and the upper extremity and variations in the drainage patterns and the water 
sheds within the axillary node (Hama et al., 2007).

Active targeting of QD to tumor cells should dramatically improve tumor imag-
ing. The simplest tumor targeted structure that utilizes QDs for cancer imaging can 
be created by linking a targeting moiety with QD. Similar to the targeting of other 
DDS, antibody or their fragments, cancer-specific peptides, ligands to extracellular 
receptors, or molecules expressed in specific cancer cells are being used to target 
QD to cancer. Specific immunofluorescent probes for hepatoma detection in vivo 
were synthesized by linking QDs to an α-fetoprotein (AFP) antibody (Yu et al., 
2007b). AFP is an important marker for hepatocellular carcinoma cell lines. QDs-
Anti-AFP probes showed specific fluorescence in tumor and provided for an active 
tumor targeting and spectroscopic hepatoma imaging. QDs labeled with the 
monoclonal anti-HER2 antibody were successfully used for targeting of HER2-
overexpressing breast cancer cells in mice bearing xenografts of human tumors 
(Tada et al., 2007). Six stages of the delivery processes were identified: initial cir-
culation within a blood vessel, extravasation, traffic in the extracelullar region, 
binding to HER2 on the cell membrane, moving from the cell membrane to the 
perinuclear region, and in the perinuclear region. Other targeting moieties and pen-
etration enhancers that were used to enhance the uptake of different types of DDS 
by cancer cells, including TAT peptide, matrix metalloprotease, biotin, biotinylated 
peptides, integrin-targeted arginine–glycine–aspartic acid were also used for tumor 
targeting of QD (Cai et al., 2006; Li et al., 2006; Young and Rozengurt, 2006; 
Zhang et al., 2006; Xue et al., 2007).

More complex tumor-targeted delivery systems can be designed using linear or 
branched polymers as carriers with QDs as imaging agents. All above-mentioned 
structures (Fig. 3) can be used for carrying QD to tumors and providing their uptake 
by cancer cells. High-quality nanocrystals formed in organic solvents can be com-
pletely solubilized in water using amphiphilic copolymers containing poly(ethylene 
glycol) or PEG. These copolymers are generated using a maleic anhydride coupling 
scheme that permits the conjugation of a wide variety of PEG polymers, both 
unfunctionalized and functionalized, to hydrophobic tails. The composite nanoc-
rystal–polymer assemblies can be targeted to recognize cancer cells with Her2 
receptors and are biocompatible if their surface coatings contain PEG. In the par-
ticular case of semiconductor nanocrystals (e.g., QDs), the materials in water have 
the same optical spectra and quantum yield as those formed initially in organic 
solutions (Yu et al., 2007a).

Multifunctional nanoparticle probes based on semiconductor QDs were devel-
oped for simultaneous targeting and imaging of cancer cells in living animals 
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(van Vlerken and Amiji, 2006; Gao et al., 2007; Yu et al., 2007a). The structural 
design involves encapsulating luminescent QDs with a triblock copolymer, and 
linking this polymer to tumor-targeting ligands, such as antibodies and drug-deliv-
ery functionalities. In vivo studies on mice bearing xenografts of human prostate 
cancer showed that the QD probes can be delivered to tumor sites by both the EPR 
effect (passive targeting) and by antibody binding to cancer-specific cell surface 
biomarkers such as prostate-specific membrane antigen (active targeting). The tar-
geted QD conjugates demonstrated a high sensitivity, providing for multicolor fluo-
rescent imaging of as few as 10–100 cancer cells under in vivo settings.

It was found that CdSe QDs can be efficiently encapsulated in the phospholipid 
nanoemulsion that mimics the natural lipoprotein core. The QD nanoemulsion had 
a particle size approximately 80 nm and appears physically stable. On experiments 
on non–small-cell lung cancer cells, the intensity of cellular fluorescence imaging 
increased with the cell incubation time while more QDs were taken up by the cells. 
Two types of fluorescent microscopies confirmed that QDs are primarily localized 
in the cytoplasm but not in the nucleus of the cells (Liu et al., 2006).

Importantly, cadmium selenide or zinc sulfide (CdSe/ZnS) QDs themselves can 
induce cell death mediated by cadmium ions (Cd2+) released from the QDs cores 
(Cho et al., 2007). In addition to Cd2+ ions, cell death induction by QD involved 
the generation of oxygen-free radicals accompanied by lysosomal enlargement and 
intracellular redistribution. It was also shown that CdSe-core QDs can induce apop-
totic biochemical changes, including JNK activation, loss of mitochondrial mem-
brane potential, mitochondrial release of cytochrome c, and activation of caspase-9 
and caspase-3 (Chan et al., 2006).

QD-conjugated probes to specific biomarkers are powerful tools that can be 
applied in a multiplex manner to single tissue sections of biopsies to measure 
expression levels of multiple biomarkers (True and Gao, 2007). QDs conjugated to 
immunoglobulins are commercially available from Invitrogen and can be used for 
visualizing various biomarkers labeled with primary antibodies. Assessing malig-
nant tumors for the expression of multiple biomarkers provides data that are critical 
for patient management.

3.3 Nanoparticles

After 100 years of discovery of gold particles by Michael Faraday in 1857, nano-
particles finally entered the field of anticancer therapeutics because of their unique 
properties and ability to carry out different biological active substances. The term 
nanoparticle in drug delivery generally combines all delivery vehicles with size 
less then one micrometer (Portney and Ozkan, 2006). However, often polymeric 
DDS, QDs, and liposomes are excluded from nonviral nanoparticle vectors.

Various types of nanoparticles, including nanospheres, nanotubes, nanocrystals, 
nanogels, nanowires, nanocantilevers, nanopores, nanoshells, etc., are being 
applied for cancer treatment (Arayne and Sultana, 2006). Similar to other types of 
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nanocarriers, tumor targeting of nanoparticles is achieved passively by the EPR 
effect or by adding targeting moieties of different nature (Minko, 2004; Minko 
et al., 2004). A desired drug release is accomplished by varying the type of spacers, 
bonds between the drug and nanoparticle material, nanoparticle construction, etc. 
Different shapes of nanoparticles open a wide road for the selection of desired car-
rier properties, including pharmacokinetics, biodistribution, and drug release. For 
instance, recently, we found that soft filament-type nanoparticles circulate longer 
than spherical particles (Geng et al., in press). The reader is referred to recent 
reviews for evaluating different types of nanoparticle delivery systems (McNeil, 
2005; Arayne & Sultana, 2006; Chen & Zhang, 2006; Corot et al., 2006; Grodzinski 
et al., 2006; Hillaireau et al., 2006; Mitra et al., 2006; Moghimi, 2006; Sinha et al., 
2006; Zhang et al., 2007).

Several designs of multifunctional nanoparticles for cancer treatment were pro-
posed. Sukhorukov et al (Sukhorukov et al., 2005) developed a concept of multi-
functional nanoengineered polymer capsules and outlined their applications as new 
DDSs or supramolecular toolboxes containing enzymes capable of converting non-
toxic prodrugs into toxic drugs at a designated location. Such functionalized nano-
containers offer a wide range of applications, including enzymatic catalysis, 
controlled release, and directed drug delivery, in medicine because of their multi-
functionality. The unique advantage of such capsules when compared with other 
systems is that they can be functionalized or loaded simultaneously with the earlier-
mentioned components, thus permitting multifunctional processes in single cells.

Another multifunctional design of nanoparticles permits simultaneous targeting 
to cancer cells, chemotherapy, and tumor imaging by magnetic resonance imaging 
(MRI) (Nasongkla et al., 2006). Cancer-targeting capability is achieved via α

v
β

3
 

integrins targeted to alpha
v
β

3
-expressing tumor cells. DOX and a cluster of super-

paramagnetic iron oxide nanoparticles were loaded inside the micelle core for cell 
death induction and MRI imaging respectively. A similar targeting and imaging 
approach was applied to different types of nanoparticles with protein cage architec-
tures such as virus capsids and ferritins (Uchida et al., 2006).

An original approach for fabrication of spontaneous, biologically active molecu-
lar networks has been reported (Souza et al., 2006). The assembly consists of bac-
teriophage (phage) directly assembled with gold nanoparticles (termed Au-phage). 
Each phage particle displays a peptide allowing the cell surface receptor binding 
and internalization attributes of the displayed peptide. The spontaneous organiza-
tion of these targeted networks can be manipulated further by the incorporation of 
imidazole, which induces changes in fractal structure and near-infrared optical 
properties. The networks can be used as labels for enhanced fluorescence and dark-
field microscopy, surface-enhanced Raman scattering detection, and near-infrared 
photon-to-heat conversion. Together, the physical and biological features within 
these targeted networks offer convenient multifunctional integration within a single 
entity with the potential for nanotechnology-based biomedical applications.

Cytotoxicity of anticancer nanomedicine might be maximized if drugs with dif-
ferent activities can be delivered simultaneously to the same cell. However, combi-
nation therapy with drugs having distinct properties such as solubility generally 
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requires use of multiple carriers or solvents, limiting the likelihood of simultaneous 
delivery. Developed in the laboratory of Dr. Discher, novel biodegradable polymer-
somes can be successfully used for the systemic delivery of an anticancer cocktail. 
These polymer-based shells exploit a thick hydrophobic membrane and an aqueous 
lumen to efficiently carry both hydrophobic and hydrophilic drugs, paclitaxel and 
DOX respectively. Polymersomes are long-circulating in vivo but also degrade and 
release their drugs on a time scale of about 1 day. In our recent collaborative in vivo 
experiments we found that a single systemic injection of the dual drug combination 
shows a higher maximum tolerated dose than did the free drug cocktail. 
Additionally, it shrinks tumors more effectively and more sustainably than do free 
drugs: 50% smaller tumors are seen at 5 days with polymersomes. The polymer-
somes caused two-fold higher cell death in tumors than do free drugs and showed 
quantitatively similar increases in maximum tolerated dose and drug accumulation 
within the tumors suggesting promise for multi-drug delivery (Ahmed et al., 
2006).

3.4 Liposomes and Micelles

A liposome is a spherical vesicle with a membrane composed of naturally-derived 
phospholipids with mixed lipid chains (such as egg phosphatidylethanolamine), or 
of pure surfactant components such as DOPE (dioleolylphosphatidylethanolamine). 
Liposomes usually contain a core of aqueous solution; lipid spheres that contain no 
aqueous material are called micelles. However, micelles can be made to encompass 
an aqueous environment forming so-called reverse micelles. The main advantages 
of liposomal drugs over the nonencapsulated drugs include: (1) improved pharma-
cokinetics and drug release, (2) enhanced intracellular penetration, (3) tumor tar-
geting and preventing adverse side effects and (4) ability to include several active 
ingredients in one complex liposomal DDS (Minko et al., 2006). To prevent rapid 
clearance of liposomes from the bloodstream by the reticulo-endothelial system, 
liposomes are often masked by polymeric (mostly by PEG) covering forming 
STEALTH® or PEGylated liposomes (Fig. 3d). In addition to masking, such a cov-
ering provides for additional functional groups, which can be used to conjugate 
other active elements of DDS, such as targeting moieties. In contrast to the widely 
spread belief that liposomes, especially PEGylated vesicles, cannot penetrate tumor 
cells, we recently, using electron, confocal, and fluorescent microscopes, showed 
that both conventional and PEGylated liposomes are able to penetrate tumor cells 
both in vitro and in vivo after the systemic delivery (Pakunlu et al., 2006).

Modern methods of liposome and micelle preparation offer a reproducible pro-
duction of vesicles with relatively uniform size in both traditional and PEGylated 
configuration. To characterize liposome structure and their size distribution we uti-
lized atomic force microscopy (AFM), a technology with capabilities of imaging 
wide variety of nano- and microscale objects, including liposomes (Thomson et al., 
2000; Kazakov et al., 2003; Ruozi et al., 2005), under physiological conditions. 
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AFM is preferable for the identification of soft surface water-containing nanoparti-
cles to conventional electron microscopy, which has specific requirements for 
sample preparation such as complete removal of water from the samples and spe-
cial procedures of staining to increase the contrast of image. The AFM images of 
the liposome preparations (Fig. 6) revealed the convex meniscus shape of the lip-
idic vesicles. To assess effects of PEG-modification on the structure of liposome 
vehicles, the images were captured in two modes: “height,” which demonstrates the 
topography of the surface, and “dem,” which works as a phase contrast and particu-
larly suitable for object edge detection. As expected, the PEGylation of liposome 
surface leads to the hiding object topology (Fig. 1c and d), although individual par-
ticles maintain their convex profile. Importantly, each particle has a structure of a 
convex meniscus reflecting the flattening of liposomes during deposition. This 
effect of liposome flattening on the mica surface results in distortion of their actual 
linear sizes. Therefore, the value of reconstructed diameter (d ) was calculated from 
the liposomes volume measured by AFM (V ) under the assumption that liposomes 
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Fig. 6 Typical atomic force microscope (AFM) images of conventional (a, b) and PEGylated (c, d) 
liposomes. Liposome suspension was applied on freshly cleaved mica, kept for 10 min at 100% 
humidity atmosphere to achieve deposition and dried under the flow of nitrogen to remove external 
water. Images were acquired in dry air with a Nano-R AFM Pacific Nanotechnology instrument 
(PNI, Santa Clara, CA) in close contact (tapping) mode. Dimensional analysis has been carried out 
on the images obtained by AFM using Femtoscan Online v. 2.2.85 software (Advanced Technologies 
Center, Moscow, Russia). Representative images show panoramic view of conventional (a) and 
PEGylated (d) liposomes captioned in “dem” mode (phase contrast). Images (b) and (d) show the 
three-dimensional zoomed images in “height” mode (topography). The length of the bar is 1 µm
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accept the spherical shape in aqueous solution, using the formula: d = (6V/p)1/3. The 
data showed that the average values of d are 177 ± 50 nm for unmodified liposomes 
and 336 ± 108 nm for PEGylated liposomes.

Currently, virtually all traditional anticancer drugs have been encapsulated in 
liposomes using different technologies (Szoka, 1990; Goyal et al., 2005; Hofheinz 
et al., 2005; Torchilin, 2005; Gabizon et al., 2006; Gabizon et al., 2006; Torchilin, 
2006a,b) and many of them are included in clinical trials as cancer imaging agents 
or anticancer therapeutics (or both). Several liposomal formulations have recently 
entered different phases of clinical trials. They include liposomal DOX in patients 
with advanced solid tumors (Kouroussis et al., 2005), liposomal DOX and weekly 
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docetaxel in advanced breast cancer patients (Mrozek et al., 2005), pegylated lipo-
somal DOX and cyclophosphamide as first-line therapy for patients with metastatic 
or recurrent breast cancer (Overmoyer et al., 2005), liposomal cisplatin analog in 
patients with malignant pleural mesothelioma (Lu et al., 2005), sphingosomal vin-
cristine in patients with recurrent or refractory adult acute lymphocytic leukemia 
(Thomas et al., 2006), and liposomal muramyltripeptide phosphatidylethanolamine 
in the treatment of osteosarcoma (Romet-Lemonne et al., 2005). In addition to the 
direct treatment of different cancers, liposomal preparations are also being used for 
tumor imaging (Zielhuis et al., 2005) gene therapy and liposome-based anticancer 
vaccines (Butts et al., 2005; Chen and Huang, 2005). Recent progress in liposomal 
technology further opens up the possibility of generating more selectively targeted 
photosensitizers encapsulated in liposomes for photodynamic therapy of cancer 
(Chen et al., 2005). Magnetite cationic liposomes (MCLs), one of the groups of 
cationic magnetic particles, can be used as carriers to introduce magnetite nanopar-
ticles into target cells since their positively charged surface interacts with the nega-
tively charged cell surface. Furthermore, they find applications to hyperthermic 
treatments (Ito et al., 2003, 2005; Tanaka et al., 2005). Considerable attention is 
devoted to the development of tumor targeted liposomes and micelles as well as 
DDS with stimuli-sensitive drug release.

All above-mentioned targeting approaches, which are being used for other types 
of anticancer nanomedicines, are successfully used for targeting liposomes and 
micelles (Allen et al., 2005; Brignole et al., 2005; Wang et al., 2005). The mono-
clonal antibody 2C5 with nucleosome-restricted specificity was studied in the labo-
ratory of Dr. Torchilin for its ability to specifically recognize human brain tumor 
cells and to serve as a specific ligand for liposome targeting to brain tumor cells 
in vitro and in vivo (Lukyanov et al., 2004; Gupta et al., 2005). The affinity of 2C5 
toward brain tumor cells was tested by flow cytometry. The interaction of 2C5-
immunoliposomes with brain tumor cells in vitro was studied by fluorescence 
microscopy. 2C5 was found to be reactive against several tested brain tumor cell 
lines. It showed enhanced cell-surface binding with several brain cancer cells 
in vitro. 2C5-immunoliposomes displayed significantly better accumulation in the 
subcutaneously grown brain tumor than did nonspecific control. Therefore, 2C5 
specifically recognizes brain tumor cells and can serve as a ligand to target drug 
carriers such as liposomes to brain tumor cells in vivo.

A set of aliphatic and aromatic aldehyde-derived HZ-based acid-sensitive poly-
ethylene glycol–phosphatidylethanolamine (PEG–PE) conjugates was synthesized 
and evaluated for their hydrolytic stability at neutral and slightly acidic pH values 
(Kale & Torchilin, 2007). The micelles formed by aliphatic aldehyde-based PEG–
HZ–PE conjugates were found to be highly sensitive to mildly acidic pH and rea-
sonably stable at physiologic pH, while those derived from aromatic aldehydes 
were highly stable at both pH values. The pH-sensitive PEG–PE conjugates with 
controlled pH sensitivity may find applications in bilogical stimuli-mediated drug 
targeting for building pharmaceutical nanocarriers capable of specific release of 
their cargo at certain pathological sites in the body (tumors, infarcts) or intracellular 
compartments (endosomes, cytoplasm) demonstrating decreased pH.
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4 Future Directions

Currently used pharmaceutical nanocarriers, such as liposomes, micelles, dendrimers, 
nanospheres, nanotubes, nanocrystals, nanogels, nanoemulsions, QDs, polymeric 
nanoparticles, demonstrate a broad variety of useful properties, such as longevity in 
the blood allowing for their accumulation in pathological areas with compromised 
vasculature; specific targeting to certain disease sites due to various targeting ligands 
attached to the surface of the nanocarriers; enhanced intracellular penetration with the 
help of surface-attached cell-penetrating molecules; contrast properties due to the 
carrier loading with various contrast materials allowing for direct carrier visualization 
in vivo; stimuli-sensitivity allowing for drug release from the carriers under certain 
physiological conditions, and others (Torchilin, 2006a). However, rare multifunc-
tional nanosized delivery device combine several useful properties in one particle. In 
terms of anticancer therapeutics, the main aims of multifunctional targeted anticancer 
proapoptotic delivery system include delivery of payload specifically to tumor cells, 
effective apoptosis induction, and suppression of cellular defensive mechanisms, 
including pump and nonpump resistance. Several types of such therapeutics are cur-
rently being developed in our laboratory. The systems include (Fig. 6) one or several 
copies of each of the following: (1) nanosized carrier (PEG polymer with branched 
spacer or liposomes); (2) targeting moiety (LHRH peptide); (3) anticancer drug; 
(4) suppressor of pump resistance (ASOs, siRNA targeted to p-glycoprotein or multidrug 
resistance associated protein); and (5) suppressor of nonpump resistance (BH3 pep-
tide or ASOs or siRNA targeted to BCL2 mRNA). Such delivery systems are being 
extensively tested in our laboratory in both in vitro and in vivo settings and allow for 
a multipronged attack on cancer by the simultaneous induction of cell death specifi-
cally in tumor cells and the suppression of cell defensive mechanisms (Dharap et al., 
2003; Minko et al., 2003; Pakunlu et al., 2003; Minko, 2004; Minko et al., 2004; 
Pakunlu et al., 2004; Dharap et al., 2005; Dharap et al., 2006; Khandare et al., 2006a; 
Khandare et al., 2006b; Pakunlu et al., 2006).
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1 Introduction

Multifunctional particles may be necessary to target specific locations and over-
come different barriers hampering the delivery of drugs using nanoparticulate mat-
ter (Fenart et al. 1999; Kreuter 2004; Lockman et al. 2004). The interaction taking 
place is based on several properties that are essential for the relation between parti-
cle and biological system. For instance, the multifunctional particles will allow to 
target a certain tissue, deliver an active component, and provide a marker to observe 
the successful delivery (McNeil 2005).

In this chapter we will focus on the charge as one of the most basic and crucial 
properties influencing the environmental interaction of nanoparticulate matter. The 
surface charge of the nanoscale particles is a standard parameter to be characterized 
and reported. This is attributed to the stability of the suspension, which is achieved 
by electrostatic repulsion or, less often, by sterical hindrance. Charge is mainly used 
for complexation. Especially, this holds for the intracellular delivery of genetic mate-
rial (RNA, DNA, and oligonucleotides), which is typically negatively charged and 
therefore requires a positively charged carrier (Elouahabi and Ruysschaert 2005).

Charge is a key parameter assumed to play an essential role (Jung et al. 2001; Vila 
et al. 2002, 2004) and is also known to have an influence on the cytotoxicity (Blau 
et al. 2000; Borm et al. 2006; Chanana et al. 2005; Goodman et al. 2004; Hardman 
2006) and the barrier integrity (Chanana et al. 2005; Lockman et al. 2004). In addi-
tion, it is known that a charge facilitates the transfection to cells (Felgner 1999; Huang 
and Viroonchatapan 1999; Khalil et al. 2007; Nemmar et al. 2001; Sakurai et al. 2000). 
The transfection efficiency of cationic liposomes, e.g., can be increased dramatically 
using additional antibodies for cellular targeting (Xu et al. 2002).

To account for the complexity of biological systems, such as environments of different 
polarities, pH value, viscosities, and the presence of molecular targets, modern nanocar-
rier systems need to combine a multitude of functionalities. Multicomponent targeting, 
exploiting the huge available surface of the nanoscale transport vehicles, combining a 
variety of ligands and surrounding susceptible molecules are considered to be essential 
for future improvements (Ferrari 2005; Torchilin 2006). All these factors must be consid-
ered and adapted to the target area while designing multifunctional nanocarrier systems.
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In the following, we present various strategies typically used to change or 
influence the surface charge of possible nanoscale carrier systems. We will also 
focus on the nanoparticulate systems chosen for the applications and that were 
successfully connected with the materials mentioned in the first part.

2 Types of Nanocarriers and Their Biological Applications

Currently used pharmaceutical nanocarriers include cationic polymers and lipids, 
nanoparticles, liposomes, dendrimers, polymeric micelles, and others. These sys-
tems have shown a great potential to carry drugs and genetic material to the desired 
site of action, in a controlled or sustained manner. Figure 1 is a schematic diagram 
of some of these carriers and their application as nonviral gene delivery system.

2.1 Cationic Polymers and Lipids for Gene Delivery

Since 1987, various cationic polymers and lipids have been introduced as gene car-
rier systems (Felgner et al. 1987; Wu and Wu 1987). Gene therapy, as promising 
therapeutics to treat generic or acquired diseases, has achieved exciting development 
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Fig. 1 Schematic of different types of nonviral nanocarriers used for gene delivery
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in the past two decades (Brewster et al. 2006; Park et al. 2006; Zhang and Godbey 
2006).

Essentially, this group of compounds needs to be delivered intracellularly to 
exert their action. However, the application of therapies based on antisense oligo-
nucleotides is hampered by their instability to cellular nuclease and their weak 
penetration of the lipophilic cellular membrane. Cationic polymers and lipids, the 
most important nonviral vectors, have many advantages over viral ones, being non-
immunogenic, nononcogenic, and easy to produce (Kaneda and Tabata 2006; Park 
et al. 2006). In condensing the anionic DNA into compact nanoplexes, the poly-
meric gene carrier can provide protection from DNAses and prolong the bioavaila-
bility of the incorporated DNA, upon introduction into an enzyme-rich environment. 
Typically possessing a net positive surface charge, these DNA nanoparticles readily 
attach to the cell surface via charge–charge interactions with the negatively charged 
glycocalyx, thereby facilitating internalization by different endocytic mechanisms 
(Dang and Leong 2006). From this one can deduce the critical role of the polymer 
charge for both the binding with the plasmid as well as the interaction with the cel-
lular membrane. Trials to augment the surface charge are expected to enhance the 
transfection efficiency of the nanoplexes, but on the other hand might negatively 
affect the safety aspects of these vectors (Li and Huang 2000; Lv et al. 2006). In 
addition, most of these polymers contain reactive sites amenable for ligand conju-
gation, cross-linking, and other modifications that can render the polymer tailored 
for a range of clinical applications. Examples of these charged carrier molecules 
include cationic polysaccharides, polymethacrylates, polyethyleneimine (PEI), 
poly(l-lysine) (PLL), and cationic lipids. In the following part we will focus on 
the charge modification of these carriers and its implication on their biological 
applications.

Chitosan, a naturally derived polysaccharide, is one of the most reported nonvi-
ral cationic polymeric gene carriers (Mansouri et al. 2004). It has a strong affinity 
for DNA and protects against the degradation with DNAse. The transfection effi-
ciency of chitosan/DNA complexes is dependent on several factors, including the 
degree of deacetylation and molecular weight of the chitosan, plasmid concentra-
tion, charge ratio of amine (chitosan) to phosphate (DNA), serum concentration, 
pH, and cell type (Dang and Leong 2006). Owing to their mucoadhesive property 
(Lehr et al. 1990), chitosan-based gene delivery systems have been successfully 
applied to oral and nasal route gene therapy systems (Issa et al. 2005). Recently 
attempts have been made to provide cell-specific targeting and improved transfec-
tion efficiency. For instance, methylation, PEGylation, thiolation, and galactosyla-
tion of chitosan (Fig. 2) were aimed for fine-tuned adjustments toward targeted 
delivery of therapeutic genes despite the partial reduction in the net positive charge 
(Janes et al. 2001; Shi et al. 2006).

Fractional conjugation of poly(ethylene glycol) (PEG) via an amide linkage to 
soluble chitosan was shown to yield self-aggregates at basic pH that could trap insulin 
likely due to electrostatic interactions between the unconjugated chitosan monomers 
and the anionic residues of the protein. The degree of PEGylation influenced the 
release rate as well as the aggregate size (Ohya et al. 1999). An interesting approach 
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leading to the formation of chitosan vesicles was developed by Uchegbu et al. 
(1998). These authors linked palmitic acid to modified glycol chitosan chains, thus 
producing an amphiphilic polymer, which upon mixing with cholesterol, formed 
nanovesicles ∼300–600 nm in size. These vesicles showed good biocompatibility, 
hemocompatibility, and stability in serum and bile salts. Moreover, the vesicles were 
able to encapsulate bleomycin, a chemotherapeutic peptide.

Recently, Kim et al. (2004) described galactosylated chitosan/DNA nano-
plexes as a gene carrier. Hepatocytes possess asialoglycoprotein receptors 
(ASGR) that bind and internalize galactose-terminal (asialo) glycoproteins (Wall 
et al. 1980). Galactosylated chitosan ensured a higher transfection efficiency of 
DNA and antisense oligonucleotides into ASGR-bearing cells, HepG2, than into 
HeLa without ASGR (Gao et al. 2005). Furthermore, lactobionic acid-bearing 
galactose group was coupled to low molecular weight chitosan to improve hepa-
tocytes specificity of plasmid DNA (Gao et al. 2003). MTT assay showed that 
galactosylated chitosan was less toxic compared with chitosan, which might be 
due to the comparatively lower positive charge density (Gao et al. 2005). 
Similarly, mannosylated chitosan was found to induce receptor-mediated endocy-
tosis and targeting into antigen-presenting cells, especially dendritic cells having 
mannose receptors (Kim et al. 2006b). Furthermore, introducing a trisaccharide 
branch with the N-acetylglucosamine residue at the free end that targets cell-surface 
lectins to chitosan oligomers was found to increase gene expression levels in the 
human hepatocytes (HepG2) by tenfold, compared with polyplexes mediated by 

Fig. 2 Chemical structure of chitosan and different modified chitosan derivatives
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PEI (Issa et al. 2005). Despite the partial reduction of surface charge, the colloi-
dal stability was also enhanced with the substituted form, suggesting that the 
trisaccharide branch sterically stabilized the polyplexes. In vivo studies showed 
that, 24 h after lung administration to mice, luciferase gene expression was 4-fold 
higher with the trisaccharide-substituted oligomers than with the corresponding 
linear chitosan oligomers (Issa et al. 2005). Nevertheless, trials using lactosylated 
chitosan were characterized by lower affinity to DNA and accordingly lower 
transfection efficiency (Erbacher et al. 1998).

Another approach to increase transfection rate using chitosan as a vector consists 
of preparing trimethylated chitosan oligomers through quaternarization of oligo-
meric chitosan, as demonstrated by Thanou et al. (2002). This process is based on 
a reductive methylation procedure using methyl iodide in an alkaline environment. 
Although all derivatives tested were able to effectively transfect MCF-7 cells, 
cytotoxicity was found to increase with increasing degree of trimethylation (Kean 
et al. 2005). Further modification was done by Mao et al. (2005) by the synthesis 
of PEGylated trimethylated chitosan.

Other examples of chitosan modification include dodecylated chitosan (Liu 
et al. 2001) and deoxycholic acid modified chitosan (Kim et al. 2001).

Polyethyleneimine (PEI) has been one of the most popularly used cationic gene 
carriers because of its superior transfection efficiency in many types of cells. PEI 
has primary (25%), secondary (50%), and tertiary amines (25%), of which two-
thirds are protonated in physiological media (Fig. 3). The unprotonated amines 
with different pK

a
 values confer a buffering effect over a wide range of pH (Garnett 

1999). PEI complexes with DNA can be internalized by endocytosis. Inside the cell 
PEI strongly protonate under the acidic pH in the endosomes and create a charge 
gradient that provokes a water influx and endosomal swelling and disintegration 
(Boussif et al. 1995). Besides, the buffering property gives PEI an opportunity to 
escape from the endosome (proton sponge effect). Similar to chitosan, modified 
PEI derivatives such as galactosylated PEI (Kunath et al. 2003) and folate-modified 
PEI (Hwa Kim et al. 2005) were prepared.

The high cation density of PEI contributes to the formation of highly con-
densed PEI/DNA particles but may confer significant nondesirable cytotoxicity. 
PEI-grafted PEGs were synthesized to address the cytotoxicity and aggregation 
problems of PEI. The surface charge of PEI-g-PEG/DNA complexes reduced 
when the molecular weight of PEG was more than 5 kDa, because of the charge 
shielding effect of PEG, whereas low molecular weight PEG (550 Da) did not 
show this shielding effect (Petersen et al. 2002). A PEG-conjugated fusogenic 
KALA peptide (PEG–KALA) was synthesized. KALA is a cationic peptide con-
sisting of 30 amino acids (WEAK–LAKA–LAKA–LAKH–LAKA–LAKA–
LKAC–EA). KALA itself was used for both DNA condensation and membrane 
destabilization, and thus induced marked increase in transfection efficiency 
(Duguid et al. 1998). When precondensed PEI/DNA complexes, having nega-
tively charged surfaces, were coated with positively charged PEG–KALA to form 
net positively charged PEG–KALA/DNA/PEI complexes, the complexes main-
tained the size of 200–400 nm. In contrast, the negatively charged PEI/DNA 
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complexes coated with unmodified KALA formed much larger aggregates with 
more than 1,000 nm diameter. This result suggests that the presence of PEG seg-
ment on the surface of the polyelectrolyte complexes may prevent the interpartic-
ular aggregation (Kim et al. 2001).

Poly(L-lysine) (PLL) has been widely used as a nonviral gene carrier (Fig. 3). 
PLL having a molecular weight of less than 3,000 could not form stable complexes 
with DNA, suggesting that the number of primary amines in the PLL backbone is 
important for the complex formation (Kwoh et al. 1999). Although PLLs with high 
molecular weight have some properties suitable for a gene carrier, the PLL/DNA 
complexes showed a relatively high cytotoxicity (Choi et al. 1998) and a tendency 
to aggregate and precipitate depending on the ionic strength (Liu et al. 2001).

PLL–PEG block copolymer, synthesized by ring-opening polymerization of N-
carboxyanhydride derivatized lysine monomers, could form complexes more than 
100 nm in size. These complexes showed a significant reduction in surface z-poten-
tial and cell cytotoxicity. Polyion complex micelles using PLL–PEG block copoly-
mer, in which PLL segments and plasmid DNA formed a hydrophobic core by 
charge neutralization and PEG plays a role as a surrounding hydrophilic shell layer, 
showed a prolonged in vivo circulation time after systemic administration (Harada 
et al. 2001).

Modified collagen has been extensively studied for gene transfer applications. 
Atelocollagen, collagen obtained after removal of telopeptides, has been investi-
gated for a wide range of drug and gene delivery systems (Sano et al. 2003). 
Intramuscular administration of the atelocollagen led to long-term detection of the 
plasmid DNA in the peripheral blood (up to 40 days, compared with 6 h–14 days 
with naked pDNA injection) and significant serum HST-1 levels up to 60 days. 
Wang et al. compared the transfection levels achieved by native collagen and meth-
ylated collagen that were complexed with pRELuc (luciferase encoding plasmid), 
both in vitro and in vivo (Wang et al. 2004). Methylated collagen/DNA particles 

Fig. 3 Chemical structure of various cationic polymers
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were more condensed and exhibited a higher charge density at pH 7.4 than did 
native collagen/DNA particles at pH 3. Once at neutral pH, native collagen/DNA 
particles aggregated significantly and became destabilized.

Gelatin, the denatured form of collagen, has also been demonstrated as a viable gene 
delivery vehicle. Cationic gelatin was used to facilitate delivery of small interference 
RNA (siRNA) to silence the TGF-h receptor gene. Plasmid DNA encoding this siRNA 
vector was complexed with cationic gelatin and introduced into the ureter for delivery 
into the kidney. This resulted in a reduction in collagen content and fibrotic tissue in the 
kidney interstitium for up to 10 days after injection (Dang and Leong 2006).

One of the novel gene carriers is pullulan (Fig. 3), which is a polysaccharide 
with an inherent affinity for the liver (Akiyoshi et al. 1993; Hosseinkhani et al. 
2002). Cationized pullulan was prepared by chemical introduction of spermine (Jo 
et al. 2006). Intravenous injection of spermine-pullulan-DNA complexes to mice 
prolonged the survival time of the mice and suppressed the tumor growth in the 
liver, compared with free plasmid DNA.

Lipoplexes, complexes between cationic lipids and DNA, are believed to facili-
tate their interaction with the negatively charged cell membranes and improve the 
transfection efficiency. In particular, lipoplexes containing a fusogenic lipid 
(IDOPE) are able to fuse with the endosomal membrane. Various lipids, e.g., diole-
oylphosphatidylethanolamine (DOPE), cholesterol, and N-[1-(2,3-dimyristyloxy) 
propyl]-N,N-dimethyl-N-(2-hydroxyethyl) ammonium bromide, are capable of 
facilitating the endosomal release of DNA by destabilizing the endosome membrane 
(El Ouahabi et al. 1997). Among the cationic lipids commercially available on the 
market are Lipofectine® (an equimolar mixture of N-[1-(2,3-dioleyloxy) propyl]-
N,N,N-trimethylammonium chloride – DOTMA and DOPE), Oligofectamine®, 
Megafectine®, and DOTAP®.

2.2  Particulate Nanocarriers Made from Organic or Polymeric 
Materials

Nanotechnology focuses on formulating therapeutic agents in biocompatible 
nanocomposites such as nanoparticles, nanocapsules, micellar systems, and con-
jugates (Panyam and Labhasetwar 2003). Owing to their subcellular size and their 
biodegradable properties, nanoparticles can penetrate into tissues through fine 
capillaries and be efficiently taken up by the cells. By modulating polymer 
characteristics or surface properties, one can control the release of therapeutic 
agent or deliver it to distant target sites.

2.2.1 Nanoparticles

A number of polymers, either natural or synthetic, have been used in formulating bio-
degradable nanoparticles. Among the natural polymers, chitosan, albumin, alginate, 
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collagen, and gelatin have been extensively applied, while polylactide–polyglycolide 
copolymers, polyacrylates, and polycaprolactones can be considered the most famous 
synthetic polymers (Panyam and Labhasetwar 2003).

Chitosan nanoparticles were widely used for the delivery of macromolecules 
such as vaccines and proteins across the oral and nasal mucosa (Illum 2007). For 
example, ovalbumin was adsorbed on the surface of chitosan particles to enhance 
their uptake by the M-cells of the Peyer’s patches. Additional coating of particles 
with sodium alginate was able to prevent the burst release of the loaded antigen and 
improve the nanoparticle stability in gastrointestinal fluid. However, alginate-
modified chitosan nanoparticles encountered many problems, including floccula-
tion at low alginate to particle ratio, and desorption of ovalbumin, which led to 
significant decrease in the loading capacity of the coated particles (Borges et al. 
2005). In another recent study, alginate-modified trimethyl chitosan nanoparticles 
were prepared for protein delivery. The results showed that nanoparticles with a 
lower degree of quaternarization showed an increase in particle size, a decrease in 
z-potential and a slower drug release profile, whereas for the alginate-modified 
particles a smaller size and lower z-potential were observed (Chen et al. 2007).

One other way to enhance the interaction of chitosan nanoparticles with M-cells is 
their coating with carbohydrates having an affinity for the mannose receptors in the 
epithelial cells, such as glucomannan. Coating was evidenced by the conversion of the 
z-potential to negative values. These particles were efficiently loaded with the inmu-
nomodulatory protein complex P1 for the peroral administration (Cuna et al. 2006).

Poly(lactic-co-glycolic acid) (PLGA) is one of the most common biodegradable 
polymers used for drug delivery purposes. However, owing to its extremely slow 
rate of biodegradation, PLGA is considered unsuitable for pulmonary drug deliv-
ery, especially in cases where frequent dosing is required. A new class of rapidly 
degrading polymers based on amine-modified branched polyesters, such as diethyl-
aminopropylamine poly(vinyl alcohol)-graft-poly(lactic-co-glycolic acid) (DEAPA-
PVAL-g-PLGA), has been identified as suitable candidates for pulmonary drug 
delivery systems. These cationic biodegradable nanoparticles elicited a signifi-
cantly lower pulmonary inflammatory response compared with polystyrene particles 
of similar hydrodynamic diameter (Dailey et al. 2006). Another novel approach was 
the synthesis (by ring-opening polymerization) of poly(lactide)–tocopheryl 
poly(ethylene glycol) succinate (PLA–TPGS) of desired hydrophobic–hydrophilic 
balance for the delivery of anticancer drugs (Zhang and Feng 2006). PLA–TPGS 
nanoparticles encapsulating paclitaxel have shown great advantages in cellular 
uptake over the traditional PLGA nanoparticles (Zhang and Feng 2006).

In the context of DNA or RNA delivery, the major limitation in the application of 
these nanoparticles is primarily their negative charge, which limits the interaction 
with the negatively charged DNA, in addition to the poor transport characteristics of 
the DNA-encapsulated PLGA nanoparticles through the cell membrane. PLGA nano-
particles with cationic surface modification can overcome these disadvantages and 
hence readily bind and condense DNA. Several polycations were used to accomplish 
this cationic surface modification, including PEI (Kim et al. 2005; Messai et al. 2003; 
Trimaille et al. 2003), chitosan (Ravi Kumar et al. 2004), cetyltrimethylamonium 
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bromide (Singh et al. 2003), poly(2-dimethyl-amino)ethyl methacrylate (pDMAEMA) 
(Munier et al. 2005), and didodecyl dimethyl ammonium bromide (Kwon et al. 
2001). Many of these systems proved to be efficient nonviral carriers to the lung epi-
thelium (Bivas-Benita et al. 2004). Munier et al. (2005) described a versatile approach 
for the elaboration of cationic poly(d,l-lactide), PLA, nanoparticles, based on the use 
of preformed particles and subsequent adsorption of a model polycation. Among 
three different cationic polymers (chitosan, PEI, pDMAEMA) used, PLA–pDMAEMA 
cNP was the most promising system for in vitro DNA delivery.

A novel cationic modification of PLGA was recently developed based on 
poly[vinyl-3-(dialkylamino)alkylcarbamate-co-vinyl acetate-co-vinyl alcohol]-
graft-poly(d,l-lactide-co-glycolide) (Unger et al. 2007). The branched polyesters 
are biodegradable and positively charged depending on the type and degree of 
amine substitution. Accordingly, they have been successfully used for DNA deliv-
ery (Oster et al. 2004), transmucosal insulin delivery (Simon et al. 2005), and pul-
monary drug delivery (Dailey et al. 2003). In addition, PVA-graft-PLGA 
nanoparticles have been successfully used for the local delivery of paclitaxel for the 
treatment of restenosis (Westedt et al. 2007).

The potential of trimethyl chitosan derivatives as cationic surface modifiers for 
nanoparticles was investigated by many research groups. Poly e-caprolactone nano-
particles coated with trimethyl chitosan proved to bind efficiently DNA and 
enhance its internalization by cos-1 cells (Haas et al. 2005). Besides, other in vivo 
uptake studies indicated the transport of FITC-ovalbumin-associated TMC nano-
particles as well as influenza subunit antigen-TMC nanoparticles across the nasal 
mucosa (Amidi et al. 2006, 2007). Nevertheless, highly quaternarized derivatives 
were found to be significantly cytotoxic (Haas et al. 2005).

The nanoparticulate carriers of gelatin have been used for efficient intracellular 
delivery of the encapsulated payload. Thiolated gelatin nanoparticles can result in 
rapid release of their content in a medium containing high glutathione concentra-
tion. The thiol content of gelatin is suggested to form disulfide bonds within the 
polymer structure, thus strengthening the tertiary and quaternary protein structure 
and stabilize the nanoparticles during systemic circulation. However, inside the 
cell, where the glutathione concentration is 1,000-fold higher, these disulfide bonds 
are broken and the biopolymer unfolds releasing its content. In a recent study, it 
was observed that surface modification of these gelatin/thiolated gelatin nanoparti-
cles with hydrophilic polymers such as PEG affords longer circulation time in vivo 
(Kaul and Amiji 2005). PEGylated gelatin nanoparticles are characterized by a 
slight decrease in the negative charge on the surface, which could be attributed to 
the modification of the surface amino groups of the surface of gelatin nanoparticles 
(Kommareddy and Amiji 2007).

2.2.2 Polymeric Micelles

New triblock copolymers consisting of poly(ε-caprolactone)-b-chitooligosaccharide-
b-poly(ethylene glycol) were synthesized and evaluated for the delivery of doxorubicin. 
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The copolymers can self-assemble to form polymeric micelles of 90 nm diameter, 
at the critical micelle concentration (CMC) of 1.0 µM. Doxorubicin-loaded micelles 
cross-linked with genipin were able to reduce the burst release of doxorubicin and 
sustain its release (Chung et al. 2006).

In another study, a water-soluble lipopolymer (WSLP) was synthesized by con-
jugating cholesteryl chloroformate to a low molecular weight PEI (1.8 kDa) (Han 
et al. 2001). The balance between hydrophobic cholesterol group and hydrophilic 
PEI in WSLP enables the polymer to form a micellar structure in aqueous milieu 
(CMC = 500 µg mL−1). WSLP interacts with DNA to form stable colloidal particles 
(70 nm in diameter). The PEI moiety of WSLP confers a buffering effect (proton 
sponge effect), which could facilitate endosomal escape of the WSLP/DNA com-
plex. In a similar way, the hydrophobic cholesterol moiety of WSLP would give a 
chance to form small and stable complexes, resulting in enhanced cellular uptake 
and transfection efficiency. WSLP showed higher transfection efficiency and much 
lower cytotoxicity than 25-kDa PEI, suggesting that WSLP has the advantages 
from both PEI and cholesterol (Han et al. 2001).

2.2.3 Dendrimers

Dendrimers are three-dimensional, highly branched monodisperse macromolecules, 
which are obtained by an iterative sequence of reaction steps producing a precise, 
unique branching structure, with controlled surface functionality, that add to their 
potential as new scaffolds for drug delivery (Gupta et al. 2006). Dendrimers have 
reported to release the loaded drug, either hydrophilic or hydrophobic, in a control-
led manner (Baars et al. 2000) and have been recently used successfully in gene 
delivery (El-Sayed et al. 2003; Jevprasesphant et al. 2004), and as magnetic reso-
nance imaging agents (Wiener et al. 1994) and solubilizing agents (Milhem et al. 
2000). In an attempt to increase the loading capacity, and the sustaining and target-
ing properties, modified dendrimers such as pegylated dendrimers, glycodendrim-
ers, polyester dendrimers, and dendrimer grafts have been synthesized (Bhadra et 
al. 2003, 2005; Ihre et al. 2002; Padilla De Jesus et al. 2002).

Cationic dendrimers and partial dendrimers (dendrons) can condense DNA and 
enhance its internalization (Dufes et al. 2005). Important attributes of dendrons 
include the molecular weight, charge, hydrophobicity, flexibility, and geometry of 
the molecule (Sakthivel et al. 1998; Shah et al. 2000). In a study that explored 
polyamidoamine (PAMAM) dendrimers as a gene delivery system, the modulation 
of complexes through the presence of other compounds during the complex forma-
tion was described (Godbey et al. 1999). The addition of the cationic transfection 
polymer DEAE-dextran to the dendrimer-DNA complexes appears to have an addi-
tive or possibly synergistic effect on the transfection efficiency observed with 
PAMAM. However, doubling of cell death was also noted (Lampela et al. 2004). 
On the other hand, the presence of anionic oligomers such as dextran sulphate or 
oligonucleotides together with plasmid DNA during the complex formation has 
been demonstrated to significantly influence the morphology of complexes formed 
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(Vincent et al. 2003). Complexes formed from phosphorous-containing dendrimers 
and activated PAMAM dendrimer (Superfect) were significantly less dense and 
appeared to be less prone to aggregation when the anionic oligomers were used 
(Maksimenko et al. 2003).

Another particular example is the quaternarization of the PPI dendrimers, which 
led to an improved DNA binding, complex stability, and in vivo safety (Schatzlein 
et al. 2005).

Although most dendritic polymers currently used are based on symmetric struc-
ture with multiple branches emanating from a central core, work by Florence and 
colleagues demonstrates that this is not obligatory: water-soluble amphiphilic den-
dritic polylysine or polyornithine peptides with a hydrophobic root (3_a-amino 
myristic acid) are asymmetric and have a relatively lower charge density than do 
PAMAM dendrimers but can still achieve transfection (Choi et al. 1999, 2000). 
Another polylysine “branch” structure was synthesized as an asymmetric 
methoxy(ethylene glycol)-block-PLL dendrimer or a symmetric “barbell shaped” 
PLL dendrimer-block-methoxy(ethylene glycol)-block-PLL dendrimer triblock 
copolymer which efficiently condenses DNA (Bosman et al. 1999).

Polylysine-based dendrons (having 16 free surface amino groups attached to 7 
lysine groups) were used to condense a fluorescent protein vector, pRedN-1 DNA. 
Increased lipophilicity and molar charge ratios are prerequisites to obtain compact 
and reproducible dendriplexes. These dendriplexes were encapsulated in PLGA 
nanoparticles with a higher encapsulation efficiency compared with DNA alone 
(Ribeiro et al. 2005). Wiwattanapatapee et al. investigated the influence of charge 
on the mechanism of dendrimer transport across the gastrointestinal membrane 
(Malik et al. 2000). Using the everted rat intestinal sac method, it was found that 
for cationic PMAM the tissue uptake was higher than serosal transport whereas 
anionic PMAM dendrimers were assumed to be transported through third-phase 
endocytosis (Wiwattanapatapee et al. 2000).

2.2.4 Liposomes

Liposomes have been demonstrated to be an efficient drug and gene carrier system 
(Oku et al. 2001; Oussoren and Storm 2001). Surface modification of liposomes 
achieved by inserting PEG, dextran, galactose, or mannose to the surface was found 
to increase liposome stability and to introduce some specificity in binding to particu-
lar cell types (Hashida et al. 2001; Shigeru et al. 2000; Trubetskoy et al. 1995).

A novel nonviral gene transfer system was developed by Oku et al. (2001) by modi-
fying liposomes with cetylated PEI. This polycation liposome (PCL) showed remarka-
ble transfection efficiency in eight malignant and two normal cell lines tested as well as 
in cos-1 cells in comparison with conventional cationic liposome. In vivo testing of the 
effectiveness of gene transfer using PCL indicated that GFP and Luciferase genes were 
effectively expressed in mice. The effect of the molecular weight of PEI on PCL-medi-
ated gene transfer showed that PEIs with a molecular weight of 600 and 1,800 Da were 
quite effective but PEI of 25,000 was far less effective (Oku et al. 2001).
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Recently, pH-sensitive liposomes of 30 nm diameter containing cationic/anionic 
lipid combinations were synthesized for cancer therapy (Kawakami et al. 2007). 
Liposomes were composed of Fe-porphyrin (as a superoxide dismutase mimic, 
l-α-phosphatidylcholine (DMPC), dimethylditetradecyl-ammonium bromide, sodi-
spdum oleate (OA

Na
), and Tween-80. Results suggested that the liposome was 

highly cytotoxic toward the cancer cells, compared with cisplatin, the control drug 
(Kawakami et al. 2007). In another study, stable large unilamellar vesicles were 
prepared either from the ionizable anionic lipid, cholesteryl hemisuccinate, and the 
permanently cationic lipid, N,N-dioleoyl-N,N-dimethylammonium chloride, or 
from the acidic lipid dioleoylphosphatidic acid and the ionizable cationic lipid 3α-
[N-(N′,N′-dimethylaminoethane)-carbamoyl] (Hafez et al. 2000). The critical pH of 
fusion was dependent on the cationic to anionic lipid ratio. This pH-dependent 
fusion occurs preferably when the surface charge is zero (Hafez et al. 2000). 
Further specificity of these liposomes was accomplished by association with 
enzymes such as elastase (Meers 2001). The presence of soluble proteases in high 
concentrations near the exterior of a desired target cell activates liposomes near the 
target to fuse with the cell surface before other extracellular factors can interfere.

2.3 Particulate Nanocarriers Made from Inorganic Materials

2.3.1 Silica-Based Particulate Matter

SiO
2
 surfaces exhibit some favourable properties for the biological application: 

good biocompatibility, negative charge, and ease of covalent binding to the silica 
surface. There are several studies demonstrating that silica-based nanoparticles are 
of benign nature regarding their cytotoxicity (Kneuer et al. 2000a; Luo et al. 2004; 
Ravi Kumar et al. 2004; Zhu et al. 2004). The negative charge, as well as the ability 
to modify the surface by covalently attaching specific entities, is due to the exist-
ence of 4–6 Si–OH groups per nm2 (Spierings et al. 1995; Zhuravlev 1987). Based 
on silane chemistry and the self-assembly of those molecules a wide variety of 
modifications is possible (Ulman 1990; Wang et al. 2006).

The inheriting negative charge of these particles is important for the stabilization 
of nanoparticulate suspensions since the particles easily aggregate because of the 
high surface area. In general, the stability of suspension is assumed if the z-potential 
of the particulate materials is |f| > 30 mV unless no other stabilizing mechanism is 
present (Wang et al. 2006).

A major reason for using positively charged particles is the loading of these carriers 
with genetic material (DNA, RNA, and oligonucleotides) bearing negative charges. 
Complexation of genetic material to the surface of such particles showed that the plas-
mid DNA is protected from enzymatic degradation and allows for in vitro transfection 
(Kneuer et al. 2000a, b; Peng et al. 2006). Recently, it was shown that organic-modified 
particles (Roy et al. 2003) were efficient for in vitro and in vivo nonviral gene delivery 
(Bharali et al. 2005; Roy et al. 2005). Silica beads were surface-modified to selectively 
bind to various cancers (He et al. 2003, 2004; Ow et al. 2005; Santra et al. 2001), bacterial 
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cells (Zhao et al. 2004), and PTK2 cells (Qhobosheane et al. 2001). Furthermore, silica 
particles with sizes between 40 and 70 nm were found to penetrate into the nucleus, 
which might explain their transfection potential (Chen and Von Mikecz 2005).

In terms of toxicity, amorphous silica materials are considered as relatively safe 
(Barbé et al. 2004; Brunner et al. 2006). It has therefore been used as food additive 
for years and as negative control in cytotoxicity experiments (Brunner et al. 2006). 
Also, recent studies have shown that silica-overcoated magnetic particles are of 
benign nature and that a prolonged presence in the tissue is possible without toxic 
effect (Kim et al. 2006a). A bioactive effect is known as well (Hench and Wilson 
1986; Klein et al. 1995; Li et al. 1994). From implantate research it is known that 
silica materials can be excreted in the urine through the kidneys or is actively phago-
cytosed (Lai et al. 1998, 2000, 2005). On the other side, SiO

2
 nanoparticles were 

found to trigger subnuclear pathology (Chen and Von Mikecz 2005). In contrast, 
crystalline silica taken up via the airways induces pulmonary inflammation, oxidative 
stress, and mediator release from lung target cells (Chang et al. 2007; Nel et al. 2006).

Silica particles that show fluorescent and magnetic properties are promising multi-
functional entities to investigate biological systems (Levy et al. 2002; Lu et al. 2002, 2004).

2.3.2 Magnetic Nanoparticles

Promising multifunctional nanocarriers or nanoparticles are magnetic systems. 
They can be used for diagnosis, localisation, drug delivery, and therapeutic applica-
tions (Dobson 2006; Ito et al. 2005; Jain et al. 2005). A magnetic core material can 
be used for magnetic resonance imaging, as a hyperthermia mediating component, 
or to be deposited by means of a field gradient at the target site (Arruebo et al. 
2007). The surface of the particle, which may be modified by using different mate-
rials such as polymers, lipids, and silica (SiO

2
), allows tuning the environmental 

interaction. Negative charge, as found on silicon-coated magnetic particles reduce 
aggregate formation because of electrostatic repulsion (Arruebo et al. 2007). These 
negative charges are typically related with the oxidic nature of the materials.

The modification of the carriers’ surfaces can be based on hydrophobic forces 
facilitating adsorption onto the surface or insertion of hydrophobic parts in already 
existing hydrophobic cavities (Torchilin 1998, 2001; Yuan et al. 1995). Typically, 
chemical binding is the preferred route of modification (Klibanov et al. 2003; 
Torchilin et al. 2003). Therefore, originally charged surface due to the presence of 
free amino groups or carboxylic groups are intensively used.

3  Influence of the Charge on Biodistribution, Cellular Uptake, 
and Transport

For future application several crucial needs have to be fulfilled: appropriate circulation 
time without being excreted, direction to specific targets or biological compart-
ments, and release of the active substances loaded on or in the carrier.
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Systemic circulation is strongly influenced by the polarity of the particle. Most 
frequently used are PEG coatings (Milton Harris and Chess 2003) but negatively 
charged particulate carriers are known to show longer circulation times as well 
(McNeil 2005). Regarding targeting, two strategies are used: passive targeting and 
active targeting based on ligands. The passive targeting is, concerning cancer, 
based on the so-called enhanced permeability and retention effect. This effect is 
long since known to be dependent on the surface charge of the carrier systems 
(Dellian et al. 2000; Juliano and Stamp 1975).

Overall, the surface charge is assumed to play an important role for uptake into 
the cell and its further destiny after internalization. For cationic amphiphiles it was 
shown that they may induce a highly curved membrane and therefore were invagi-
nated (Elouahabi and Ruysschaert 2005).

For polymeric complexes, the charge, tuned by the ratio of polymer to load, has 
been found to influence the transfection efficiency (Cherng et al. 1996; Dalluge et 
al. 2002; Kneuer et al. 2006). In addition, different accumulation behaviors have 
been observed related to the surface charge and its amount and are exploited for 
drug delivery (Blau et al. 2000; Borowik et al. 2005; Chiu et al. 2001, 2002). In this 
context, the unspecific cellular adhesion can be controlled by the density of PEG 
molecules on the surface (Satomi et al. 2007). Therefore, the transfer to colloidal 
surfaces allows controlling to a certain amount the adhesive potential of the nano-
particulate carriers.

Hence, there are studies showing that cellular uptake and association are possi-
ble for particles with any surface charge for in vitro models of the gastrointestinal 
tract (Baczynska et al. 2001). Similar results were found for negatively charged 
particles that were taken up via Peyer’s Patches of mice (Shakweh et al. 2005). 
According to Patel, radioactively labeled small negatively charged liposomes are 
most efficient in targeting rat regional lymph nodes after subcutaneous administra-
tion (Patel et al. 1984); that is, negatively charged SUV were more effective than 
positively charged and both were more efficient than neutral carriers (Patel et al. 
1984). But these data were as well contradicting earlier data received (Osborne et al. 
1979). Obviously, different aspects are strongly influencing and masking the charge 
effect so that no clear statement is possible as long as the experimental procedures 
and the carriers are not chosen very carefully.

Let us take chitosan as an example, which is known to be a penetration enhancer 
in acidic environment toward monostratified and pluristratified epithelia both 
endowed with and lacking tight junctions (Dodane et al. 1999). The uptake of chi-
tosan nanocarriers seems to be related to the size and the surface charge: the higher 
the z-potential, the stronger is the affinity between the nanoparticles and the nega-
tively charged cell membranes and mucus respectively (Huang et al. 2004). At the 
same time the binding capacity, as well as the stability of such a suspension, is 
increased (Nafee et al. 2007; Pang et al. 2002).

The contact time of the carrier systems with the membrane increases uptake 
probability (Fahmy et al. 2005). This holds for charge-related effects (El-
Shabouri 2002; Hariharan et al. 2006) as well as for targeting moieties (Hong 
et al. 2007).
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Cellular uptake is definitely not the only obstacle when trying to deliver therapeutic 
substances. The uptake is typically accomplished via endocytotic pathways (macro- 
or pinocytose) (Fahmy et al. 2005; Felberbaum-Corti et al. 2003; Steimer et al. 
2005; Watson et al. 2005) and therefore the carrier needs to escape the endo- and 
lysosome respectively (Panyam and Labhasetwar 2003).

The destabilization of the endosomes can be achieved applying cationic lipids or 
cationic polyelectrolytes. Relying on cationic lipids such as dioleoyl phospatidyleth-
anolamine (IDOPE), which is known to be fusogenic, leads to incorporation into the 
membrane (Felgner et al. 1994). Another possible mechanism is the so-called 
sponge effect, which may be responsible for the necessary release of the carrier from 
the lysosome to the cytosol (Fig. 4) (Blau et al. 2000; Boussif et al. 1995; Mislick and 
Baldeschwieler 1996; Pang et al. 2002; Panyam and Labhasetwar 2003). However, 
this effect based on the buffering of macromolecules at low pH is still under debate 
(Dubruel et al. 2004; Funhoff et al. 2004). A further membrane-destabilizing effect 
is described for polymers exhibiting anionic carboxyl groups (Yessine and Leroux 
2004). A strong pH-influenced conformational change of these polyelectrolytes is 
responsible for the membrane leakage (Yessine et al. 2003). The hydrophobicity of 
the polymers influences additionally the hemolytic activity but is not associated with 

Fig. 4 Proton sponge effect. This sketch reflects the assumed mechanism of the destabilization 
of the endosomal membrane by polyplexes or nanoparticles with attached polyelectrolytes (repre-
sented by the red polymer-like structure). After invagination of the object, the endosome is acidi-
fied by an influx of protons and chloride. The buffering capacity of the complex leads to an 
increased ionic strength, followed by an increased uptake of water. Swelling of the endosome is 
the consequence, which results in destabilization of the endosome and release to the cytosol. 
Image modified but according to Nanochemistry homepage (Preece 2007)
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membrane disintegration. Moreover, the hydrophobicity results in elevated macrophage 
cytotoxicity (Yessine et al. 2003). Hence, adjusting the hydrophilic–hydrophobic 
balance of synthetic polymers allows to tune the disruption of membranes in a 
pH-dependent manner (Yessine and Leroux 2004).

There are several studies that suggest that the type of charge plays a crucial role 
for uptake and toxicity. Quaternary ammonium groups seem to be benign compared 
to primary amino groups (Chanana et al. 2005; Chung et al. 2007), and from den-
drimes it is known that amine groups are more cytotoxic than carboxylic groups 
(Malik et al. 2000).

Additionally, the interaction pattern depends on the cell type investigated. Stem 
cells show a lesser uptake of mesoporous silica particles when compared with 3T3-L1 
cells (Chung et al. 2007), or A549 show higher uptake of modified PLGA particles 
when compared with Caco-2 cells in confluent monolayers (Weiss et al. 2007).

Negative charge in comparison with membrane-penetrating peptides is investi-
gated but not evaluated with respect to combined effect of charge and surface-
located peptides (Koch et al. 2005).

An interesting strategy for future applications besides using smart and respon-
sive carriers might be the combination of steric hindrance, e.g., with PEG with an 
underlying charged layer that is not fully screened. In combination with flexible 
nanocarriers that change their architecture in dependence on the environment or 
other stimuli (Torchilin 2006). Let us say a stepwise accessibility of functions. In 
addition, the more classical idea of the magic bullet with all entities present at the 
time or the so-called particle lithography technique which allows to modify specific 
parts of the surface with a respective function (Yake et al. 2007).

4 Conclusion

Finally, looking at the present findings partly highlighted here, it is clear that to date 
no clear statement can be given regarding the effect of charge. There are clear 
behavioral differences found between neutral, negatively or positively charged car-
rier systems. Generally, the specific effects depend on the individual target and car-
rier system. Nevertheless, the results are partly opposing each other regarding 
uptake efficiency. Overall, positive charges may be used for transport via com-
plexation as well as for prolonged contact times and unspecific targeting. Negative 
charges will mainly support increased systemic circulation. Both charges can play 
a crucial role in the release into cytosol after successful uptake.
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1 Mitochondria and Human Diseases

Every fifteen minutes, a child is born with a mitochondrial disease or will develop one 
by the age of five (Cohen, 2006). Mitochondrial diseases are characterized by a bewil-
dering array of signs and symptoms (Naviaux, 2004). For example, one single-point 
mutation in mitochondrial DNA has been reported to contribute to over nine different 
disorders such as diabetes, congestive heart failure, chronic progressive external oph-
thalmoplegia (CPEO), schizophrenia, and kidney malfunction [reviewed in Naviaux 
(2004)]. Although mitochondrial involvement in the pathogenesis of human diseases 
had already been discussed as early as in 1962 (Luft et al., 1962), the causative link 
between mitochondrial defects and human diseases was identified for the first time 
only 26 years later. In 1988, Wallace et al. reported the association of a mitochondrial 
DNA mutation with Leber’s hereditary optic neuropathy, and Holt et al. (1988) identified 
mitochondrial DNA deletions in patients suffering from myopathies. Since then, the 
number of human diseases that have been recognized to be caused by mitochondrial 
malfunctions has exploded. So far, 347 mitochondrial disorders have been identified 
(Naviaux, 2004). The majority of them display either neurodegenerative or neuromus-
cular symptoms. Mitochondrial medicine is currently one of the fastest growing areas 
in biomedical research (Naviaux, 2004) that has also given rise to new sub-disciplines 
such as mitochondrial pharmacology (Szewczyk & Wojtczak, 2002) and mitochondrial 
pharmaceutics (Weissig et al., 2004). The identification of new molecular mitochon-
drial drug targets in combination with the development of methods for selectively 
delivering biologically active molecules to the site of mitochondria will potentially 
launch new therapeutic approaches for the treatment of mitochondria-related diseases, 
based on the selective protection, or repair or eradication of cells.

2 Mitochondria as Cell Organelles

Although a single animal mitochondrion inside a cell was depicted on the front 
cover of the March 5, 1999, issue of Science, the widely accepted perception of 
individual mitochondria moving around the cytosol has to be thoroughly revised. It 
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is now known that mitochondria form a complex tubular network, which is con-
stantly changing its shape by undergoing fission and fusion (Chan, 2006; Chen & 
Chan, 2005; Polyakov et al., 2003). Moreover, the mitochondrial network is tightly 
associated and seems to interact with cytosolic microtubules. Using two-color 4Pi 
microscopy in combination with quantum dots, Medda et al. (2006) were able to 
provide insight into the intimate spatial intermingling of mitochondria with the 
microtubular network in mammalian cells (Medda et al., 2006). Figure 1 shows 
how the microtubular meshwork (in green) is strongly intertwined with the red 
colored mitochondrial tubular network. Images of higher resolution (not shown 
here) even depict features like ring-shaped mitochondria surrounding microtubules 
(Medda et al., 2006). Such a strong association between the mitochondrial and the 
microtubular network obviously has to be considered when designing nano drug 
carriers for mitochondrial-targeted drug and DNA delivery.

The mitochondrial mass in a single cell depends on cellular energy demand. 
Cells in metabolically active organs such as the liver, the brain, and cardiac and 
skeletal muscle tissues may have up to 100 times the mitochondrial mass of cells 
of somatic tissues with a lower demand for energy. Mitochondria are composed of 
two membranes, which together create two separate compartments, the internal 
matrix and the narrow intermembrane space. The outer membrane is permeable to 
molecules smaller than 5 kDa, whereas the inner membrane is highly impermeable 
and characterized by an unusually high content of membrane proteins as well as a 
unique lipid composition. The mitochondrial inner membrane proteins comprise 
components of the respiratory chain plus a large number of transport proteins. The 

Fig. 1 Quantum dot labeling of the mitochondrial and the microtubular network within a mam-
malian cell. Reprinted in slightly modified form from Medda et al. (2006). Two-color 4Pi micros-
copy with quantum dot labeling: mitochondria (α-subunit of the F

1
F

0
-ATP-synthase, QDot 655, 

red) and microtubules (α-Tubulin, QDot 605, green). The figure shows the axial average projec-
tion of the whole 4Pi data stack; the red and green structures reveal the mitochondria and the 
microtubules, respectively. The left panel is the overlay of both images shown in the right panel. 
Scale bar, 5 µm. The image was graciously provided by Rebecca Medda and Joerg Bewersdorf; 
copyright permission was granted by the Journal of Structural Biology (Elsevier)
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impermeability of the inner membrane is a prerequisite for the establishment of an 
imbalance in the distribution of protons between the mitochondrial matrix and the 
cytosol, which in turn is the driving force for the synthesis of ATP. Mitochondria 
are unique among animal cell organelles as they contain their own genome (mtDNA) 
and associated expression system.

While as the “power house” of the cell the mitochondrion is essential for the 
energy metabolism, as the “death switch” this organelle is central to the regulation 
and execution of apoptosis. Apoptosis plays a central role in tissue homeostasis and 
it is generally considered that inhibition of apoptosis may contribute to cell trans-
formation (Costantini et al., 2000; Green & Reed, 1998; Gulbins et al., 2003; 
Waterhouse et al., 2001). Significant knowledge has been accumulated about how 
the apoptotic machinery is controlled. As each new regulatory mechanism had been 
identified, dysfunction of that mechanism has been linked to one or another type of 
cancer (Kaufmann & Gores, 2000).

Further, mitochondria are critically involved in the modulation of intracellular 
calcium concentration; the mitochondrial respiratory chain is the major source of 
damaging reactive oxygen species; and mitochondria play a crucial role in numer-
ous catabolic and anabolic pathways.

3 Cytosolic Barriers to Mitochondrial Drug and DNA Delivery

Because of the presence of mitochondria in almost all cells, the view that once 
inside the cell, any drug or DNA molecule will eventually interact with components 
of the mitochondrial membrane and – depending on its physico-chemical properties 
– perhaps diffuse into the matrix, appears plausible. Without a doubt, statistical 
collision may indeed lead to an interaction of drug molecules with mitochondria. 
Yet, while barriers to drug delivery between the site of administration and the target 
tissue are well-defined and recognized, intracellular barriers preventing an even 
distribution of drug molecules throughout the cell, which the drug has to overcome 
in order to reach its subcellular target site, are less well-characterized.

Various factors slow, or even prevent, free diffusion of solutes in the cytosol. 
First is the fluid-phase viscosity of the cytoplasm; second are collisional interac-
tions due to macromolecular crowding; and third is binding to intracellular compo-
nents (Lukacs et al., 2000; Seksek et al., 1997). The impact on cytoplasmic solute 
diffusion of the combination of these three factors can be measured, and is 
expressed as the translational diffusion coefficient. Verkman and colleagues 
(Lukacs et al., 2000) have used spot photobleaching to measure the translational 
diffusion of fluorescein-labeled double-stranded DNA fragments of different sizes 
after microinjection into the cytoplasm of HeLa cells. While the ratio between the 
relative diffusion coefficients in water (D

w
) and in cytoplasm (D

cyto
) was about 

unity for small oligonucleotides, D
cyto

/D
w
 progressively decreased to 0.19, 0.067, 

and 0.032 for DNA fragments of 100, 250, and 500 bp, respectively. The diffusion 
rate was further dramatically reduced as DNA size increased beyond 1 kb (660 kDa) 
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and was immeasurably slow for DNAs of 3 kb or greater. The same group has 
shown in more recent work (Dauty & Verkman, 2005) that the size-dependent 
reduction in the mobility of large macromolecules or DNA fragments was abol-
ished after disruption of actin microfilaments, thereby identifying this component 
of the cytoskeleton as the principal structure that limits passive diffusion through 
the cytoplasm.

In contrast, Vaughan and Dean (2006) did not see changes in intracellular plas-
mid trafficking following either stabilization or disassembly of the actin cytoskele-
ton. Instead, using microinjection and electroporation approaches in the presence 
of drugs that alter the dynamics and organization of the cytoskeleton, they showed 
that microtubules are involved in plasmid trafficking to the nucleus (Vaughan & 
Dean, 2006). In addition, by co-injecting inhibitory antibodies, these authors found 
that dynein likely facilitates this movement. These results were confirmed using an 
in vitro spin-down assay that demonstrated that plasmids bind to microtubules 
through adaptor proteins provided by cytoplasmic extracts. Since Vermerk’s stud-
ies were focused on measuring rates of diffusion on small time scales (seconds to 
minutes), while Vaughan and Dean were assessing the movement of DNA over 
periods of hours, it is concluded that disruption of the actin network may play a 
significant role in local movement over very short times, but this role may be less-
ened over time, as microtubules play the predominant role in DNA movement 
(Vaughan & Dean, 2006).

Detailed insight into the mechanism of interaction between DNA and micro-
tubules was recently provided by Mesika et al. (2005). These authors studied the 
intracellular transport of plasmid DNA microinjected into HeLa cell cytoplasm, 
alone or as a complex with intact or NLS-deleted NFκB p50. They found that 
association of NLS-carrying p50 with DNA facilitated not only nuclear entry of 
the DNA but also its migration through the cytoplasm towards the nucleus. 
Moreover, they also found that facilitated transport of p50-DNA complexes in the 
cytoplasm proceeded along microtubules in a dynein-dependent manner and was 
mediated by the heterodimeric nuclear transport receptor that recognizes the p50-
born NLS (Mesika et al., 2005). Also, from work concerning protein transport in 
neurons, it has been recognized that the formation of multiprotein complexes is 
responsible for transport processes along the microtubule network (Hanz et al., 
2003; Perlson et al., 2005). Likewise, it is well-known that a variety of viruses, 
i.e., “natural nanoparticulates”, utilize microtubules to reach the nucleus 
[reviewed in (Vaughan & Dean, 2006)].

With particular respect to mitochondrial DNA delivery, and considering both the 
role the microtubular network plays for intracellular DNA transport and the inti-
mate interaction between the microtubular and the mitochondrial network, one can 
speculate that all DNA in whatever form repeatedly passes near to mitochondrial 
membranes. Subsequently, one can hypothesize that linking the DNA with mole-
cules that specifically accumulate at or in mitochondria will divert the traffic flow 
from the nucleus towards mitochondria.

In addition to the components of the cytoskeleton (actin filaments and microtu-
bular network), the cytoplasm is filled with a large number of cell organelles with 
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unique intralumenal pH values, resident molecules, electronic potentials, lipid-bilayer 
compositions and membrane-bound proteins. Obviously, such organelle-specific 
properties may also have a significant impact on the intracellular drug and DNA 
trafficking. Based on studying the intracellular localization for a wide variety of 
dyes and fluorescent probes, Horobin and colleagues have developed a QSAR 
modeling approach for predicting the cellular uptake, the intracellular distribution, 
and the site of intracellular accumulation for fluorescent probes and dyes (Horobin, 
2001, 2002; Trapp & Horobin, 2005). Horobin’s work demonstrates that the 
amphiphilic character, the size of the aromatic system, the electric charge, the overall 
size, the presence of planar aromatic moieties, the lipophilicity, and the acid–base 
properties can all influence the intracellular disposition of these molecules (as discussed 
in more detail later).

In overall conclusion it becomes apparent that, following cell entry, a random or 
statistical interaction of drug molecules or pDNA with mitochondria is not to be 
expected. The effective interaction of all kind of pharmaceuticals with or uptake by 
mitochondria will take place only when the drug either meets Horobin’s QSAR 
criteria for mitochondrial localization or when the drug is being transported to 
mitochondria by an appropriate mitochondria-targeted delivery system.

4  Mitochondriotropics and Mitochondria-Targeted 
Nano Drug Carriers

The physico-chemical parameters required for mitochondrial targeting of low-
molecular weight compounds (drugs, dyes, and other xenobiotics) can be numeri-
cally defined by utilizing available QSAR models. These specify the physico-chemical 
features of such agents and, by predicting possible localization in additional cellu-
lar structures, also indicate the degree of selectivity of the mitochondriotropic 
behavior.

Most recently it was found that the mitochondrial targeting of nearly 80% of a 
nonselected sample of over 100 compounds known to be localized, or active, in 
mitochondria could be predicted using two sets of QSAR models, one specifying 
accumulation of lipophilic cations and the other of lipophilic weak acids (Horobin 
et al., 2007). The author’s approach allowed for uptake into additional intracellular 
sites, such as endoplasmic reticulum and generalized biomembranes. Table 1 sum-
marizes numerically expressed physico-chemical criteria for entry into the cell and 
for mitochondrial uptake as well as for localization to other cell organelles.

However, this approach fails to predict the observed mitochondrial activity of 
certain compounds. Some of these may access the organelles without selective 
accumulation, and criteria for this are 8 > log P > 0. Nevertheless, as some mito-
chondriotropic compounds still remain outside the criteria, an alternative predictive 
procedure has been explored, namely a first-principles physico-chemical approach 
based on the Fick-Nernst-Planck equations (Trapp & Horobin, 2005). However, the 
details of this are beyond the scope of this chapter.
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More important here is the fact that the QSAR decision rules outlined above 
have been validated only for low-molecular weight compounds. The critical ques-
tion for this chapter is whether the summary criteria (Table 1) can be applied to 
mitochondrial localization of nano particulate systems. Since obviously the size of 
the nanoparticles should markedly influence organelle targeting, the answer to the 
critical question has to be negative. But unfortunately, numerical criteria for selec-
tive targeting of nanoparticles to mitochondria are unavailable, as these will evi-
dently require either a better theory or more extensive experimentation (or both).

However, it has been demonstrated experimentally that either the self-assembly 
of mitochondriotropic molecules or the surface modification of nanoparticles with 
mitochondriotropics creates nano particulate systems with cationic surfaces, which 
exhibit a remarkable mitochondrial targeting specifity when applied to intact living 
cells. Figure 2 shows a schematic overview of nano particulate systems composed 
of or modified with mitochondriotropic molecules or other mitochondria-specific 
ligands.

Nanoparticulate systems displaying cationic head groups on their surfaces 
include bolasomes prepared from dequalinium, with weakly hydrophilic cations, 
and its cyclohexyl-dequalinium derivative (Weissig et al., 1998a, 2001b), liposomes 
with surface-linked lipophilic triphenylphosphonium cations (Boddapati et al., 
2005) and liposomes modified with lipophilic cationic cetylated polyethylenimine 
(Takeuchi et al., 2004). The use of bolasomes and triphenylphosphonium-bearing 
liposomes for mitochondria-targeted drug and DNA delivery will be discussed in 
more detail later.

In contrast, the most widely used cationic lipids (Kostarelos & Miller, 2005) 
used for nuclear-targeted DNA delivery (lipoplexes) contain strongly hydrophilic 
head groups, and these do not target mitochondria. Reassuringly these examples are 
congruent with the criteria for small molecules given earlier; at least if using the 
Trapp & Horobin (2005) modification.

When modifying the surface of nano particulate systems with mitochondriot-
ropic ligands, the amount of ligand per particle, i.e., the ligand’s surface density, 
should be important. Although appropriate systematic quantitative studies are not 
yet available, Callahan & Kopecek (2006) have linked a single mitochondriotropic 
triphenylphosphonium group to hydroxypropylmethacrylamide polymers. With 

Table 1 Quantitative physico-chemical molecular parameters (“QSAR decision rules”) allowing 
the prediction of the intracellular distribution of low-molecular compounds

Event Physico-chemical criteria

Entry into the cell 8 > AI or log P > 0; CBN < 40
Selective mitochondrial uptake of cations 5 > log P

cation
 > 0

Selective mitochondrial uptake of cations according to  5 > log P
cation

 > −2
“First-principles model” (see text)

Selective mitochondrial uptake of acids pK
a
 = 7±3; 5 > log P

less ionized species
 > 0

Selective cation uptake in ER 6 > AI > 3.5; 6 > log P
cation

 > 0
Non-selective uptake in membranes 8 > log P > 5

AI amphipathic index; CBN conjugated bond number; ER endoplasmic reticulum; Log P log of the 
octanol water partition coefficient [for details see references in Horobin et al. (2007)]
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isolated mitochondria, there was evidence of mitochondrial localization, but only 
with the smallest (<5 kDa) species. With intact cells, even the smallest nanoparti-
cles were restricted to the lysosomal compartment after extended as well as short 
exposure periods.

Figure 2 shows schematically that, in addition to bolasomes and liposomes, solid 
nanoparticles and quantum dots have also been rendered mitochondria-specific via 
surface attachment of appropriate ligands. The exploration of such systems for 
mitochondria targeted drug and DNA delivery, however, is in a very early stage and 
will therefore not be further discussed in this chapter.

5 Bolasome-Mediated Mitochondria-Specific DNA Delivery

The direct delivery of nucleic acids and/or their derivatives (pDNA, PNA, oligonu-
cleotides, siRNA) into mitochondria constitutes one of several approaches towards 
a long-term therapy of mitochondrial DNA diseases (D’Souza & Weissig, 2004). 
However, while considerable effort has been invested in the optimization of nonviral 
nuclear-targeted DNA delivery, less work has been undertaken so far to achieve 
successful delivery of nucleic acids into mitochondria within living mammalian 
cells (D’Souza et al., 2007). Until the end of the 1990s, not one single mitochondria-
specific vesicular or particular transfection vector had been described and the devel-
opment of the first such system was actually based on an accidental discovery.

Conventional liposomes + Nanoparticles +

Mitochondriotropic
bolasomes

(DQAsomes)

Mitochondria-targeted
liposomes

Mitochondria-targeted
nanoparticles

Self assembly of
mitochondriotropic bola

amphiphile

Mitochondriotropic
molecule or mitochondria-

specific ligands  with
hydrophobic anchor
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Fig. 2 Mitochondria-specific nano particulate systems. Reprinted from Weissig et al. (2007), 
with permission
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In the mid 1990s, while screening mitochondriotropic drugs potentially able to 
interfere with the mitochondrial DNA metabolism (Rowe et al., 2001) in P. falciparum, 
Weissig et al. found that dequalinium chloride, a bola-amphiphilic drug, tends to 
self-associate into nanovesicular structures when sonicated as an aqueous 
suspension. At the time of their discovery, these vesicles were called DQAsomes, 
i.e., dequalinium-based liposome-like vesicles; pronounced dequasomes (Weissig 
et al., 1998a).

Symmetric amphiphilic molecules, in which two hydrophilic residues are linked 
by a hydrophobic segment, are generally known as “bola-lipids” based on their 
resemblance to an old South American hunting weapon. Well-characterized 
bola-amphiphiles are archaebacterial lipids, which usually consist of two glycerol 
backbones connected by two hydrophobic chains. The self-assembly behavior of 
such bipolar archaeal lipids has been extensively studied and it has been shown that 
they can self-associate into mechanically very stable monolayer membranes 
(De Rosa et al., 1986; Gambacorta et al., 1995).

A structural difference between dequalinium and archaeal lipids, however, lies 
in the number of bridging hydrophobic chains between the polar head groups. In 
contrast to the common arachaeal lipids, dequalinium has only one alkyl chain that 
connects the two cationic hydrophilic head groups. Therefore, theoretically two 
different conformations within a self-assembled layer structure are imaginable. 
While the stretched conformation would give rise to the formation of a monolayer, 
assuming the horseshoe conformation would result in the formation of a bilayer. 
While analyzing the self-assembly behavior of dequalinium salts employing Monte 
Carlo Computer Simulations (Weissig et al., 1998b) it was found that both 
conformations, i.e., bola and horse shoe, could theoretically co-exist, although the 
balance between them appeared to be temperature dependent (Mögel & Wahab, 
unpublished).

Just like cationic liposomes used for transgene delivery into the nucleus, 
DQAsomes form complexes with DNA (called DQAplexes) following mixing of 
the positively charged vesicles with the negatively charged polynucleotide acid. 
Figure 3 shows an electron micrograph of DQAsomes before (bottom panel) and 
after adding pDNA (top panel).

Although the detailed structure of DQAplexes is yet to be determined, the 
appearance of the DQAplex shown in Fig. 3 strongly resembles so-called “spa-
ghetti and meatball” structures observed by Sternberg et al for complexes formed 
by DC-Chol/DOTAP liposomes and pDNA (Sternberg et al., 1994).

The observation that DQAsomes were able to efficiently bind DNA (Weissig 
et al., 1998a) and protect the DNA from nuclease digestion as well as mediate its 
cellular uptake (Lasch et al., 1999) led to the first particulate carrier-based strategy 
proposed for direct mitochondrial transfection (Weissig & Torchilin, 2000, 
2001a,b).

This approach requires the transport of a DNA-mitochondrial leader 
sequence (MLS) peptide conjugate to mitochondria using DQAsomes, the lib-
eration of this conjugate from the cationic vector upon contact with the mito-
chondrial outer membrane followed by DNA uptake via the mitochondrial 
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protein import machinery. DQAsome–DNA complexes (“DQAplexes”) were 
shown to release their DNA cargo only upon contact with mitochondrial mem-
branes (Weissig et al., 2000, 2001a). Further, utilizing a newly developed pro-
tocol for selectively staining free pDNA inside the cytosol, it was demonstrated 
that DQAsomes, upon their endosomal escape, selectively deliver pDNA to 
and release the pDNA exclusively at the site of mitochondria in living mam-
malian cells (D’Souza et al., 2003). Finally, utilizing confocal fluorescence 
microscopy and using DNA–MLS peptide conjugates it was shown that 
DQAsomes not only deliver oligonucleotides but are also able to deliver plas-
mid-sized DNA into mitochondria within living mammalian cells (D’Souza 
et al., 2005).

Figure 4 shows confocal fluorescence micrographs of cells exposed to circular 
(top row) and linearized pDNA conjugate (bottom row) complexed with DQAsomes. 

Fig. 3 Formation of complexes of DQAsomes and pDNA (“DQAplexes”). Electron photomicro-
graph of a DQAsome–DNA complex (rotary shadowed): Bottom panel: DQAsomes before adding 
plasmid DNA; Top: DQAsomes in the presence of DNA at a ratio DQA/pDNA = 12, w/w (image 
taken by G. Erdos, Gainesville, FL)
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In the case of the linearized conjugate higher levels of co-localization (depicted in 
white) than with the same amount of nonlinearized conjugate can be seen, suggest-
ing the possibility that a linear conjugate might be better suited to delivery and 
import into the mitochondria.

It should be stressed at this point that the use of physico-chemical methods is 
so far still the only way to demonstrate the import of transgene DNA into the 
mitochondrial matrix in living mammalian cells. Up to this date (June 2007) no 
functional expression of any transgene DNA inside mammalian mitochondria 
within living cells has been demonstrated. Moreover, the complete lack of a 
mitochondria-specific reporter plasmid designed for mitochondrial expression 
severely hampers all efforts towards the development of effective mitochondrial 
expression vectors. While any new nonviral transfection system (i.e., cationic 
lipids, polymers, and others) aimed at the nuclear-cytosolic expression of 
proteins can be systematically tested and subsequently improved by utilizing 
anyone of many commercially available reporter gene systems, such a methodical 
approach to develop mitochondrial transfection systems is currently impossible.

Fig. 4 DQAsome-mediated delivery of pDNA to mitochondria within living mammalian cells: 
Confocal fluorescence micrographs of BT20 cells stained with Mitotracker Red CMXRos (red) 
after exposure for 10 h to fluorescein labeled MLS-pDNA conjugate (green) complexed with 
cyclohexyl-DQAsomes; (a–c): circular pDNA conjugate, (d–f ): linearized pDNA conjugate. 
(a,d) green channel, (b,e): red channel, (c,f): overlay of red and green channels with white 
indicating co-localization of red and green fluorescence. Reprinted with permission from 
D’Souza et al. (2005)
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6 Mitochondria-Specific Liposomes

Phospholipid vesicles (liposomes) were developed during the 1970s and 1980s and 
subsequently brought to the clinic in the middle of the 1990s. The enormous potential 
of liposomes as a colloidal drug and DNA delivery system for biomedical applications 
was discussed in two prescient papers published in 1976 in the New England Journal 
of Medicine by Gregory Gregoriadis (Gregoriadis, 1976a,b); note that this was three 
decades before the term nano started replacing the term colloidal in the pharmaceutical 
literature. Widely discussed problems and issues linked to the biomedical applications 
of solid nanoparticles such as biocompatibility, biodegradability, biodistribution, tox-
icity, surface modification, drug encapsulation, drug retention, and release have been 
addressed and largely solved in the field of liposome technology (Gregoriadis, 1988, 
1993, 2007; Janoff & NetLibrary Inc., 1999; Lasic, 1993; Lasic & Martin, 1995; 
Philippot & Schuber, 1995; Torchilin & Weissig, 2003; Woodle & Storm, 1998).

The preparation of liposomes in the presence of hydrophilic molecules, which 
have been artificially hydrophobized via linkage to fatty acid or phospholipid 
derivatives, results in the “anchoring” of the hydrophilic moiety to the liposomal 
surface (Niedermann et al., 1991; Torchilin et al., 2003; Weissig & Gregoriadis, 
1993; Weissig et al., 1986, 1989). This established procedure was used to render 
liposomes mitochondria-specific, as schematically shown in Fig. 5.

First, triphenylphosphonium cations were hydrophobized by reacting triphenyl-
phosphine with stearylbromide. The resulting stearyl-triphenylphosphonium bro-
mide (STPP) was then added to the solution of phospholipids in chloroform used 
to prepare SUV liposomes. STPP liposomes, i.e., liposomes with surface-linked 
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Fig. 5 Schematic depiction of the surface modification of liposomes with hydrophobized triphe-
nylphosphonium cations. Stearyl-triphenylphosphonium bromide (STPP) was synthesized from 
triphenylphosphine and stearylbromide. SUV liposomes were then prepared in the presence of 
STPP. Triphenylphosphonium cations anchored in the inner monolayer are not shown
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triphenylphosphonium cations, were isolated using a Sepharose CL-4B column and 
characterized by 31P-NMR, size distribution analysis, and zeta potential measure-
ments [for details see Boddapati et al. (2005)]. Figure 6 shows a confocal fluores-
cence image of human breast cancer cells incubated with NBD-PE labeled STPP 
liposomes.

The left panel shows mitochondria stained in red and the middle panel shows 
NBD-PE in green. The right panel in Fig. 6 was obtained by overlaying the red and 
the green images, with mixed red and green color pixels being depicted in yellow. 
Strikingly, all of the green NBD fluorescence from the middle panel appears in the 
overlaid image in yellow, indicating that the amount of NBD-PE used in this study 
quantitatively co-localizes with mitochondria. There is no green fluorescence 
detectable at all in the overlaid image. Based on the fact that the fluorophore in 
STPP liposomes was covalently linked to phospholipids and not to the mitochon-
driotropic entity, i.e., to STPP, it can be concluded from Fig. 6 that at least partially 
intact phospholipid vesicles must have accumulated at the site of mitochondria.

The exploration of mitochondriotropic liposomes for the delivery of proapop-
totic drugs known to act at the site of mitochondria is currently in progress.

7 Gold Nanoparticles Suited for Mitochondrial Targeting

Nanotechnology is increasingly applied to different areas of medicine. New nano-
diagnostic tools, including quantum dots and gold nanoparticles (AuNPs), promise 
increased sensitivity, multiplexing capabilities, and reduced costs for many diagnostic 
applications (Azzazy et al., 2006). Imaging agents such as fluorescent dye-doped 
silica nanoparticles, quantum dots, and AuNPs have overcome many of the limitations 
of conventional contrast agents such as poor photostability, low quantum yield, and 

Fig. 6 Intracellular distribution of mitochondria-specific liposomes. Confocal fluorescence 
microscopic image of human breast cancer cells (MDA-MB231) following their incubation with 
NBD-PE labeled mitochondriotropic (20% STPP) liposomes. Left panel: Red channel, mitochon-
dria stained with Mitotracker Red CMXROS; Middle panel: Green channel, NBD-PE; Right 
panel: Overlaid images, areas of co-localization of NBD-PE and mitochondria appear in yellow, 
bar = 20 µm. Reprinted with permission from Weissig et al. (2006)
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insufficient in vitro and in vivo stability (Sharma et al., 2006). Such particulates are 
now being developed for absorbance and emission in the near infrared region, 
which is expected to allow for real-time and deep tissue imaging via optical routes 
(Sharma et al., 2006). A particular promising application of nanotechnology lies in 
the area of anticancer therapy. In this regard, AuNPs can mediate hyperthermia 
induction and kill tumor cells upon laser irradiation, thereby functioning as a “thermal 
scalpel” (Everts, 2007).

Attempts to introduce nanotechnology into mitochondrial medicine have been 
very limited so far. Though considerable progress has been made in identifying 
molecular components of the mitochondrial machinery responsible for life and cell 
death, large gaps remain in our knowledge regarding their exact quantities, varia-
tions and locations, the timescales of their interactions, their precise internal move-
ments, as well as their specific affinities. The recent exciting advances in 
nanotechnology hold the promise of helping to overcome the limitations of existing 
technologies for probing and controlling intracellular processes (Paunesku et al., 
2003). Nanotechnology is bound to provide the needed tools for accessing, probing, 
and manipulating mitochondria and their sub-organellar components under physio-
logical conditions.

A very first step towards merging nanotechnology with mitochondrial medicine 
was recently undertaken by coating the surface of AuNPs with mitochondriotropic 
triphenylphosphonium cations (Fig. 7). Ju-Nam et al. (2006) incubated potassium 
tetrachloroaurate with triphenyl-phosphonioalkylthiosulfate, a member of a whole 
group of newly synthesized zwitterions, and added dropwise an aqueous solution 
of sodium borohydride.

After vigorous stirring for 24 h, the authors were able to isolate 5–10-nm sized 
AuNPs with surface-attached triphenylphosphonium residues. Unfortunately, at the 
time of writing this chapter (June 2007) data regarding the intracellular distribution 
of such triphenylphosphonium cation bearing AuNPs were not yet available. It will 
be particularly interesting to compare plain 3-nm AuNPs as described by Parfenov 

Fig. 7 Gold nanoparticles bearing surface-linked mitochondriotropic ligands. Reaction scheme 
for the surface modification of gold nanoparticles with triphenylphosphonium cations. The image 
was graciously provided by Neil Bricklebank and reprinted in slightly modified form from Ju-
Nam et al. (2006); copyright permission was granted by Organic and Biomolecular Chemistry 
(The Royal Society of Chemistry)



376 V. Weissig et al. 

et al. (2006) and triphenylphosphonium-capped AuNPs of the same size in terms of 
their mitochondrial accumulation inside living mammalian cells. Corresponding 
experiments are ongoing in the author’s laboratory.

8 Summary

In recent years, the incursion of nanotechnology into mitochondrial research has 
begun. Despite the limited amount of published data, the potential of nanotechno-
logical tools to either probe or to manipulate mitochondrial functions has been 
demonstrated. DQAsomes, liposomes, and solid nanoparticles can be targeted to 
mitochondria. Nanotechnology has also generated mitochondria-specific vectors 
capable of selectively delivering biologically active molecules to mitochondria 
within living mammalian cells, thereby enhancing the subcellular bioavailability of 
drugs. Although DQAsomes and modified liposomes have been established as the 
above-mentioned mitochondria-specific pDNA and drug vectors, solid nanoparti-
cles also have the potential to be utilized as vector systems. Given the current pace 
of development, nanotechnology will have an integral role in the future of mito-
chondrial research, including mitochondrial biology, medicine, pharmacology, and 
pharmaceutics.
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Multifunctional Magnetic Nanosystems 
for Tumor Imaging, Targeted Delivery, 
and Thermal Medicine

Dattatri Nagesha, Harikrishna Devalapally, Srinivas Sridhar, 
and Mansoor Amiji

1 Introduction

Cancer remains one of the leading causes of death in most regions of the world, including 
the United States (Beardsley 1994). According to the American Cancer Society (ACS 
2007), 1.5 million new cases of cancer are expected to be diagnosed in the year 2007 
with approximately 560,000 projected deaths. The current treatment options are not 
sufficient to deal with this influx. Therefore, there is a need for a paradigm shift in the 
approach to cancer prevention, diagnosis, and therapy. One approach that has shown 
significant promise is the field of nanotechnology (Brigger et al. 2002; Davis 1997).

Nanotechnology is the science of materials, in the size range of approximately 
1–100 nm in diameter, that have unique physical, chemical, and biological proper-
ties. A variety of biological and medical processes occur in the nanometer length 
scales and nanotechnology offers a unique approach to probe and control these 
processes (Sridhar et al. 2005).

Nanoparticles can be made from organic molecules, such as biodegradable and 
nondegradable polymers as in polymeric nanoparticles and phospholipids as in 
liposomes. They can also be synthesized from inorganic materials such as 
metals and alloys as well as semiconductors, as in iron oxide, gold, and silver nano-
particles and quantum dots, respectively. One property that is common to all of the 
nanoparticles, irrespective of their chemical composition, is their ability to form 
multifunctional nanosystems that can be used for diagnosis, imaging, and therapeutic 
applications. These multifunctional nanoparticle-based approaches are, therefore, 
expected to make significant impacts in the field of cancer nanomedicine.

This chapter will discuss magnetic nanoparticle-based systems that have been 
used to improve diagnostics through better tumor imaging, for enhanced drug 
delivery, and in magnetothermal therapy.

1.1 Tumor-Targeted Molecular Imaging

Systemic administration of chemotherapeutic drugs and imaging agents often leads 
to undesirable side effects. In chemotherapy, this limits the total amount of drugs 
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that can be safely administered to patients, and in most cases, results in suboptimum 
dosage for effective treatment. Therefore for successful cancer treatment, both in 
diagnosis and therapy, it is imperative to have a vehicle for tumor site-specific 
delivery. Additionally, various clinical imaging modalities, such as magnetic resonance 
imaging (MRI), computed tomography, ultrasound, and others can be very useful 
in assessing the impact of therapy.

To address this issue, an integrated discipline that has emerged recently is 
“molecular imaging.” This methodology has set the stage for an evolutionary leap 
in diagnostic imaging and therapy (Allport and Weissleder 2001). Molecular imaging 
is not a substitute for the traditional process of image formation and interpretation, 
but is intended to improve diagnostic accuracy and sensitivity by providing an 
in vivo analog of immunocytochemistry or in situ hybridization. Moreover, imaging 
will become crucial for in vivo characterization of the complex behaviors of disease 
in time and space that will tell us: where it is, how big it is, how fast it is developing, 
how many molecular processes are contributing simultaneously, what to treat it 
with, how it is responding to therapy, and how it is changing.

Because molecules themselves obviously are too small to be imaged directly 
with noninvasive techniques, specific and sensitive site-targeted contrast agents or 
imaging agents are typically employed as beacons to depict epitopes of interest. 
And, unlike traditional blood pool contrast agents, a site-targeted agent is intended 
to enhance a selected biomarker that otherwise might be impossible to distinguish 
from surrounding normal tissue. Molecular imaging actually has been a clinical 
reality for some time with the use of targeted radionuclides. Somatostatin receptor 
imaging for detection of neuroendocrine tumors is but one clinical example, as is 
fluorodeoxyglucose imaging by positron emission tomography for characterization 
of diverse disease states. Targeted in vivo detection of cellular apoptosis with the 
use of technetium-labeled annexin is now in clinical trials on the basis of binding 
to membrane phosphatidyl serine epitopes that are exposed during apoptosis 
(Blankenberg and Strauss 2001).

1.2 Nanosystems for Tumor-Specific Drug Delivery

Nanosystems or nanoparticles offer unique approaches in cancer diagnosis as imaging 
agents and in therapy as drug delivery vehicles. One fundamental property of nano-
particles that is exploited the most is large surface area to volume ratio which gives 
nanoparticles the ability to carry large payloads. A variety of different platforms are 
available which include metallic, semiconducting, polymeric nanoparticles, lipo-
somes, and micellar systems (Sridhar et al. 2005). Nanoparticles or nanocarriers in 
general have at least a tripartite system, consisting of a core constituent material, a 
therapeutic and/or imaging payload, and biological surface modifiers, which 
enhance the biodistribution, circulation half-life, and tumor targeting of the nanoparticle 
formulation. Figure 1 shows schematic illustrations of typical multifunctional 
nanoparticle systems useful in cancer imaging and therapy. A major therapeutic 
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advantage gained by the use of nanocarriers over conventional formulations is the 
specific delivery of large amounts of therapeutic or imaging agents per targeting 
biorecognition event. Site specificity is achieved either through covalent binding of 
antibodies that are tumor specific (Duncan 2003; Nashat et al. 1998) or by mechanisms 
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Fig. 1 Multifunctional nanoparticle systems for tumor-targeted delivery. (a) Simple multifunc-
tional nanoparticles are formulated from a lipid or polymer in which chemotherapeutic drugs 
and/or alternate anticancer therapeutics are coencapsulated. (b) Complex multifunctional 
nanoparticles include iron oxide nanoparticles, gadolinium nanoparticles, gold nanoshells, and 
quantum dots. Surface modification allows for covalent attachment of tumor targeting ligands and 
simultaneous encapsulation of anticancer drugs
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based on size and physicochemical properties of the nanocarriers (Decuzzi et al. 
2008). Nanocarrier formulations are designed to reduce the clearance time, increase 
circulation half-life, and provide protection of active agents from enzymatic or envi-
ronmental degradation. Two such systems that have been extensively studied are 
polymeric nanoparticles and liposome-based systems.

1.2.1 Liposomal Drug Delivery Systems

Liposomes are spherical vesicles composed of phospholipids and cholesterol bilayers 
within which drug molecules can be loaded either in the hydrophobic or the 
hydrophilic region. Liposomal drug delivery systems have been studied extensively 
to increase the solubility and therapeutic index of chemotherapeutic agents 
(Klibanov et al. 1991). However, several problems have occurred with these 
conventional vehicles, including nonspecific uptake by the reticuloendothelial system 
(RES) within a few minutes to few hours, rapid clearance, opsonization, and insta-
bility all of which have limited the use of these conventional liposomes in clinical 
applications (Ito et al. 2004; Park 2002). Novel formulations of these compounds 
have been developed recently with the aim of overcoming some of these drawbacks. 
Liposomes coated with some flexible polymers, such as poly(ethylene glycol) 
(PEG), G

M1
 ganglioside, and cerebroside sulfate are able to inhibit opsonization of 

the liposomes by plasma proteins (Allen 2002; Allen and Chonn 1987; 
Papahadjopoulos and Gabizon 1987). These coatings also increase half-life of liposomal 
drugs significantly because of reduced and nonspecific RES uptake (Allen et al. 
1989; Gabizon and Papahadjopoulos 1988).

In liposome systems, the drug is inactive while associated with the carrier and 
escape either by leakage through the membranes of intact liposomes or by diffusion 
from degraded or destabilized liposomes is not possible. The physicochemical 
properties of liposomes determine their rate of drug leakage and natural degrada-
tion (Kirby and Gregoriadis 1980). Doxil®, PEG-modified long-circulating lipo-
some encapsulated with doxorubicin, is the first liposome-based drug nanodelivery 
system that has been approved for cancer treatment.

1.2.2 Polymeric Nanoparticles

Another nanoparticle-based system used extensively in drug delivery and imaging 
are polymeric nanoparticles (Duncan 2003). Depending on the chemical composition, 
polymeric nanoparticles are differentiated as those derived from synthetic polymers 
(e.g., poly(epsilon-caprolactone), polyacrylamide, poly(methyl methacrylate) ) or 
natural polymers (e.g., gelatin, chitosan, albumin). Based on their fate in vivo, they 
are further classified as biodegradable (e.g., poly(d,l-lactide-co-glycolides), 
polycaprolactone, polylactides) and nonbiodegradable (e.g., polyurethane). 
Depending on the type, site, and duration of application, different types of polymeric 
nanoparticles are employed.
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Polymeric nanoparticles are generally coated with a layer of nonionic surfactants 
such as poloxamers and poloxamines to reduce opsonization and interparticulate 
attractive van der Waals forces (Amiji and Park 1992; Lasic et al. 1991; Moghimi 
and Hunter 2000). Additionally, advances in surface engineering principles have 
enabled the production of polymeric nanoparticles with enhanced circulation half-life. 
Many of the reported surface engineering strategies employ PEG or poly(ethylene 
oxide) (PEO) chains for surface modifications (Gref et al. 2000; Otsuka et al. 2003; 
Tan et al. 1993). Depending upon the particle size, surface charge, molecular 
weight, and type of the polymer, the half-lives vary from 2 to 24 h in mice and rats 
and can be as high as 45 h in human beings (Moghimi et al. 2001). Drug loading in 
these polymeric nanoparticles can be accomplished by absorption, adsorption, or 
encapsulation. Once the polymeric nanoparticles reach the target tissue, the drug 
may be released by desorption, diffusion through the polymer matrix or polymer 
wall, or nanoparticle erosion (Gupta et al. 1987; Kreuter 1994; Lockman et al. 2002).

1.2.3 Magnetic Nanoparticles

Inorganic nanoparticles are a new class of nanomaterials that is increasingly finding 
applications in nanomedicine. This is in part due to rapid advances in synthesis and 
characterization of novel metallic nanoparticles with excellent control on size, surface 
charge, optical and magnetic properties. These inorganic nanoparticles have been 
suitably modified to impart multifunctionality, improved biocompatibility, and used 
for various medically relevant applications. The last decade or so has seen numer-
ous applications for these inorganic nanoparticles and three such developments that 
have revolutionalized this field are the fluorescent semiconducting nanoparticles or 
quantum dots for imaging, gold-coated silica particles for thermal therapy of 
tumors, and dextran-coated superparamagnetic iron oxide nanoparticles system as 
MRI contrast enhancement agent.

Magnetic nanoparticles are unique in the sense that they are multifunctional by 
themselves and do not need any special treatment to render them with this property. 
Magnetic nanoparticles in addition to being an excellent contrast-enhancing agent 
in MRI, they can also be used as an energy delivery system. Similarly, using external 
magnetic fields, targeted delivery to desired sites is possible and its accumulation 
can be monitored through MRI.

The key applications of magnetic nanoparticles in diagnosis and therapy are the 
following.

Magnetic Nanosystems for Molecular Imaging

MRI applications have steadily increased over the last decade as a tool to image soft 
tissues. In the presence of strong external magnetic fields, protons in water molecule 
undergo excitation and their relaxations to ground state are measured as T

1
 and T

2
 

time. The Quality of the image is enhanced through the use of contrast-enhancing agents 
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and they work by affecting the T
1
 or T

2
 relaxation time. Iron oxide-based magnetic 

nanoparticles, with a size generally between 3 and 10 nm, have also been developed 
as T

2
 contrast agents for MR imaging. These multifunctional magnetic nanoparti-

cles are modified with ligands to make them site specific and used to image tumor 
cells. Investigations of ligand-mediated MR contrast agents for tumor diagnosis in 
small animals revealed that it is possible to achieve a high concentration of the 
magnetic label at the target.

Magnetic Nanosystems for Targeted Delivery

Magnetic nanosystems for targeted delivery approach involves systemic administra-
tion of a therapeutic agent bound or encapsulated in a magnetic carrier, which can 
then be directed and preferentially localized in the tumor tissue, upon application of 
an external localized magnetic field. Magnetic responsive drug carriers usually 
include magnetic materials in the form of magnetite, iron, nickel, cobalt, etc. These 
drug carriers include magnetic liposomes, microspheres, nanospheres, and colloidal 
iron oxide solution (magnetic ferrofluids) (Hafeli 2004; Lubbe et al. 1996a,b). A spe-
cial carbohydrate which can reversibly bind drugs was coated with magnetic fer-
rofluid (particle size 100 nm) and explored for targeting tumor tissues by means of 
properly arranged external magnets (Lubbe et al. 1996a,b). Magnetic drug carriers are 
under active preclinical investigation for various chemotherapeutic agents such as 
mitoxantrone, etoposide, and paclitaxel (Alexiou et al. 2000). These magnetic drug 
carrier systems can be used to deliver targeted high dose of radiation to the tumor 
cells, by sparing the normal cells (Hafeli 2001; Jain et al. 2005). Due to high pressure 
exerted by convective flow in the tumor blood vessels, a large targeting magnetic 
force is required for effective targeting via systemic administration (Hafeli 2004). 
Thus, research has been directed toward preparing targeted carriers with high magnetic 
moment or developing magnets that can provide higher magnetic field gradients to 
externally direct these magnetic drug carriers to the tumor site.

Magnetic Nanosystems for Thermal Therapy

Hyperthermia treatment of tumor and metastasis has been demonstrated to be effective, 
either alone, or in combination with classical chemo- or radiotherapies (Engin 
1996; Hildebrandt et al. 2002; van der Zee 2002). Despite some interesting preliminary 
results in preclinical tumor animal models (Gordon et al. 1979), hyperthermia using 
superparamagnetic iron oxide particles has, however, been overlooked for almost a 
decade. Since the early 1990s, a lot of progress has been made, especially in the 
field of superparamagnetic materials. The hyperthermia is induced by applying an 
alternating magnetic field of suitable frequency that produces heat dissipation 
through the oscillation of the internal magnetic moment of the superparamagnetic 
particles. The interest with this therapy lies in the specific delivery of heat to target 
cells causing selective damage to their cytoplasm structures. This approach is similar 
to laser-absorbing gold nanoparticles where the laser has been successfully applied 
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to obtain specific targeting and killing of cancer cells. Unlike other hyperthermia 
systems, normal adjacent healthy cells are not affected by the oscillating magnetic fields.

In the following sections, we have discussed the properties and preparation of 
magnetic nanosystems, and their applications in diagnosis and therapy.

2 Magnetic Nanosystems for Biomedical Applications

The arrangement of magnetic dipoles within a material determines its behavior in 
the presence of external magnetic fields and hence its magnetic properties. Based 
on organization of these dipoles, magnetic materials are classified as diamagnetic, 
ferromagnetic, ferrimagnetic, antiferromagnetic, and paramagnetic (O’Handley 
2000). Arrangement of magnetic dipoles in these systems is illustrated in Fig. 2. 
Diamagnetic materials possess very weak-induced dipoles in the presence of external 
fields and none in their absence. Para-, ferro-, ferri-, and antiferromagnetic materi-
als all have an inherent magnetic dipole or domains in them and what differentiates 
them from each other is their behavior in the presence of external magnetic fields 
and the value of the net magnetization moment. Paramagnetic materials are made 
up of weak magnetic domains that are arranged in a random fashion and can be 
aligned in the direction of the external magnetic field. Ferromagnets have very 
strong magnetic moments and long range order of magnetic dipoles observed both 
in the presence and absence of the external magnetic field. Ferrimagnets and antif-
errimagnets both have adjacent magnetic domains that are antiparallel to each other 
in the absence of an external field. However, in the case of antiferromagnets, these 
adjacent domains cancel out each other and in the case of ferrimagnetic material; 
there is a net magnetization moment.

H = 0 H

Diamagnetic materials 

H = 0 H

Paramagnetic materials 

H = 0

Ferromagnetic
materials 

Ferromagnetic
materials 

H = 0 H = 0

Antiferromagnetic
materials 

Fig. 2 Arrangement of magnetic dipoles for different kinds of magnetic materials in the presence 
and absence of magnetic field (H)
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2.1 Superparamagnetism in Magnetic Nanoparticles

As discussed above, magnetic materials are made up of domains within which 
magnetic dipoles are arranged and in a typical bulk material, multiple such domains 
exist. As the particle size starts getting smaller and smaller, in the 10–20 nm size 
range, only a single domain is seen. In this regime, the energy required to change 
the orientation of these magnetic dipoles is comparable to the thermal energy. This 
leads to the phenomenon of superparamagnetism. These materials respond to an 
applied external magnetic field but do not have any residual magnetization upon 
removal of the magnetic field. Most of the magnetic materials used in biomedical 
applications are superparamagnetic in nature. Another important parameter in 
superparamagnetic behavior is the blocking temperature. This is defined as the 
temperature at which the energy required to change the magnetic spin states or 
domain is comparable to thermal energy k

B
T, where k

B
 is the Boltzmann constant 

and T is the absolute temperature.
In bulk material, a large number of domains exist with magnetic dipoles arising 

from each of these domains and orientation of these domains determining the over-
all magnetic properties of the material. However, as particle size decreases below a 
critical size, energy required to form a multidomain structure is greater than the 
energy to maintain a single-domain state. As shown in Table 1, the size limit is 
dependent on the nature of the material and can range from a few nanometers to 
hundreds of nanometers (Chung et al. 2004).

2.2 Types of Magnetic Nanosystems

A variety of magnetic nanoparticles have been synthesized of different composition 
such as bare metals (Fe, Co) (Dinega and Bawendi 1999; Farrell et al. 2003, 2005; 
Park et al. 2000; Sun and Murray 1999; Suslick et al. 1996), oxides (Fe

2
O

3
, Fe

3
O

4
) 

(Jain et al. 2005; Jung 1995; Lu et al. 2007; Tartaj et al. 2003; Teng and Yang 2004), 
spinel-structure magnetic particles (MFe

2
O

4
, M = Fe, Co, Ni, Mn) (Caruntu et al. 

2002; Morais et al. 2006; Sun et al. 2004), and alloys (CoPt
3
, FePt, NdFeB, SmCo

5
) 

(Shevchenko et al. 2002, 2003; Sun et al. 2000) with different crystalline phases, 

Table 1 Particle size for single-domain magnetic nanoparticles

Magnetic material Particle diameter (nm)

Fe 15–50
Ni 30–70
Co 5–30
γ-Fe

2
O

3
 20–60

Fe
3
O

4
 15–55

FePt 5–50
CoFe2O4 10–90
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controlled size, and morphology. Nanoparticles are produced that are monodis-
perse, with tunable size, extremely stable, and functionalizable for various applica-
tions. However, for biomedical applications, the choice of magnetic materials that 
can be used is very limited. There is severe cytotoxicity associated with some of 
these elements or there is no data on their fate in a biological system. Additionally, 
some of these magnetic materials such as cobalt and nickel are susceptible to easy 
oxidation, thereby making them highly unsuitable for biomedical applications. 
Therefore, for in vivo applications, magnetic nanoparticles that are noncytotoxic, 
do not have any immunogenic response, and are eventually resorbed by the bodies 
are used. Magnetic materials that meet this criteria are the iron oxide-based nano-
particles and to some extent gadolinium and manganese-based nanosystems.

2.3 Synthesis of Magnetic Nanosystems

In the last decade or so, there has been tremendous development in magnetic nanoparticle 
synthesis and characterization. The synthetic procedure can be simple, carried out 
at room temperature in aqueous medium, or be very elaborate involving high 
temperature and pressure in hydrophobic solvents using organometallic com-
pounds. Metals (Fe, Co), metal oxides (Fe

3
O

4
, Fe

2
O

3
), ferrites (CoFe

2
O

4
, Fe

3
O

4
), 

alloys (FePt, SmCo
5
), core–shell systems (Au@Fe

3
O

4
, SiO

2
@Fe

3
O

4
), or in the form 

of composites have been synthesized with excellent size control and narrow size 
distribution. Discussion of all the synthetic routes for these magnetic nanoparticles 
is beyond the scope of this work. A few representative synthetic routes for the 
synthesis of biomedically relevant magnetic nanoparticles will be discussed here.

2.3.1 Coprecipitation Method

This is the simplest method to synthesize metal oxide and ferrite nanoparticles in 
aqueous medium (Bee et al. 1995; Jeong et al. 2007; Lu et al. 2007; Massart et al. 
1995). In a typical experiment, metal salts are first dissolved in water under inert 
atmosphere. Nanoparticles are then precipitated by the addition of base either at 
room temperature or slightly elevated temperature. Stabilizer or surfactant molecules 
could be introduced in the solution along with the metal salts to help control particle 
size. The size and morphology of the nanoparticle synthesized is determined by ratio 
of metal salts added, nature of salt, and rate of mixing, temperature, pH, and ionic 
strength of the aqueous media. For example, 10-nm Fe

3
O

4
 nanoparticles are synthe-

sized by the coprecipitation of FeCl
2
 and FeCl

3
 salts by sodium hydroxide at 70 °C. 

A representative transmission electron microscopy image is shown in Fig. 3. 
Similarly, CoFe

2
O

4
 is synthesized by the coprecipitation of FeCl

2
, FeCl

3
, and CoCl

2
 

by base. This method of nanoparticle synthesis is highly reproducible and can be 
used for large-scale synthesis. However, challenges in this method involve difficulty 
in controlling the particle size and maintaining narrow size distribution. Nanoparticles 
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synthesized by this method are generally subjected to surface modification or 
chemical modification for biomedical applications (Chen et al. 2003; Koh et al. 
2006; Kohler et al. 2005; Mikhaylova et al. 2004; Pankhurst et al. 2003).

2.3.2 Thermal Decomposition Method

This is a nonaqueous method of synthesis involving, as the name suggests, decomposition 
of metal salt or precursors at high temperature in high-boiling organic solvent 
(Hyeon et al. 2001; Song and Zhang 2004; Sun and Zeng 2002; Sun et al. 2004). 
Using this method, a better control on size distribution and particle size distribution 
is possible. This method has been used to synthesize Fe

2
O

3
 (Hyeon et al. 2001), 

CoFe
2
O

4
 (Sun et al. 2004), and Fe nanoparticles (Farrell et al. 2003). Organometallic 

precursors include Fe(CO)
5
, Fe(acac)

3
, Mn(CO)

5
, and salts such as FeCl

2
, MnSO

4
, 

and CoCl
2
. High-boiling solvents used in this reaction include octyl ether (Park et al. 

2004; Teng and Yang 2004) and phenyl ether (Sun and Zeng 2002). The stabilizer 
molecules used in this reaction are usually long chain fatty acid type molecules 
(Lu et al. 2007) with at least one functional group. This functional group, either a 
carboxylic acid or an amine group, usually bound to the nanoparticle surface is not 
available for conjugation. Fatty acids such as oleic acid, oleylamine, steric acid, and 
lauric acid have been used as stabilizer molecules (Hyeon et al. 2001; Li et al. 2006).

The most salient feature of magnetic nanoparticles synthesized by this method 
is excellent control on size, morphology, and size distribution (Caruntu et al. 2004; 
Hyeon et al. 2001; Jun et al. 2005; Park et al. 2004). This is achieved by regulating 
the ratio of precursor salts, stabilizer molecules, solvent and reaction time, and 
temperature. Figure 4 is an illustration of the experimental setup for iron oxide 

200 nm

Fig. 3 Transmission electron microscopy image of iron oxide nanoparticles synthesized by the 
coprecipitation method
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nanoparticle synthesis by this method. In a typical synthesis, octyl ether, oleic acid, 
lauric acid, and (CH

3
)

3
NO are mixed and heated to 100 °C. Fe(CO)

5
 is then intro-

duced and the resulting solution heated to reflux for 1 h. After cooling to room tem-
perature, iron oxide nanoparticles are precipitated using ethanol. Figure 5 is the TEM 
of 13-nm Fe

2
O

3
 NPs synthesized by this method.

Reflux at 280°C

2 – 3 hours

Hydrophobic
Iron Oxide

Nanoparticles

Fe(CO)5 + Oleic Acid +
Octyl Ether + (CH3)3NO

Fig. 4 Synthesis of iron oxide nanoparticles by thermal decomposition method

Fig. 5 Transmission electron microscopy image of hydrophobic 13-nm iron oxide nanoparticles 
stabilized with oleic acid
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Nanoparticles synthesized by this method are soluble in a variety of hydropho-
bic or nonpolar solvents. However, for use in biomedical applications, these nano-
particles have to be subjected to surface modification techniques to convert them to 
hydrophilic nanoparticles. The methods used for this procedure will be discussed 
in subsequent sections.

2.3.3 Reverse Micelle Method

Another versatile method used to synthesize magnetic nanoparticles is using 
reverse micelles or microemulsion (Lee et al. 2005; Tartaj and Serna 2002; 
Vestal and Zhang 2003). Reverse micelle is a water-in-oil system formed by the 
mixing of surfactant in organic solvents to form a water pocket. The size of this 
water pocket is in the nanometer range (1–50 nm) and used as a reactor to form 
small nanoparticles.

This method has been successfully used for large-scale synthesis of Fe
3
O

4
, 

MnFe
2
O

4
, CoFe

2
O

4
, ZnFe

2
O

4
, and NiFe

2
O

4
 nanoparticles (Lee et al. 2005; Vestal 

and Zhang 2003). In a typical synthesis, sodium dodecylbenzenesulfonate (sur-
factant) is added to the solvent (xylene) and sonicated to form a turbid suspension. 
To this suspension, Fe(II) and Fe(III) salts (1:2 molar ratio) in water or ethanol is 
added under vigorous stirring. Stirring is continued for 12 h resulting in the forma-
tion of a clear liquid due to intercalation of salt solution within the hydrophilic 
pocket of reverse micelle. Under the inert atmosphere of argon, the solution is slowly 
heated to 90 °C followed by addition of the reducing agent, aqueous hydrazine solu-
tion. Instantaneous color change to brown-black indicates the formation of iron 
oxide nanoparticles and the solution is further refluxed for 5 h to complete the nano-
particle formation. The nanoparticles can be precipitated with ethanol, collected by 
centrifugation, and redispersed in organic solvents. To synthesize MFe

2
O

4
 (M = Co, 

Mn, Zn) nanoparticles, the corresponding MCl
2
 salt is added instead of FeCl

2
 in the 

above synthesis procedure.
The size of the water pocket is determined by w, ratio of surfactant to water 

(Ngo and Pileni 2000). Larger the w, larger the water pocket size and hence the size 
of nanoparticles. In the above method, w was varied from 3.6 to 8.1, resulting in 
magnetite nanoparticle in the size range of 3–9 nm. NPs synthesized by this method 
are usually only soluble in organic solvent and to make them more biocompatible, 
they have to undergo ligand exchange.

2.4 Functionalization for Targeted Delivery and Imaging

As-synthesized magnetic nanoparticles do not have the right surface composition and 
are usually not suitable for biomedical applications (Neuberger et al. 2005; Pankhurst 
et al. 2003; Tartaj et al. 2003; Wang et al. 2005; Zhang and Zhang 2005). To facilitate 
conjugation of biomolecules such as antibodies, proteins, and targeting ligands, surface 
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modification or functionalization needs to be carried out. In some instances, the 
magnetic nanoparticles are synthesized in hydrophobic solvents and for use in biomedical 
applications, it is necessary to first convert these nanoparticle suspensions into polar 
solvents such as water or alcohol. Surface modification or functionalization can be 
generally carried out through ligand exchange or through chemical treatment.

2.4.1 Ligand Exchange

As discussed earlier, nanoparticles are synthesized in the presence of surfactants or 
stabilizer molecules. Some of the properties associated with NPs such as stability, 
size distribution, solubility, and surface charges are directly influenced by the presence 
of these stabilizer molecules. In the ligand exchange method, as the name suggests, 
one ligand is exchanged with another that will help in either functionalization or to 
change the polarity. For example, fatty acids such as oleic acid and lauric acid are 
used in the thermal decomposition method to synthesize stable and monodisperse 
magnetic nanoparticles. The stabilizer molecule binds through the carboxylic acid 
group on the nanoparticle surface. The other end of fatty acid, the alkyl group, cannot 
be used for conjugation to other molecules. Therefore, ligand exchange is necessary 
to introduce functionality to the nanoparticles (DePalma et al. 2007). It is important 
to note that the properties of the nanoparticles with respect to particle size, magnetic 
susceptibility, and size distribution are not affected by successful ligand exchange.

A very simple yet highly effective ligand exchange reaction to convert nanopar-
ticles from hydrophobic solvent to hydrophilic solvent is through reaction with 
2,3-dimercaptosuccinic acid (DMSA) (Bertorelle et al. 2006; Jun et al. 2005; Lee 
et al. 2007). The two carboxylic acid residues on DMSA bind to nanoparticle surface 
to form a protective coating. Some of the sulfhydryl groups form intermolecular 
disulfide bonds to provide additional stability and the free thiol groups on DMSA 
can be used to conjugate various biomolecules.

2.4.2 Chemical Modification

In this method, instead of a simple ligand exchange, surfactant-coated NPs are reacted 
with a chemical compound that reacts with the nanoparticles and results in complete 
transfer of ligands. The details of some of these methods are given below.

Magnetic nanoparticles synthesized by the thermal decomposition method using 
fatty acid surfactants such as oleic acid are readily soluble in nonpolar solvents. 
Successful dispersion of these nanoparticles into polar solvents such as alcohol has 
been achieved through ozonolysis (Lee and Harris 2006). Oleic acid, CH

3
(CH

2
)

7
C

H=CH(CH
2
)

7
COOH, has two distinct features, a double bond and an end carboxylic 

group that is bound to nanoparticle surface. During ozonolysis, the double bond is 
cleaved and converted to a carboxylic acid end group (azelaic acid) on the nanoparticle 
surface making them soluble in polar solvents such as alcohols. This resulting 
stable ferrous alcohol can be used in various biomedical applications.
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A chemical treatment method used to introduce functionality to nanoparticle 
surface is through the silanization process (Mikhaylova et al. 2004; Zhang and 
Zhang 2005; Zhang et al. 2002). This involves reacting nanoparticles with an 
organosilane compound, also known as silane coupling agent. The general formula 
of these organosilanes is R

x
SiY

(4−x)
, wherein R = organic functional group (amine, 

thiol, carbonyl, etc.) and Y = reactive functional group (ethoxy, methoxy, etc.). In 
the reaction, the functional group Y hydrolyzes to form siloxane bond with the 
nanoparticle surface exposing the functional group R on the outside. The nanopar-
ticle–silane construct can now be covalently conjugated with various proteins 
(Mikhaylova et al. 2004), biomolecules (Koh et al. 2006), etc. This surface modification 
method has been used to conjugate bovine serum albumin (BSA) (Koh et al. 2006), 
horseradish peroxidase (HRP) (Ma et al. 2003), and folic acid (Zhang and Zhang 
2005; Zhang et al. 2004).

2.4.3 Core–Shell System

One method that has been used to improve stability and introduce functionality to 
magnetic nanoparticles is through thin inorganic coatings. Magnetic nanoparticles 
form the core and different types of inorganic materials form a shell around it to 
form core–shell morphology. Depending on the material and application, the coat-
ing material could be inorganic, polymeric, or metallic in nature.

Silica-Coated Magnetic Nanoparticles

Silica is a biocompatible material that has been used to coat the surface of magnetic 
nanoparticles (Ohmori and Matijevic 1993). This method of having a magnetic 
nanoparticle in the center with a silica coating is known as core–shell system. The 
geometry of this core–shell system can be varied to incorporate a few nanoparticles 
within a shell or coat individual nanoparticles with silica shell and, the thickness of 
the shell coated can also be precisely controlled. In addition to providing stability 
to the nanoparticle system, silanol groups on the surface of silica can be easily deri-
vatized to introduce various functional groups. Presence of these functional groups 
makes them amicable to conjugation to various biomolecules for applications (Koh 
et al. 2006; Kohler et al. 2005; Zhang et al. 2002).

The most common method used to introduce silica coatings is through the sol-gel 
process even though other techniques such as reverse micelle and aerosol pyrolysis 
method exist. Iron oxide nanoparticles synthesized by coprecipitation method can 
be directly coated with silica by mixing the nanoparticles in water with 2-proponol, 
30% aqueous ammonia, and silanization agent tetraethoxyorthosilane (TEOS) (Lu 
et al. 2002). Formation of bare silica nanoparticles can be prevented and control on 
thickness of silica shell can be regulated by the ratio of TEOS to water. In addition, 
during the shell formation, organic fluorescent dyes can be mixed with the silanization 
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agent and incorporated within the shell to introduce both magnetic and fluorescent 
properties in the system.

The other experimental method that is used for silica coating on nanoparticles is 
through the reverse micelle method. This method can be used for both simultaneous, 
in situ, formation of silica coating on nanoparticle as it is being synthesized (Tartaj 
and Serna 2003) or form silica coating on premade nanoparticles (Vestal and Zhang 
2003; Yi et al. 2005). This method has been successfully used to coat α-Fe, MFe

2
O

4
 

(M = Fe, Co, Mn, Ni) (Vestal and Zhang 2003). Using this method, quantum dots 
and magnetite have been coentrapped within the silica shell to form a core–shell 
system that is both magnetic and fluorescent (Yi et al. 2005).

Metal Coating on Magnetic Nanoparticles

A method of surface coating that is gaining popularity is to put a thin coating of 
metals on magnetic nanoparticles (Ban et al. 2005). Precious metal, especially 
gold, is used as it provides stability and introduces functionality such that the 
well-established gold-thiol chemistry can be used for various biomedical applica-
tions (Ban et al. 2005; Chen et al. 2003; Mizukoshi et al. 2005; Sonvico et al. 
2005; Storhoff et al. 1998).

However, direct coating of gold on surface of magnetic nanoparticles by chemical 
methods is difficult due to mismatch in their crystal structure. With some clever 
chemistry, there have been some successes in this front using iterative hydroxylamine 
seeding (Liu et al. 1998; Lyon et al. 2004) and reverse micelle method. In the 
reverse micelle method, using a mixture of cetyltetramethylammonium bromide (CTAB), 
1-butanol, and octane, FeSO

4
 was reduced by sodium borohydride (NaBH

4
), 

followed by addition of HAuCl
4
 which resulted in the formation of Fe

3
O

4
 NPs 

coated with gold. In the iteration method, citrate-stabilized aqueous iron oxide nan-
oparticles were mixed with hydroxylamine and chloroauric acid (HAuCl

4
) solution. 

Hydroxylamine, a mild reducing agent, reduces gold on the surface of iron oxide 
surface. Iterative addition of hydroxylamine and HAuCl

4
 solution resulted in the 

formation of gold on nanoparticle surface to form core–shell morphology. The 
thickness of shell formed was controlled by the number of iterations carried out and 
controlled between 10 and 60 nm.

Polymer-Magnetic Nanoparticle Composites

Stability of magnetic nanoparticles can also be improved by forming thin organic 
polymer coatings (Shen et al. 1999; Sousa et al. 2001). This is achieved either 
through natural polymers such as proteins (Butterworth et al. 1996) and sugars 
(Neuberger et al. 2005) or through synthetic, biocompatible polymers such as polylactic 
acid, poly(alkylcyanoacrylates), polycaprolactone, and poly(ethylene imine) 
(Thunemann Andreas et al. 2006). Using the layer-by-layer technique, these polymers 
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can be coated on magnetic nanoparticles to introduce suitable surface charge (positive 
or negative), stability, functionality, and biocompatibility (Caruso 2001).

Iron Oxide Nanoparticles with Organic Polymer Coatings

Using the well-established synthetic organic polymer chemistry, magnetic nano-
particles have been encapsulated within polymer matrices to form robust core–
shell systems. Atomic transfer radical polymerization (ATRP) has been used 
successfully to form monodisperse polymeric systems and using this technique, 
magnetic nanoparticles have been incorporated within these systems during their 
synthesis (Li et al. 2004; Vestal and Zhang 2002; Wang et al. 2003). Nanoparticles 
are mixed with an initiator of ATRP (2-bromo-2-methyl propionic acid, 3-chloro 
propionic acid), solvent (xylene), monomer solution (styrene, divinyl benzene, 
methyl methacrylate) and allowed to react to form the core–shell system. The 
function group, usually carboxylic acid, of the initiator reacts with the nanoparticle 
and anchors on to its surface. It then converts it to a reactive species known as the 
macroinitiators of ATRP. Subsequent addition of monomer leads to polymeriza-
tion through these activated sites resulting in the core–shell system. This method 
of polymer coating is very robust and permanently traps the magnetic nanoparti-
cles within the matrix making them extremely stable under a variety of chemical 
and physiological conditions.

Magnetomicelles

Amphiphilic block copolymers are known to self-assemble, based on the type of 
polymer and its concentration, to form uniform nanostructures or micelles (Ai et al. 
2005; Kim et al. 2005). When magnetic nanoparticles are dispersed in the medium 
during self-assembly process, they can get entrapped within these micellar structures 
to form “magnetomicelles,” as depicted in Fig. 6. γ-Fe

2
O

3
 have been coassembled 

with amphiphilic poly(styrene
250

-block-acrylic acid
13

) (PS
250

-b-PAA
13

) and block 
copolypeptide – poly(N

e
-(ACS 2007)acetyl-L-lysine)

100
-b-poly(L-aspartic acid, 

sodium salt) (poly(EG
2
-lys)

100
-b-poly(asp)

30
) (Berret et al. 2006; Euliss et al. 2003; 

Fig. 6 Synthesis of magnetomicelle systems
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Kim et al. 2005). These composite structures can be made water-soluble and stable, 
and offer functional surface to conjugate biomolecules. The number of encapsulated 
nanoparticles within the micelle can be regulated by altering the ratio of nanoparticles 
to polymer. Magnetic nanoparticles synthesized in hydrophobic solvents can be 
readily made water-soluble by this method without the need for any surface modification 
techniques on the nanoparticles.

2.5 Examples of Applications for Magnetic Nanosystems

Biomedical applications of magnetic nanoparticles can be classified as in vivo or in 
vitro and based on application, as therapeutic or diagnostic in nature. Therapeutic 
application of magnetic nanoparticles include drug delivery (Kohler et al. 2005; 
Lanza et al. 2002; Neuberger et al. 2005; Zhang et al. 2004) and in hyperthermia 
(Jordan et al. 2001; Moroz et al. 2002; Sonvico et al. 2005). They are also used in 
diagnostics as in vivo MRI contrast agent (Reimer et al. 1992; Schellenberger et al. 
2002; Seneterre et al. 1991). In vitro applications (Kohler et al. 2005) of magnetic 
nanoparticles include the isolation of cells and biomolecules as a diagnostics tool 
(Haukanes and Kvam 1993; Moeser et al. 2004; Stoeva et al. 2005; Stoltenburg 
et al. 2005).

External magnets can be applied to create magnetic field gradients to guide 
magnetic nanoparticles for localized delivery and is the basis of magnetic drug 
targeting (Alexiou et al. 2000; Lubbe et al. 1999; Neuberger et al. 2005). In the 
presence of alternating magnetic fields, magnetic nanoparticles can be selectively 
heated and this is used in magnetic hyperthermia as a new modality in cancer 
therapy. The above applications are elaborated in the following sections.

3 Magnetic Nanosystems for Molecular Imaging

MRI is increasingly being used as a noninvasive diagnostic tool to image soft 
tissue. In this method, a radiofrequency (RF) pulse is applied which effects the 
magnetization of protons in water molecules. The change in this magnetization and 
its subsequent return to the ground state is measured in terms of the T

1
 and T

2
 

relaxation times. T
1
 corresponds to the relaxation along the z-direction and results 

in the loss of energy in the form of heat. This is also known as longitudinal relaxation 
or spin–lattice relaxation. T

2
, also known as transverse relaxation or spin–spin 

relaxation, is along the x–y plane and is a consequence of dephasing.
Contrast agents are routinely employed in MRI to obtain better images. Presence 

of these contrast agents affect the T
1
 and T

2
 relaxation time of water molecules and 

hence improve quality of image. Most of these contrast agents are magnetic in 
nature and, depending on the material, can lead to either enhancement or decrease 
in contrast.
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Contrast agents are classified as either positive or negative agents. Positive 
contrast agents are usually Gadolinium-based systems resulting in increase of 
T

1
 relaxation time and cause the image to brighten in the MRI. On the other hand, 

iron oxide-based systems result in darkening of image in MRI and increase in 
T

2
 relaxation. Depending on the type of tissue, area of imaging, and degree of 

contrast needed, different agents are used.

3.1 Paramagnetic Systems

Gadolinium with seven unpaired electrons is an excellent paramagnetic material 
with very high magnetic moment. Toxicity associated with Gd3+ ions prevents 
direct administration and instead are introduced in the form of chelates such as 
diethyltriaminepentaacetic acid (DTPA) and 1,4,7,10-tetraazacyclododecane-
tetraacetic acid (DOTA). The first approved intravenous MRI contrast agent was 
Gd-DTPA (gadolinium (III) – diethyltriaminepentaacetic acid) (Flacke et al. 2001; 
Lanza et al. 2002) and since then several chelated versions of gadolinium-based 
contrast agents have been approved by the FDA for clinical use in central nervous 
system and whole body imaging. Another paramagnetic contrast agent that is available 
is Teslascan® and is composed of a manganese-chelate – mangafodipir or Mn2+-
DPDP (manganese dipyridoxyl diphophate) to specifically image lesions of the 
liver. Targeting of specific regions in the body or tissue, using the chelates, is not 
possible with these contrast agents. Additionally, Gd3+-based systems undergo 
rapid clearance from the body and this limits long-term observation using these 
contrast agents. Newer generation of Gd3+ nanoparticle-based systems is being 
investigated to address this issue (Flacke et al. 2001; Oyewumi and Mumper 2004; 
Reynolds et al. 2000).

3.2 Superparamagnetic Systems

The other type of MRI contrast agents is iron oxide nanoparticle-based superpara-
magnetic system. Iron oxide nanoparticles when introduced as contrast agent cause 
enhancement of T

2
 relaxation resulting in darkening of area being imaged. For use as 

MRI contrast agent, superparamagnetic iron oxide nanoparticles in the size range 
of 5–10 nm is usually coated with a protective layer of dextran (Josephson et al. 
2001; Schellenberger et al. 2002). This increases the hydrodynamic diameter to 
about 50 nm. These iron oxide-based nanoparticles have been used to image the 
spleen, liver, gastrointestinal tract, and lymph nodes (Lee et al. 1991). Different 
generations of these dextran-coated iron oxide nanoparticles are available and these 
include SPION (superparamagnetic iron oxide nanoparticles), MION (monocrystalline 
superparamagnetic iron oxide nanoparticles), USPIO (ultrasmall superparamagnetic 
iron oxide nanoparticles), and CLIO (crosslinked iron oxide nanoparticles).
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Imaging of a specific area in the body through localization is possible using 
these magnetic nanoparticles. They can readily be conjugated with antibodies, 
oligonucleotides, and small molecules that target specific receptor sites on cell 
surface. CLIO modified with Tat peptide was used to target lymphocytes 
(Wunderbaldinger et al. 2002) and streptavidin-coated iron oxide nanoparticles 
modified with anti-HER2/neu antibody for imaging the HER2/neu overexpressing 
breast cancer cell lines (Artemov et al. 2003).

4 Magnetic Nanosystems for Targeted Delivery

One of the biggest hurdles in chemotherapy is nonspecific targeting of drug mole-
cules. Intravenous administration of drugs leads to systemic distribution through 
out the body resulting in undesirable side effects and as a consequence only a sub-
optimal dosage of drugs reaches the desired target site. New concepts are being 
developed in chemotherapy for drug delivery to tumor sites using nanotechnology. 
Some of these methodologies include using polymeric nanoparticles, liposomes, 
and micelles as drug carriers.

One method to improve localized delivery of drugs is through the use of magnetic 
carriers and magnetic targeting (Goodwin et al. 1999; Jain et al. 2005; Widder et al. 
1979). Drug molecules can be attached or embedded in a matrix along with the 
magnetic nanoparticles to form magnetic carrier systems. Magnetic field gradient 
can then be generated in the area of interest, using external magnets, to attract these 
magnetic carriers. The advantages of this approach are that systemic distribution of 
drug can be substantially reduced resulting in less side effect. Added benefit 
includes better efficacy from the chemotherapeutic drug as a result of localization 
(Lubbe et al. 1996a,b).

Chemotherapeutic drug delivery using magnetic carriers was first reported in 
1980 by Widder et al. (1980) wherein, doxorubicin and magnetite were encapsu-
lated with albumin. Since then, numerous magnetic carriers–drug composites 
have been designed, developed, and tested. There are a few basic criteria for 
effective drug delivery through the use of magnetic targeting delivery (Lubbe et 
al. 1999). The size of magnetic particle, its magnetic susceptibility, and magnetic 
strength of external magnet used for concentrating is very important. If the parti-
cle is small and has a small magnetic susceptibility, a much larger and stronger 
external magnet will be required to attract these particles toward the magnet. 
Additionally, the magnetic field strength or gradient drops inversely to square of 
the distance between the particle and magnet. Hence, the magnetic field strength 
is felt more by the particle closer to the magnet and starts decreasing as it gets 
away from the magnet.

Penetration depth of magnetic field, using external magnet, is limited by the 
size of the magnet and is usually in the order of 5–10 cm using standard bar 
magnets. Permanent magnets in the form of disks and rectangles and field 
strength in the range of 0.1–0.8 T are usually employed to achieve targeting 
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(Dandamudi and Campbell 2007). The penetration depth for magnetic flux den-
sity is a few centimeters. Focusing magnetic flux density to organs and tissue 
deep within the body, beyond 10 cm, is extremely difficult. Beyond this distance 
the magnetic field strength is not sufficient enough to be able to attract the mag-
netic carrier to the target site. This limits the use of magnetic drug targeting to 
subcutaneous tumor and cancer grown on the skin. This problem can be addressed 
by either using larger particles with higher magnetic susceptibility or through use 
of stronger magnets.

Large particles are attracted more efficiently toward magnetic field when com-
pared to smaller particles. However, larger particles tend to undergo embolization 
which in principle could prevent it from reaching the target site. It has been 
reported that particles in the size range of 100 nm can be administered without 
any embolization.

In addition to physical demands from the magnetic carriers, there are other 
physiological conditions in the subject that need to be considered for magnetic 
drug targeting to work. This includes the size and capacity of the subject, blood 
volume, flow, and velocity at the target site. The magnetic carrier must be able to 
overcome these forces to be attracted toward the external magnet. For drug deliv-
ery applications, these magnetic carriers should be able to carry a large payload 
of drug molecules to the tumor site aided by the magnetic field and subsequently 
release the drug at the targeted site. To achieve this, surface chemistry of mag-
netic particles needs to be selectively tuned to help facilitate reversible binding of 
drug molecules.

Recently, Furlani and Furlani (2007) have developed mathematical models to 
predict magnetic targeting using magnetic particles and external magnets to aid in 
the design of new magnetic carriers in drug delivery applications.

5 Magnetic Nanosystems for Thermal Therapy

Living tissues when heated to a temperature range of 42–46 °C will result in disrup-
tion of normal cellular activity and this phenomenon is known as hyperthermia. 
Heating to temperatures above 46 °C is known as thermal ablation and results in 
complete necrosis of the cells. The concept of hyperthermia as a therapeutic modal-
ity in treatment of cancer has been extensively explored (Engin 1996). A variety of 
frequencies from the electromagnetic spectrum including ultrasound, infrared, radi-
ofrequency, and microwave radiation has been used to deliver energy for hyperther-
mia. Using near infrared (NIR) light, therapeutic dosage of heat was selectively 
delivered to human breast carcinoma cells incubated with gold-coated silica nano-
particles (Hirsch et al. 2003). Penetration depth of NIR for effective ablation was 
in the range of 1–6 mm and can be further increased with longer exposure time and 
higher laser power. Another method to deliver localized energy is through the use 
of catheters and probes placed interstitially in cancerous tissues followed by using 
RF ablation. Each of these radiation sources has met with success and limitations. 
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The challenge in thermal therapy or hyperthermia, however, is to deliver energy 
only to cancerous cells and not to adjacent healthy cells. An approach that has 
shown significant potential for localized thermal energy delivery is the use of alter-
nating magnetic fields and magnetic nanoparticles.

Magnetic hyperthermia in conjugation with radiation or chemotherapy of a vari-
ety of tumors has been extensively investigated in the past 30 years. This can be associ-
ated with understanding the biology of hyperthermia, development of better 
diagnostic tools to measure infinitesimal fluctuations in temperature, and advance-
ments in the synthesis of magnetic nanoparticles with excellent magnetic proper-
ties. The first reported use of iron oxide nanoparticles in hyperthermia was reported 
by Gilchrist et al. in 1960 (Gilchrist 1960; Gilchrist et al. 1965) and since then there 
has been tremendous progress in this field.

For magnetic hyperthermia to work, first the magnetic carriers (in the form of 
nanoparticles) are introduced throughout the tumor site followed by application of 
magnetic field of required strength and frequency to induce selective heating 
through these carriers (Ivkov et al. 2005). Since the tumor site is embedded with 
these nanoparticles, heat is dissipated from nanoparticles only to cancerous cells. 
If sufficient quantities of nanoparticles are present in the tumor site to maintain a 
temperature of > 42 °C for over 30 min, tumor cells can be destroyed. The greatest 
advantage of this method of thermal therapy is that only cells with magnetic nano-
particles are killed and not adjacent healthy cells.

Albeit this method has been successfully demonstrated in animal models, there 
is no widespread therapeutic use of this method in human subjects. There are 
several challenges to successful implementation of magnetic hyperthermia in humans. 
The first challenge is to selectively localize these magnetic carriers in tumor cells 
alone and not in healthy cells. The other challenge is to be able to deliver sufficient 
concentration of these magnetic carriers so as to generate enough heat to kill the 
tumor cells. Additionally, the magnetic field strength to generate the process of 
hyperthermia should be safe in humans. The biggest challenge, however, is not in 
generating the heat but rather sustaining this heat generated by hyperthermia. Heat 
generated in the tissue has to overcome the natural tissue cooling process – blood 
flow and tissue perfusion. Both of these vary significantly within various tissues in 
the body and between individuals.

Some of these challenges have been addressed for implementation of magnetic 
hyperthermia in humans. Magnetic carriers have been surface-modified with 
biomolecules that specifically target and recognize overexpressed receptors on 
tumor cell surface (DeNardo et al. 2005). This method of active targeting has been 
used to selectively distinguish and localize in tumor cells. Passive targeting to 
tumor cells using magnetic carriers has also been achieved through some clever 
designing. Magnetic carriers have been encapsulated within polymeric, liposomes, 
or micellar structures to form a composite that can be localized within the tumor. This 
method exploits the leaky vasculature of the tumor to selectively target cancerous 
tissues. Another method to introduce the magnetic carriers is to directly inject in 
the tumor area. This method will guarantee the highest concentration of magnetic 
carriers compared to any other method.
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The optimum magnetic field strength that is tolerated by humans has been established 
to be in the range of f = 0.05–1.2 MHz and H = 0–15 kA m−1. The overall magnetic 
field strength H × f should not exceed 4.85 × 108 Am−1 s−1 (Atkinson et al. 1984).

As mentioned earlier, the most studied magnetic material for biomedical use is 
iron oxide in the form of either magnetite (Fe

3
O

4
) or maghemite (γ-Fe

2
O

3
). These 

nanomaterials have been extensively investigated for cytotoxicity, biocompatibility, 
and biological fate in body.

6 Conclusions

Organic and inorganic nanoparticle systems offer significant opportunity in diagnosis, 
imaging, and therapy of cancer. In this chapter, we have discussed the role of 
magnetic nanoparticle systems in molecular imaging, targeted delivery, and thermal 
therapy. Magnetic nanoparticles based on paramagnetic or ferromagnetic materials 
and engineered for specific biorecognition of cancer targets offer tremendous oppor-
tunities in this field. With better understanding of disease biology combined with 
opportunities for development of targeted imaging and therapeutic systems, 
magnetic nanosystems will continue to play an important role in cancer nanomedicine.
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1 Introduction

The inherent differences and the complementary nature of existing imaging systems 
have prompted the quest for multimodality imaging platforms that allow for inte-
gration of images acquired at different scales (i.e., whole organism, organ, suborgan, 
cell, and subcellular) and at various stages of disease treatment (i.e., diagnostic, 
preoperative, intraoperative, and follow-up images). The successful development of 
a contrast agent platform that is able to provide persistent and colocalized signal 
enhancements across multiple imaging systems has the potential to seamlessly 
bridge wide ranges of spatial, temporal, and sensitivity scales and to be employed 
throughout a variety of clinical scenarios.

CT, MR, SPECT, and PET are whole body imaging systems with differing sensi-
tivities that range from millimolar to picomolar and with a wide range of spatial reso-
lutions ranging from sub-micrometer to millimeter (Fischman and Alpert, 2002; 
Krause, 1999) (Fig. 1). Conversely, optical imaging techniques are primarily utilized 
for ex vivo applications and have the ability to detect a single probe molecule and 
resolve its localization at the subcellular level. The various imaging systems also dif-
fer in their modes of operation, possible requirement for radiation exposure, cost, and 
predisposition for quantitation (Table 1). As a result, in routine clinical practice, spe-
cific imaging modalities are employed at different stages of medical diagnosis and 
treatment (Fig. 2). For example, combinations of anatomical and functional imaging 
techniques such as CT, MR, PET, SPECT, and US are often utilized for disease detec-
tion, staging, and treatment planning. X-ray, MR, US, and optical imaging systems 
are also found in the treatment room to guide the delivery of various interventions 
such as surgery, radiotherapy, and radiofrequency ablation with the aim of improving 
the accuracy of these procedures (Hashizume, 2007; Hsu, 2005; Jaffray, 2002; 
Lindner, 2006; McVeigh, 2006; Rygh, 2006; Uematsu, 1999).

Hardware-based integration of different imaging systems (i.e., CT/PET (Townsend, 
2004; Townsend and Beyer, 2002; Townsend, 2004), CT/SPECT (Bocher, 2000), 
MR/PET (Lucas, 2006; Wagenaar, 2006), X-ray/MR (Fahrig et al., 2001, 2003)) 
has addressed some of the needs by allowing simultaneous or near-simultaneous 
acquisition of two complementary image sets from the same patient. However, not all 
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Table 1 Summary of the strengths and limitations of different imaging modalities

Imaging modality Strengths Limitations

X-ray computed 
tomography (CT)

– Best bone structure visualization – Radiation exposure

– High temporal resolution
Magnetic resonance 

(MR)
– Best soft tissue visualization – Compatibility issues

– No radiation dose – Trade-off between temporal, 
spatial resolution and sensitivity

– High cost
Radionuclide 

imaging (PET, 
SPECT)

– Whole body, high sensitivity 
functional imaging

– Radiation exposure

– Multilabeling capability – Lack of anatomic information but 
can be combined with CT or MR

Ultrasound (US) – Real time imaging – Image quality is operator 
dependent

– No radiation dose – Limited penetration depth 
(especially in the presence of 
bony structures)

– Low cost – Limited imageable area
Optical Imaging – Single probe detection – Limited penetration depth

– No radiation dose – Semiquantitative
– Subcellular resolution
– Multilabeling capability
– Low cost

Fig. 1 Sensitivity and spatial resolution ranges of the different imaging modalities (figure 
adapted from Cassidy et al. (Cassidy and Radda, 2005) ). Efforts by various groups are focused on 
extending the current sensitivity and spatial limits of each modality
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useful combinations of imaging modalities have been hardware integrated. In addi-
tion, many clinical scenarios would benefit from the registration of images that are 
acquired at different times from distinct modalities. The development of a multimo-
dal contrast agent that enhances common structures in the different modalities has 
the potential to impact conventional practices by easing the alignment and common 
display of complementary image sets. As a matter of fact, single modality contrast 
agents are already required as part of many routine imaging sessions to increase 
visibility (Exadaktylos, 2005; Saeed, 2005) or to generate an imageable signal (i.e., 
radionuclide tracers).

Contrast-enhanced multimodality imaging may be performed using simultaneous 
or sequential administration of multiple modality-specific imaging probes. However, 
this is not a suitable solution when different probes have their own distinct pharma-
cokinetics and biodistribution profiles in vivo. Consequently, they cannot provide 
common enhancement features across different modalities. In addition, existing 
imaging agents are generally small molecular weight molecules and have rapid 
clearance profiles (Mutzel and Speck, 1980; Tweedle, 1997). Therefore, they do not 
allow for long (i.e., high-resolution scans) or repeated imaging sessions (i.e., longi-
tudinal studies) to be performed following a single administration. For these reasons, 
nano-sized systems, such as nanoparticles (Josephson, 2002; Kircher, 2003; 
Schellenberger, 2004; Sosnovik, 2005), nanocrystals (Huh, 2005), liposomes 
(Zheng, 2006, 2007; Zielhuis, 2006) and dendrimers (Koyama, 2007), have been 
employed as delivery strategies for multiple imaging probes to provide colocalized 
and persistent contrast enhancement across imaging systems.

2 Imaging Modalities and Modality-Specific Imaging Probes

CT, MR, SPECT, PET, US, and optical imaging provide complementary information 
on structure and/or function. This is due to the fact that their signal generation proc-
esses differ, making each more suitable for a specific application (Table 1). Before 
discussing the novel developments in multimodal contrast agents, there is value in 
a brief primer on how different imaging probes modify the signal generated by 
these imaging modalities.

Fig. 2 Research and clinical applications that rely on the various imaging modalities
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2.1 Computed Tomography

Contrast in CT is generated by differential attenuation of the X-ray beam in neighbor-
ing tissues or materials. Compton (σ

c
) and photoelectric (σ

pe
) are the two main interac-

tions between the applied X-ray photons and electrons found in various tissues and 
materials (at the photon energies employed for imaging applications). The probability 
of those interactions is a function of photon energy (E), with photoelectric interaction 
also dependent on the atomic number (Z) of the material (Schnall and Rosen, 2006). 
The attenuation coefficient (m) of material is a function of its electron density (r

e
), 

which is roughly proportional to the physical density of the material, with relative 
contribution from Compton and photoelectric cross sections (Hsieh, 2003) (1).

 m(E) = r
e
[s

c
 (E) + s

pe 
(E, Z)]. (1)

At the low photon energies (~70 keV) used for CT imaging, photoelectric absorp-
tion is the dominant photon–electron interaction, with the cross section per atom 
being proportional to Z4 (Evans, 1955). Contrast enhancement is therefore achieved 
by increasing the difference in attenuation of two neighboring structures by the 
addition of high atomic number material within the volume. As a result, elements 
with a high Z, such as iodine (Z = 53) and barium (Z = 56), are attractive CT con-
trast agents and have been adopted in the clinic. Although iodine-based agents have 
well-characterized toxicity and relatively good safety profiles, they still put a small 
number of patients (<1%) at risk of allergic reactions and nephrotoxicity 
(Namasivayam, 2006). Recent attempts have been made to use other elements that 
have even higher Z (i.e., gadolinium (Bonvento, 2006) (Z = 64), gold (Hainfeld, 
2006) (Z = 79), and bismuth (Rabin, 2006) (Z = 83) ). However, the toxicity and 
safety of these agents need to be further investigated.

It is important to note that the signal in CT imaging is usually referred to as 
Hounsfield units (HU), after Sir Godfrey Hounsfield, the developer of the first 
CT scanner, where HU is defined as HU = 

  1,000m - m
m

water

water

× (Hsieh, 2003). 

The attenuation value in HU for water is therefore by definition zero. CT attenuation 
values range between −1,000 HU for vacuum, through zero for water and as high as 
+2,000 HU for hard bone. The noise level in CT images acquired in a typical clinical 
setting is approximately ±10 HU. Therefore, a relative difference of 30–50 HU is 
desirable to significantly discriminate between neighboring structures.

2.2 Magnetic Resonance Imaging

There are multiple mechanisms responsible for inducing contrast in MR imaging. 
It is critical to select appropriate imaging parameters to fully exploit the presence 
of inherent contrasts as well as any applied contrast agents. There are four main 
parameters that determine signal intensity and contrast in MR: spin density, relaxivity, 
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magnetic susceptibility, as well as diffusion and perfusion (Weishaupt et al., 2003). 
Contrast agent visualization is optimized when the imaging technique selected 
suppresses the contrast generated from unchanged tissue parameters, and accentuates 
the signal that is altered by the presence of the contrast agent (Froehlich, 2006).

2.2.1 Spin Density

The magnetic moment of the proton is the fundamental signaling species in MR. 
Spin density is the number of protons per volume found in a specific tissue. The 
tissue proton density is dominated by the number of water protons rather than 
the protons associated with organic compounds that are present in the tissue. 
Because an exogenous agent cannot significantly alter the tissue proton density, this 
parameter is not readily altered by the introduction of a contrast agent.

2.2.2 Relaxivity

The relaxation of the protons from their excited state can be measured. There are two 
proton relaxation parameters in MR. T

1
 is the longitudinal or spin-lattice relaxation 

time. It is the amount of time required for the magnetized proton nuclei to return to 
their equilibrium state in the longitudinal direction of the main magnetic field after a 
radiofrequency (RF) excitation pulse. T

2
 is the transverse or spin–spin relaxation time. 

During the T
2
 relaxation process, the energy deposited by the RF pulse results in loss 

of spin phase coherence in the transverse plane as well as spin dephasing (Koenig and 
Brown, 1994). Most MR contrast agents alter these two relaxivity parameters, usually 
affecting one relaxation time more than the other. Positive, or T

1
 agents (i.e., gadolin-

ium), reduce the longitudinal relaxation time and increase the signal intensity on a T
1
-

weighted MR image. While negative, or T
2
 agents (i.e., iron), decrease the signal 

intensity on a T
2
-weighted image through reduction of the transverse relaxation time. 

The presence of unpaired electrons in a paramagnetic ion is needed to cause a change 
in the T

1
 and T

2
 relaxation rates of the surrounding water protons. In addition, the 

relaxation rate is proportional to the spin quantum number of an atom. For example, 
gadolinium (Gd3+) with a spin quantum number of 7/2 is a better relaxation agent than 
manganese (Mn3+), which has a spin quantum number of 5/2.

2.2.3 Magnetic Susceptibility

Magnetic susceptibility is the degree of magnetization induced in the domain of a 
substance subjected to a magnetic field. There are four different classes of magnetically 
susceptible compounds: diamagnetic, paramagnetic, superparamagnetic, and ferromag-
netic (Schnall and Rosen, 2006; Weishaupt et al., 2003). Diamagnetic substances 
weaken the magnetic field because they have a small negative magnetic susceptibility. 
Paramagnetic compounds have a net positive magnetic susceptibility which causes 
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the magnetic field to strengthen. However, a high paramagnetic agent concentra-
tion is required for magnetic susceptibility to affect signal intensity. In the case of gado-
linium, a paramagnetic ion, it is the presence of its unpaired electrons that affects 
tissue contrast by changing the relaxation properties of the surrounding water 
protons, not its paramagnetic susceptibility. Superparamagnetic materials acquire 
magnetic moments that are several orders of magnitude greater than those 
acquired by paramagnetic species in the same external magnetic field. Unlike para-
magnetic ions, for which spin alignment is directly proportional to the strength of 
the external magnetic field, superparamagnetic ions align all available spins even 
at low field strengths (Sandler, 1989). Therefore, no further magnetization is 
achieved with greater increase in the strength of the external magnetic field. Iron 
oxide and magnetite particles are superparamagnetic contrast agents. The large 
magnetic moments associated with these superparamagnetic particles cause local 
field inhomogeneities, which produce rapid proton dephasing and correspondingly 
fast shortening of the T

2
 relaxation time. As a result, superparamagnetic agents may 

be detected at concentrations as low as µmol kg−1, while mmol kg−1 concentrations 
are needed for paramagnetic agents (Gimi, 2005). Ferromagnetic materials such as 
iron, nickel, and cobalt have a large positive magnetic susceptibility. They are 
generally not employed as MR contrast agents because they tend to distort the 
linear magnetic field gradients causing susceptibility artifacts (i.e., local signal loss 
and spatial distortion) (Sandler, 1989).

2.2.4 Diffusion and Perfusion

The signal intensity in MR is maximal when all of the transverse spins are in phase. 
Movement or diffusion of water protons can lead to spin dephasing on the transverse 
plane and produce loss of MR signal (Schnall and Rosen, 2006; Weishaupt et al., 
2003). Consequently, perfusion of blood in tissues causes spin dephasing, resulting in 
a signal decrease and contributes to contrast in MR. Contrast agents are not generally 
used to directly manipulate the water proton diffusion process. However, the presence 
of MR contrast agents such as gadolinium has been shown to affect the calculation of 
the apparent diffusion coefficients from diffusion weighted images (Firat, 2006).

2.3 Single Photon Emission Computed Tomography

Gamma rays emitted by the process of radioisotope decay can be counted by a 
camera-like detector. In SPECT imaging, such a detector is rotated around the sub-
ject and detects gamma photons that are emitted by a radioisotope. The distribution 
of the radioisotope is then estimated through a reconstruction algorithm. The 
attachment of radioisotopes to molecules that target specific cell populations results 
in the production of radiotracers. It is undesirable to use radiotracers that emit 
electron or alpha particles, since this will increase the radiation dose given to 
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patients. The effective half-life (T
eff

) is a crucial factor when choosing a SPECT 
agent. T

eff
 of a radiopharmaceutical in a biological system is a function of both its 

physical half-life (T
p
) and its biological half-life (T

b
). Their relationship is described 

by (2) (Sandler, 1989).

 T
T T

T Teff

p b

p b

=
−
+  

(2)

The effective half-life of a SPECT tracer should match the time window required to 
image the desired physiological process (i.e., uptake of the tracer by the desired 
target structure). Table 2 lists the physical characteristics of the most commonly 
used SPECT radioisotopes (Sandler, 1989; Tsui, 1996). Advanced SPECT systems 
allow for count scoring of photons emitted at different energy windows. This is very 
valuable for applications requiring simultaneous imaging of multiple radiotracers.

2.4 Positron Emission Tomography

Some radioisotopes decay by emission of positrons (β+) (Cassidy and Radda, 2005). 
An annihilation event occurs when the emitted positron encounters an electron (β−) 
within the subject. This produces two high-energy photons of 511 keV that travel in 
opposite directions (~180° apart) (Levin, 2005, Phelps, 2003). A positron emission 
event is recorded only when the opposite crystals in the PET detector ring detect two 
photons within a short time window (~10 ns) (Phelps, 2003). This requirement results 
in improved scatter rejection and noise reduction, as well as better spatial resolution in 
human imaging applications, when compared to SPECT. However, some PET radioi-
sotopes, such as 15O and 11C, have very limited physical half-lives (Table 3) and this 
limits their use in imaging applications involving slower physiological processes.

Table 2 List of the physical characteristics of the common SPECT radioisotopes

Radionuclide Half-life (h) Energy of primary photons (keV)

Gallium-67 (67Ga) 78 93 (40%), 184 (24%), 300 (22%)
Indium-111 (111In) 68 173 (89%), 247 (94%)
Iodine-123 (123I) 13.1 159 (83%)
Iodine-131 (131I) 8.08 364 (82%)
Technetium-99 m (99 mTc) 6.03 140 (90%)
Thallium-201 (201Tl) 73 69–81 (98%)

Table 3 Half-lives of common radionuclides used for PET imaging

Radionuclide Half-life (min) Half-life (h)

Oxygen-15 (15O) 2.0 0.03
Nitrogen-13 (13N) 10.0 0.17
Carbon-11 (11C) 20.4 0.34
Fluorine-18 (18F) 110 1.83
Bromine-76 (76Br) 972 16.2
Iodine-124 (124I) 6,048 101
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2.5 Ultrasound

Contrast in ultrasound is generated by the difference in acoustic impedance of two 
neighboring tissues (McCulloch, 2000). The majority of currently available US 
contrast agents comprise gas-filled microbubbles (i.e., <7 µm in size for capillary 
access) (Calliada, 1998; Kaul, 2004). The ultrasonic properties of the microbubble 
agents are dependent on their size, as well as the composition of the bubble shell 
and gas. The outer shell of the microbubbles is most often composed of phospholi-
pid, palmitic acid, albumin, or polymer, while the gas contained within the shell 
may be air or a heavy gas. The elasticity of the shell determines whether the micro-
bubble breaks (stiffer shell) or resonates (more elastic shell) to produce backscatter 
when exposed to ultrasonic waves. Air-filled microbubbles are highly soluble and 
are strong reflectors; however, their shrinkage following air diffusion makes them 
less reflective over time. Heavy gas-filled microbubbles are less soluble, but they 
tend to be more stable (Calliada, 1998; Kaul 2004). Unlike conventional MR, CT, 
and nuclear medicine contrast agents, micron-sized conventional US agents do not 
provide interstitial signal enhancement because they do not cross the vascular 
endothelium. This feature makes them good blood pool agents. However, the vas-
cular enhancement that they provide is only transient due to bubble destruction 
(Calliada 1998; McCulloch 2000).

2.6 Optical Imaging

In vivo optical imaging involves the detection of light photons transmitted through 
tissues. Two processes affect the propagation of light through tissues: absorption 
and scattering (Alfano et al., 1997; Schnall and Rosen, 2006). Absorption occurs 
when the photon energy is lost because of its frequency match to an energy transition 
state within a tissue. Scattering occurs when the photon path is deflected by 
particles in a tissue (Alfano et al., 1997; Schnall and Rosen, 2006). Both absorption 
and scattering affect the sensitivity of optical imaging and are wavelength dependent 
(Gillies, 2002). The optimal tissue imaging wavelength window is in the near-
infrared (IR) region (700–1000 nm) (Cassidy and Radda, 2005; Gillies, 2002). The 
two main in vivo optical imaging techniques are near-IR (NIR) fluorescence and 
bioluminescence.

2.6.1 Fluorescence Imaging

Most in vivo fluorescence imaging is performed at the NIR wavelength region 
because most biological tissues exhibit low inherent scattering and minimal absorption 
at these wavelengths (Anderson and Parrish, 1981). The two types of exogenous 
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contrast agents used in fluorescence imaging are organic fluorophores and 
inorganic fluorescent semiconductor nanocrystals, also known as quantum dots 
(Frangioni, 2003).

The most common organic fluorophores are polymethines. A major class of the 
polymethines is the heptamethine cyanines, which include the following subclasses: 
benzoxazole, benzothiazole, indolyl, 2-quinoline, and 4-quinoline (Frangioni, 
2003). The range of peak excitation for compounds in this class is 760–800 nm, and 
the range for peak emission is 790–830 nm. The indocyanines (i.e., indocyanine 
green, IRDye78) are the most widely used compounds from this class (Frangioni, 
2003; Sima and Kanofsky, 2000). However, these conventional organic fluorophores 
have many limitations, including difficulty to control their excitation and emission 
wavelengths, low quantum yield (QY) in aqueous environments, and high susceptibility 
to photobleaching (Frangioni, 2003).

Inorganic fluorescent semiconductor nanocrystals, quantum dots (QDs), typically 
comprise an inorganic core and a metal shell, allowing for fine-tuning of their emis-
sion wavelength. QDs have very high quantum yield in organic solvents, and are 
extremely resistant to photobleaching (Gao, 2005; Gao et al., 2007; Smith et al., 
2004). The surface of the QDs may be further modified with an appropriate organic 
hydrophilic coating to increase their biocompatibility for in vivo imaging. These 
properties make QDs desirable for a wide range of optical imaging applications. 
A major difference between organic fluorophores and QDs is their size and molecu-
lar weight. NIR organic fluorophores are typically less than 1,200 Da, while QDs 
have molecular weights greater than 100 kDa and hydrodynamic diameters ranging 
between 3–20 nm (Frangioni, 2003). This size difference is significant enough to 
alter the pharmacokinetics, biodistribution, and clearance profiles of these two 
classes of agents when administered on their own. Therefore, when choosing an 
optical agent for a nanoparticulate system, size and molecular weight concerns 
must be taken into account. The incorporation of a QD may impact the in vivo 
distribution of the overall nanoplatform, while the use of organic fluorophores may 
not achieve optimal imaging properties.

Another important issue to be considered when selecting the appropriate optical 
agent for in vivo imaging is its toxicity profile. Organic fluorophores, such as 
heptamethine indocyanines, without charged groups, are reported to be quite toxic 
owing to their intracellular accumulation (Frangioni, 2003). However, disulfonated 
indocyanine green (ICG) has been approved by the FDA and used routinely in 
humans for over 40 years and has an excellent safety profile. At this point, there is 
limited information on the toxicity of other heptamethine indocyanines, yet studies 
in mice have shown that the LD50 of these agents increases with an increase in the 
degree of sulfonation (Frangioni, 2003). The in vivo toxicity of QDs also remains 
to be fully elucidated. QDs typically comprise metals (i.e., cadmium, arsenic, and 
lead), which, in their elemental form, are known to be toxic. It is suggested that in 
the nanocrystalline form, since the metals are present as a less reactive salt, the QDs 
may be relatively inert (Frangioni, 2003). However, further investigation is required 
to fully understand the acute and chronic toxicity profiles of QDs in vivo.
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2.6.2 Bioluminescence Imaging

Bioluminescence imaging detects the visible light produced by the cellular expression 
of the enzyme luciferase. The gene responsible for the production of luciferase is 
naturally expressed in select bacteria, insects, and jellyfish (WT, 1999). In the research 
setting, the same gene is tagged onto one or more genes of interest and then incorporated 
into the DNA of a desired cell population. The expression of the luciferase gene is then 
used as a surrogate marker for the expression of the gene(s) of interest. However, the 
appropriate substrate must be available for the enzyme luciferase to react with and emit 
bioluminescence. For example, in order for the firefly luciferase to produce biolumi-
nescence, the substrate D-luciferin, oxygen, and adenosine triphosphate (ATP) must 
all be present (Levin, 2005). In general, bioluminescence reactions have a very low 
quantum yield and the photons generated are subject to scatter and absorption while 
propagating through tissue. Therefore, relatively long exposure times are necessary in 
order to collect sufficiently high signal to noise ratios. Mice are the animal model of 
choice for bioluminescence studies due to the limited tissue thickness that biolumi-
nescence photons need to travel through in order to reach the detector (Levin, 2005).

3 Nanosystems for Multimodality In Vivo Imaging

There are four key criteria that must be fulfilled in the design and development of 
multimodal contrast agent nanosystems. Firstly, the contrast agent must provide 
and maintain detectable signal levels for a time that is sufficient to allow for image 
acquisition in the multiple imaging modalities (i.e., including the time required to 
move the subject from one scanner to another when the imaging systems are not 
physically integrated). Secondly, if multiple imaging probes are present in the same 
nanosystem, one must not interfere with the signal generation or contrast enhance-
ment ability of the other. Thirdly, the ratios between the different signaling moieties 
employed in the contrast agent system must remain constant throughout the imaging 
time window. As a result, the successful multimodality nanosystem will generate 
colocalized and sustained signal enhancements in all imaging modalities, thus 
allowing for spatial and temporal integration of the complementary information 
that is obtained from the different imaging systems.

Although there are numerous combinations of modalities that are possible, the 
main developments have been carried forward in the areas of MR/optical, SPECT/
optical, PET/optical, CT/MR, and SPECT/MR imaging.

3.1 Nanosystems for Combined MR and Optical Imaging

To date, MR and fluorescence is the multimodality imaging combination that has 
been explored most extensively. A compelling justification for this combination is 
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that it enables contrast-enhanced preoperative MR imaging for disease localization, 
identification, and surgical procedure planning, and then optical-based intraopera-
tive target delineation. The principal strategy (Fig. 3) used by various research 
groups to engineer combined MR and fluorescent nanosystems involves the conjugation 
of an optical dye (i.e., Cy5.5) to an MR agent (i.e., iron oxide nanoparticle, iron 
oxide nanocrystal, gadolinium labeled dendrimer). In some cases, an additional 
step has been taken to conjugate a ligand or moiety (i.e., peptide, antibody) to the 
surface of the nanosystem in order to actively target specific cell populations in 
vivo. This strategy allows for colocalized signal changes to be generated in both 
MR and optical imaging modalities. In addition, the final size of these macromo-
lecular nanosystems, which are usually greater than 10 nm, significantly decreases 
their clearance through the kidneys, and consequently increases their overall circu-
lation lifetime in vivo. This enables imaging of the same animal with two distinct 
modalities following a single administration of contrast-generating media, and in 
some cases even allows follow-up scans for up to 24 h (Sosnovik, 2005; Trehin, 
2006). The physical and imaging characteristics of the various MR/optical systems 
are summarized in Table 4.

The two MR contrast-enhancing agents employed are iron oxide (T
2
-shortening 

agent, causes signal decrease) and gadolinium (T
1
-shortening agent, causes signal 

increase). It is worth pointing out that there is a higher number (Table 4, > 10-fold) 
of MR agents per particle in the iron oxide systems in comparison to the existing 
gadolinium chelate systems. In fact, iron oxide preparations, such as the superpara-
magnetic iron oxide (SPIO), can result in high R2 relaxivity values of up to 
200 mM−1 s−1 (Strable, 2001), which is between two- and threefold higher than the 

Fig. 3 Three possible components of an MR/optical dual-modality imaging nanosystem
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R1 relaxivities of gadolinium chelates (5–20 mM−1 s−1) (Koenig and Brown, 1994). 
In addition, the intrinsic T

2
 of tissue is usually shorter than its T

1
 (Gimi, 2005). 

Therefore, even if a gadolinium-based contrast agent were to cause the same absolute 
T

1
 shortening as an iron oxide agent does in T

2
 shortening, the resulting percentage 

change in tissue T
2
 would still be greater than the percentage change in tissue T

1
. 

As a result, T
2
-weighted MR can detect µmol to nmol concentrations of iron oxide 

particles (Gimi, 2005), while mmol to µmol levels of gadolinium chelates are 
required for T

1
-weighted MR imaging. Yet, T

1
 agents have the advantage of not 

significantly affecting the bulk tissue magnetic susceptibility. They are also more 
commonly employed in the clinical setting because the majority of the faster and 
higher resolution imaging protocols employ T

1
-weighted sequences (i.e., dynamic 

contrast-enhanced MR) (Caravan, 1999). When selecting the appropriate MR con-
trast agent for a multimodal nanosystem one must understand the trade-off between 
sensitivity and temporal as well as spatial resolution.

Most of the research groups listed in Table 4 selected Cy5.5 as their optical 
imaging probe because it allows imaging in the NIR wavelength range. More 
recently, quantum dots with combined high relaxivity and high quantum yield lumi-
nescence have been explored for multimodality MR and optical imaging of cells in 
culture (Wang, 2007). Appropriate surface modifications may be needed for their 
widespread adoption in in vivo imaging applications.

3.2 Nanosystem for Combined CT and MR Imaging

Image-guided procedures are being increasingly integrated into routine clinical 
practice. CT and MR imaging are two core modalities employed in image guidance. 
An excellent example of this is in the context of radiation therapy, where CT and 
MR images are acquired and registered for the purpose of treatment planning. X-ray 
imaging-based guidance techniques (i.e., cone-beam CT) are then adopted at the 
time of radiation treatment delivery to ensure that patients are accurately positioned 
and that the target volume has not moved or changed from the planning stage. 
A common CT and MR contrast agent could facilitate registration of the two plan-
ning image sets by providing high contrast to common structures, since tissues and 
bones are visualized very differently in these two modalities. Furthermore, if the 
dual-modality agent is able to remain stable in vivo for a prolonged time, the patient 
could undergo planning in CT and MR, as well as multiple fractions of cone-beam 
CT guided radiotherapy with a single administration of contrast agent.

Zheng et al. reported on the successful development of a liposome-based system 
(Fig. 4) that co-encapsulates iohexol, an iodine-based CT agent, and gadoteridol, a 
gadolinium-based MR agent. The liposomal system allowed for imaging of colocalized 
contrast enhancement in both modalities for up to 7 days postadministration in 
rabbits (Fig. 5). (Zheng, 2006, 2007). The physicochemical characteristics and 
imaging properties of this dual-modality system are summarized in Table 5. A limitation 
of this liposome encapsulation strategy is the lower iodine-loading levels, which 
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are about tenfold below the concentration of iodine found in the commercially avail-
able formulation (i.e., Omnipaque®). However, the macromolecular nature of the 
liposomes ensures vascular containment following intravenous administration, and 
consequently decreases the volume of distribution of the agent by a factor of three 
(equivalent to the ratio of extravascular space to intravascular space), in compari-
son to the volume of distribution of the agent when administered as Omnipaque®. 
The longer vascular circulation lifetime of the liposomal agent enables longer 
imaging times, which results in improved contrast and spatial resolution even at 
lower contrast agent concentrations.

Furthermore, for tumor-imaging applications, the single lamellar liposomes, 
with their optimal size (i.e., < 200 nm), are able to take advantage of the enhanced 
permeability and retention (EPR) effect (Hobbs, 1998; Maeda, 2000; Torchilin, 
2000) and preferentially accumulate in solid tumors following systemic intravenous 
injection. As a result, high local levels of iodine and gadolinium can be detected at 
the tumor site through the liposome-based delivery strategy (Zheng, 2007).

Although the liposomes can load similar gadoteridol levels as the commercially 
available formulations (i.e., Prohance®), the encapsulated gadolinium atoms experience 
decreased relaxivity compared to their un-encapsulated counterparts (Zheng, 
2006). Two interaction processes occur between the unpaired gadolinium electrons 
and the water protons: inner-sphere relaxation, which refers to the interaction with 
bound water molecules, and outer-sphere relaxation, which results from the diffu-
sion of nearby water protons (Froehlich, 2006). The presence of a lipid membrane, 
depending on its permeability, can affect the diffusion of water across this bound-
ary, and as a consequence limit outer-sphere relaxation. Fossheim et al. (Fossheim, 
1999) expressed the relaxivity of a liposome encapsulating a paramagnetic species 
as r

C Ti
1

1
=

+( )eff t l

,  where C
eff

 is the effective gadolinium concentration encapsu-

Fig. 4 Dual-modality liposomes encapsulating iohexol and gadoteridol (adapted from Zheng 
et al. (Zheng, 2007) )
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lated in the liposomes, t is the water exchange time between the interior and 
exterior of the liposome, and T

1i
 is the intrinsic T

1
 relaxation time of the encapsu-

lated paramagnetic species. The entrapped gadolinium atoms will have similar 
relaxation properties as in solution only when t = T

1i
, that is when the liposome 

membrane is permeable enough to allow for very rapid water exchange between the 
interior and exterior aqueous compartments. However, an increase in the permeabil-
ity of the lipid membrane will reduce the retention of entrapped molecules and 
decrease the overall stability of the system. A viable strategy to improve the relaxa-
tion properties of the gadolinium atoms in the nanosystem is to attach gadolinium 
chelates such as diethylene triamine pentaacetic acid (DTPA) to the outer surface of 
the lipid bilayer. In this way, greater amounts of iodine could be loaded into the 
liposome core and a less permeable lipid membrane could be employed to increase 
the retention of the cargo.

3.3 Nanocarrier for Combined SPECT and MR Imaging

The SPECT and MR combination is an attempt to bring together high sensitivity 
and exquisite anatomical imaging. Although a lot of effort has gone into the 
hardware integration of radionuclide and MR imaging systems for both clinical 
and preclinical applications (i.e., PET/MR (Lucas, 2006; Wagenaar, 2006) ), 
there has been little advancement in engineering a dual-modality PET or 
SPECT/MR imaging agent. One attempt has been put forward by Zielhuis et al. 
(Zielhuis, 2006) that relies on liposomes (Fig. 6, Table 6) to carry gadolinium 
acetylacetonates (GdAcAc) for MR imaging and radionuclides (holmium166 or 
technetium99 m) for SPECT imaging. The system demonstrated adequate relaxiv-
ity properties in vitro and good radiochemical stability in human serum. 
However, in vivo evaluation of this system has not been reported to this point 
and therefore the retention of GdAcAc in the bilayer following administration 
remains to be confirmed.

Table 5 Physical and imaging properties of the combined CT and MR imaging nanoplatform

Particle type 
(reference) Particle size

Relaxivity 
(1.5 T)

CT agent/
particle

MR agent/
particle Suggested applications

Unilamellar 
liposomes 
(Zheng 
et al., 2006, 
2007)

70–85 nm R1 = 1.23 ± 
0.02 mM−1 
s−1

700,000a 
(iodine)

130,000a 
(gado-
linium)

Image-guided therapy 
and in vivo noninva-
sive assessment of 
liposome distribution

R2 = 1.46 ± 
0.02 mM−1 
s−1

a Values calculated using information provided by Zheng et al. (2006, 2007)
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Fig. 6 Drawing (not to scale) of the liposome formulation loaded with MR and SPECT agents. 
Adapted from Zielhuis et al. (Zielhuis, 2006)

Table 6 Physical and imaging properties of the combined SPECT and MR imaging nanoplatform

Particle type 
(reference) Particle size Relaxivity

Radionuclide/
particle

MR agent/
particle

Suggested 
applications

Unilamellar 
liposomes 
(Zielhuis 
et al., 
2006)

130 nm Varies with 
paramagnetic 
species and 
formulation

70a (hol-
mium166)

140–280a 
(gado-
linium)

Merger of high 
sensitivity 
SPECT images 
with anatomi-
cal MR images

20a (technici-
um99 m)

a Values calculated using information provided by Zielhuis et al. (2006)

3.4  Agents for Combined Radionuclide (PET or SPECT) 
and Optical Imaging

The main rationale behind early developments of a dual SPECT or PET and fluores-
cence imaging agent is the desire to use a clinically established radionuclide imaging 
method to validate the emerging NIR fluorescence imaging technique, since the sen-
sitivities of fluorescence and radionuclide imaging methods are comparable (Houston, 
2005; Pandey, 2005; Zhang, 2005). In addition, a radioisotope tagged photodynamic 
therapy (PDT) agent has the potential to allow image-based monitoring of the in vivo 
distribution of the drug (Pandey, 2005). Another difference between the dual radio-
nuclide and optical imaging agents developed to date and other dual-modality imag-
ing systems is that they do not rely on colloidal carriers and have much lower 
molecular weights. This trend may have resulted from the fact that a very low agent 
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payload is needed due to the high sensitivity of both radionuclide and optical imaging 
systems. The lower molecular weight of these agents allows for rapid vascular elimi-
nation which is needed to maximize target (i.e., tumor) to background (i.e., blood) 
signal ratios. Table 7 summarizes the physical characteristics of the various dual 
radionuclide and fluorescence agents employed for in vivo imaging.

4 Trends and Opportunities

The importance of imaging has been recognized not only in the clinical setting for 
diagnosis and treatment guidance, but also in a vast array of research areas. Its 
noninvasive nature allows for visualization and characterization of anatomy and 
physiology without affecting the biological systems that are under investigation. In 
addition, contrast-generating or -enhancing molecules can be tagged to therapeutic 
agents with little or no perturbation of their activity or biodistribution. In this way, 
longitudinal noninvasive monitoring of the in vivo behavior of therapeutic agents 
may be achieved in the same patient, providing information on the pathway of drug 
delivery vehicles as well as composition–performance relationships. Furthermore, 
with the increased adoption of imaging systems for guiding interventions such as 
surgery and radiotherapy, the ability to image drug administration is advantageous 
for the optimization of combination therapy regimens.

Advances in the development of multimodal imaging agents may facilitate the 
integration of complementary information that is obtained from the same patient 
using different combinations of imaging modalities. This chapter described currently 
available nanosystems that support imaging in at least two distinct modalities. A few 
of these systems have been designed to actively target specific cell populations (i.e., 
Annexin V to target apoptotic cells (Schellenberger, 2004; Sosnovik, 2005) and 
Herceptin to target HER-2 overexpressing tumor cells (Huh, 2005) ). As this field 
matures, the knowledge and experience gained in the area of molecular targeting (i.
e., molecularly targeted therapeutics) may be applied to the multimodal imaging 
nanosystems to increase their specificity and sensitivity for molecular imaging appli-
cations. In addition to imaging the location of specific cell populations in vivo, tar-
geted nanosystems may also be employed as a tracking device for monitoring the 
time-dependent distribution of cells of interest within the body. This is especially 
useful for designing cell-based therapies and stem cell-based regenerative medicine.

Another interesting direction for future generations of multimodality imaging 
agents is the design of nanosystems that are either fully or in part sensitive to their 
environment (i.e., temperature, pH, oxygen levels) or responsive to a specific trig-
ger (i.e., the presence or absence of a signaling molecule). Many of these advances 
are being investigated for therapeutic or single-modality imaging nanosystems 
(Kale and Torchilin, 2007; Kim, 2007; Ponce. 2006), and they may be rapidly 
translated to support multimodality imaging nanosystems.

The multimodal nanosystems described in this chapter have shed a new light on 
the older and oversimplified view that contrast agents are simply small molecules that 
transiently perturb the signal generated by a given imaging system. They have shown 



Nanosystems for Multimodality In vivo Imaging 427

Ta
bl

e 
7 

Ph
ys

ic
oc

he
m

ic
al

 a
nd

 im
ag

in
g 

pr
op

er
tie

s 
of

 th
e 

co
m

bi
ne

d 
ra

di
on

uc
lid

e 
an

d 
op

tic
al

 im
ag

in
g 

sy
st

em
s

T
ra

ce
r-

Pr
ob

e 
sy

st
em

 (
re

fe
re

nc
e)

Pa
rt

ic
le

 s
iz

e
R

ad
io

is
ot

op
e/

pa
rt

ic
le

O
pt

ic
al

 p
ro

be
/

pa
rt

ic
le

Pe
pt

id
e/

pa
rt

ic
le

Su
gg

es
te

d 
ap

pl
ic

at
io

ns
11

1 I
n-

D
O

TA
-G

ly
-S

er
-G

ly
-L

ys
-(

ε-
cy

pa
te

)-
A

hx
-N

H
2 

(Z
ha

ng
 e

t a
l.,

 
20

05
)

<
6,

00
0 

D
a

1 
(i

nd
iu

m
11

1 )
1 

(c
yp

at
e)

N
/A

Im
pr

ov
ed

 r
eg

is
tr

at
io

n 
of

 
SP

E
C

T
 a

nd
 o

pt
ic

al
 

im
ag

es
 f

or
 d

is
ea

se
 

di
ag

no
si

s
11

1 I
n-

D
T

PA
-L

ys
(I

R
D

ye
80

0)
-

c(
K

R
G

D
f)

 (
H

ou
st

on
 e

t a
l.,

 2
00

5;
 

L
i e

t a
l.,

 2
00

6)

N
ot

 r
ep

or
te

d
∼4

0 
(i

nd
iu

m
11

1 )
1 

(I
R

D
ye

80
0)

1 
(L

ys
-c

(K
R

G
D

f)
 )

V
al

id
at

io
n 

an
d 

cl
in

ic
al

 
tr

an
sl

at
io

n 
of

 N
IR

 
im

ag
in

g 
te

ch
ni

qu
es

 
w

ith
 n

uc
le

ar
 im

ag
in

g
11

1 I
n 

–H
PP

Ta  (
Pa

nd
ey

 e
t a

l.,
 2

00
5)

N
ot

 r
ep

or
te

d
1 

(i
od

in
e12

4 )
1 

(p
yr

op
he

o-
ph

or
bi

de
 

an
al

og
ue

)

N
/A

PE
T-

ba
se

d 
va

lid
at

io
n 

of
 N

IR
 im

ag
in

g 
an

d 
m

on
ito

ri
ng

 o
f 

PD
T

 
ag

en
t b

io
di

st
ri

bu
tio

n
a  H

PP
H

 =
 3

-(
1´

-m
-h

ex
yl

ox
ye

th
yl

)-
3-

de
vi

ny
lp

yr
op

he
op

ho
rb

id
e-

a



428 J. Zheng et al.

that novel contrast agents that provide relevant signal generation and enhancement 
have now become a more essential component in the imaging world, along with 
hardware devices employed for detection and software systems used for analysis. 
There remain huge opportunities of great variety and richness in the contrast agent 
development space: a fantastic voyage to be continued!
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1 Long-Circulating Liposomes

Liposomes, spontaneously forming lipid nanoparticles, have long been recognized 
to have great potential as carriers for diagnostic and therapeutic agents since their 
initial discovery more than 40 years ago (Gregoriadis and Ryman 1971; Bangham 
1993). In the last 30 years, remarkable progress in liposome technology has been 
accomplished in the following areas (1) methods of large-scale manufacture, (2) methods 
of stably encapsulating sufficient quantities of therapeutic agents within the liposomes, 
(3) methods of producing homogeneously sized liposomes, (4) effective methods 
of noninvasively tracking the distribution of liposomes in the body, and (5) develop-
ment of methodology to prolong the circulation time of liposomes in the blood (Allen 
et al. 1991; Phillips et al. 1999; Torchilin and Papisov 1994).

Early liposome formulations were generally cleared rapidly from the blood by 
macrophages in the liver and spleen, typically in less than a few hours. Eventually, 
small stable liposome formulations with longer circulation times were developed 
for clinical use. The development of long-circulating liposomes has significant 
advantages in terms of drug delivery. When administered intravenously, long-circulating 
liposomes remain in the blood circulation longer, allowing a greater percentage of 
the liposomes to come in contact with and become trapped in the intended targeted 
tissue of the body. The initial long-circulating liposome formulations were effective 
for accumulation in certain diseases by passive targeting that takes advantage of the 
enhanced permeability inherent in certain disease processes. Initial clinically 
successful applications were for liposomes with diameters of around 100 nm and 
that contained the antifungal agent, amphotericin B, and the anticancer agent, doxorubicin. 
Prolonged circulation of formulations of liposomes composed of phospholipids with 
two 18-carbon fatty acid chains, distearoyl phosphatidylcholine (DSPC), and choles-
terol can be achieved without any type of surface modification. These nonsurface-
modified liposomes are required to be of a small size (generally less than 100 nm) 
to be effective.

Another approach to prolonging the circulation of larger liposomes (up to 
250 nm in size) is to coat the surface of the liposomes with hydrophilic molecules 
such as polyethylene glycol (PEG). These liposomes generally contain a PEG-lipid 
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at a concentration of 5–10 mol% and a PEG chain length of 2,000–5,000 molecular 
weight. When PEG is placed on the surface of liposomes, it significantly prolongs 
the circulation of the liposomes. This prolonged circulation has been thought to be 
due to the steric hindrance that the PEG molecules provide to the liposomes 
(Papahadjopoulos et al. 1991; Torchilin and Trubetskoy 1995), so that free immu-
nological access to the liposomes is blocked and the attachment of complement to 
the liposomes is reduced, resulting in a slower removal of these liposomes by mac-
rophages located in the liver and spleen. However, the effectiveness of PEG on 
prolonged liposomal circulation was less remarkable at low lipid doses, which is 
the typical case in the use of liposomes for diagnostic imaging (Gabizon et al. 1989; 
Dams et al. 2000; Laverman et al. 2001; Ishida et al. 2005, 2006a). Although PEG 
modification appears quite effective at prolonging the circulation time of liposomes 
when given in sufficient lipid doses (4–400 µmol kg−1), this prolonged circulation 
effect is not observed at lower lipid doses. When administered at very low lipid 
dose (0.3–1 µmol kg−1), the rapid clearance from the circulation was associated with 
a rapid uptake in the liver and spleen macrophages. It has also been observed that, 
when PEG liposomes are reinjected within a 4-week period, there was a decrease 
in the circulation time, that was not observed after 6 weeks (Dams et al. 2000; 
Ishida et al. 2005, 2006b). This behavior of PEG-coated liposomes is particularly 
important for diagnostic imaging applications, where it is anticipated that relatively 
low doses of liposomes will be administered. As a solution to this problem with 
PEG, a new liposome surface modification has been described by Romberg et al. 
(2007a,b). With this method, the liposome surface was coated with poly(hydroxyethyl-
l-asparagine). With this new surface modification, circulation times in the blood 
were similar to those of PEG-coated liposomes at doses of 25 µmol kg−1 (Romberg 
et al. 2007b). The poly(hydroxyethyl-l-asparagine) liposomes had significantly 
prolonged circulation times even when low doses and repeated injections were 
adopted (Romberg et al. 2007b). Although these poly(hydroxyethyl-l-asparagine) 
liposomes had improved characteristics, they still appear to activate the complement 
(Romberg et al. 2007b). It has also been recently shown that PEG liposomes stimu-
late the production of anti-PEG antibodies (Sroda et al. 2005; Ishida et al. 2006a) 
and the presence of the anti-PEG IgM antibody enhanced the clearance of the PEG 
liposomes on second injection (Ishida et al. 2006b).

It is likely that further improvements in methods to prolong the circulation time 
of liposomes will be forthcoming as our understanding of the mechanisms related 
to liposome circulation increases. For instance, complement activation by liposomes 
is becoming better understood (Moghimi and Szebeni 2003; Szebeni et al. 2003, 
2006; Moghimi et al. 2006). In a recent article, Moghimi, Szebeni, and colleagues 
have shown that methylation of the oxygen moiety in the phospholipid-
methoxy(polyethylene glycol) prevents complement activation and anaphylatoxin 
production when PEGylated liposomes with this modified PEG-phospholipid are 
administered (Moghimi et al. 2006). It is likely that decreasing the complement 
activation will result in a longer circulation time. It is also apparent that this work 
with liposomes will have wide application to research with other nanoparticles. It 
is also important to note that much of this research was conducted using imaging 
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in which the liposomes were labeled with a minute quantity of radioactive tracer 
and noninvasive imaging as well as the counting of radioactive blood samples 
greatly helped in the determination of the effect of low doses and repeated injections 
of the circulation time of intravenously injected liposomes (Dams et al. 2000; 
Laverman et al. 2001).

2 Specifically Targeted Liposomes

When liposomes with attached diagnostic moieties are used as imaging agents, the 
formulation of the liposomes is generally customized to the particular diagnostic 
application. Liposomes with specific surface characteristics have been shown to 
have an improved ability to target specific tissues or disease processes. One 
approach is to simply change the charge of the lipid used in the liposome formulation. 
For example, negatively-charged liposomes containing 5% dimyristoyl phosphati-
dylglycerol appear to accumulate more effectively in infectious processes than 
comparable liposome formulations containing a neutral charge, whereas small 
liposomes with a neutral charge were found to be more useful for tumor drug delivery 
due to their longer circulation persistence (Goins et al. 1994).

Another approach for achieving specific tissue targeting is to add a targeting ligand 
to the surface of long-circulating liposomes, allowing these liposomes to specifically 
bind to a particular location or disease process in the body through a molecular inter-
action. This ligand can be coembedded in the liposomes or attached to the distal end 
of the PEG molecules (Bendas et al. 1999). Generally, this targeting ligand has been 
a monoclonal antibody which binds to a disease-specific biomolecule, although other 
ligands can also be used. The approach of attaching the ligand to the distal end of the 
PEG-lipid appears to be the most promising with the majority of published articles 
using this approach for the specific targeting of liposomes. The PEG molecules on 
the surface of the liposomes attenuate the rapid uptake by macrophages, while the 
specific targeting ligand can significantly increase the uptake of the liposomes in 
the targeted tissue in either absolute quantity or speed of target accumulation. These 
specifically targeted liposomes can therefore be considered to be multifunctional as 
they not only carry a drug that is encapsulated in the liposomes, but also have PEG 
molecules to increase the circulation time of the liposomes as well as a specific ligand 
to target the liposomes to a target of interest in the body.

3  Potential Uses and Advantages of Imaging Technology 
as Applied to Liposomes and Other Nanoparticles

The attachment of contrast agents to nanoparticles for the purpose of noninvasive 
imaging can provide useful information for either clinical diagnostic imaging or 
research purposes. For diagnostic imaging purposes, the distribution of a targeted 
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liposome containing a diagnostic agent can indicate that the person has a particular 
disease process. The ability to noninvasively determine the location of the targeted 
tissue in the body can also provide information regarding the distribution of a lipo-
somal drug in the body for drug dose calculations. This dosimetry can be for either 
chemotherapeutic agents or radionuclide therapy (Bao et al. 2005; Viglianti et al. 
2006). For research and drug development purposes, imaging can be used to deter-
mine the in vivo pharmacokinetics and organ distribution of drug-containing lipo-
somes, thus making it possible to carry out multiple assessments in the same animal 
across different points in time (Gabizon et al. 2003). Scintigraphic gamma photon 
imaging can provide an image of the entire body in a quantitative manner which 
permits the determination of total body biodistribution over time, so that the por-
tion of an injected agent that actually arrives at its targeted destination can be 
determined. In animal models, high-resolution imaging with special pinhole col-
limators can also be used under specific situations to determine the distribution 
of a radiolabeled liposome formulation within a pathological process such as a 
tumor (Bao et al. 2006). The excellent resolution and contrast properties of con-
trast-enhanced magnetic resonance (MR) imaging can also clearly show the 
accumulation of liposomes containing an MR contrast agent as well as the release 
of drugs in a specific local region with a high resolution which can be less than 
0.5 mm (Viglianti et al. 2006).

4 Gamma Photon Imaging

Gamma photon imaging, also known as scintigraphic imaging, is a noninvasive 
imaging technique commonly used in the practice of nuclear medicine. Radiolabeled 
compounds (called radiopharmaceuticals or radiotracers) are administered intrave-
nously to patients for diagnostic or in some cases for therapeutic purposes. The in 
vivo distribution of these radionuclides can provide important physiological information 
about tissue function.

There are two types of gamma photon imaging, which detect either single pho-
tons or dual photons produced following positron emission. The latter imaging 
technique is known as positron emission tomography (PET). Single photon imaging 
can be performed with a wide variety of agents which are primarily radionuclides 
with an excess of neutrons and decay with β− mode or radionuclides in metastable 
nuclear state, for example technetium-99 m (99 mTc). These nuclides usually decay 
and emit a single gamma photon.

For diagnostic applications using single photon imaging, the tracer is labeled 
with a radionuclide emitting photons with energies ranging from 100 to 300 keV 
(Table 1). These photon energies are high enough to allow detection from outside 
the body by a gamma camera. The location of the emitted photons is determined by 
detection of gamma photons by the camera. In a gamma camera, a high-energy 
photon emitted from an administered radionuclide interacts with a crystal detector 
resulting in the emission of lower energy secondary photons, known as scintillations. 
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These scintillations are detected and amplified by either the traditional photomultiplier 
tubes or more recently avalanche photodiode detectors (Catana et al. 2006). With 
single photon-emitting agents, the most ideal energies suitable for single photon 
emission computed tomography (SPECT) imaging range from approximately 120 
to 200 keV. These energies are high enough to penetrate through a human body 
while low enough to be easily collimated by lead and detected.

PET gamma photon-emitting agents decay by the emission of a positron (positively 
charged electron) that travels a short distance of millimeters where it collides with 
a shell electron. This collision results in the emission of two annihilation photons 
that travel approximately 180° apart. This 180° emission can be used to localize the 
position of the positron decay along a line, so that multiple emission lines can be 
iteratively localized to a particular position in the body. The most commonly used 
radionuclides for PET imaging are short lived such as oxygen-15 (2 min), carbon-
11 (20 min), and fluorine-18 (2 h) (Table 2). Radionuclides with a half-life longer 
than 6 h, such as copper-64 (64Cu) and iodine-124 (124I), may be particularly promising 
for tracking the distribution of long-circulating nanoparticles such as liposomes.

5  Methods of Labeling Liposomes with Gamma 
Photon-Emitting Agents

The most commonly used gamma photon-emitting radionuclides that have been 
used to label liposomes for scintigraphic imaging studies have been technetium-99 m 
(99 mTc), indium-111 (111In), and gallium-67 (67Ga) and several detailed reviews have 

Table 1 Physical characteristics of some commonly used single 
photon imaging agents used for labeling liposomes

   Photons (keV) 
Radionuclide Half-life (abundance (%) )

Gallium-67 3.3 days 93 (38)
   185 (21)
   300 (17)
Technetium-99 m 6.01 h 141 (89)
Indium-111 2.8 days 171 (91)
   245 (94)
Iodine-123 13.2 h 159 (83)

Table 2 Physical characteristics of some commonly used 
PET agents for the potential application of labeling 
liposomes

Radionuclide Half-life Photons (keV)

Fluorine-18 109 min 511
Copper-64 12.7 h 511
Copper-62 3.5 h 511
Iodine-124 4.2 days 511
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been recently written describing the methodology of these labeling methods 
(Laverman et al. 2003; Goins and Phillips 2007; Laverman et al. 2007) (Table 1). 
Ideally, liposomes should be labeled after their preparation and just prior to the 
experiments. This is because the radionuclides used in clinical and research studies 
are fairly short lived (on the order of hours to days) (Table 1). This type of post-
manufacture labeling is known as “after loading” or “remote-labeling” in which the 
preformed liposomes are labeled just prior to the start of the experiment.

It is important that the radiolabeled liposomal formulations have a high stability 
from a radiolabeling point of view. Release of radiolabel from the liposomes during 
or after injection will lead to inaccurate biodistribution results. The commonly used 
radionuclides for scintigraphic imaging are all widely available (Table 1) from local 
clinical radiopharmacies. However, generally 99 mTc is preferred over the other diag-
nostic imaging radionuclides due to its optimal imaging characteristics including an 
ideal photon energy. It is generally available in most nuclear medicine departments 
and relatively inexpensive because it can be eluted daily from a commercially available 
molybdenum-99 (99Mo)/99 mTc generator. Because 67Ga, 111In, and 123I are cyclotron 
products, they are more expensive and not always available in every nuclear 
medicine department.

A relatively simple method of labeling liposomes is to incubate the premanufac-
tured liposomes with a lipophilic radiolabel, resulting in association of the label 
within the lipid bilayer. This approach appears to yield very unstable radiolabeled 
liposome preparations (Love et al. 1989) and is therefore not preferable. In contrast, 
the following two “after loading” approaches have proven to yield radiolabeled 
liposomes with high efficiency and good radiochemical stability. With these 
approaches, the radionuclide is either (1) trapped in the aqueous phase after the 
manufacturing of the liposomes or (2) coordinated to a lipid-conjugated chelator 
incorporated in the lipid bilayer of preformed liposomes.

One “after loading” method that has been developed for labeling liposomes uses 
radionuclide chelators attached to the liposomal surface (Hnatowich et al. 1981; 
Laverman et al. 1998; Torchilin et al. 2003). A method that has been found to be 
stable for the labeling of liposomes with 111In uses phosphatidylethanolamine (PE) 
that is conjugated to the metal chelator, diethylenetriamine pentacetic acid (DTPA). 
A detailed description of the preparation and application of radiolabeled DTPA-PE 
liposomes has been published (Torchilin et al. 2003).

DTPA-PE is not effective, however, for labeling liposomes with 99 mTc (Tilcock 
et al. 1994). For this purpose, a new chelation method based on the technetium 
chelator, N-hydroxysuccinimidyl hydrazino nicotinate hydrochloride (HYNIC), 
was developed by Laverman et al. (1998). With this method, the HYNIC ligand was 
conjugated to the free amino group of distearoyl phosphatidylethanolamine (DSPE) 
and subsequently incorporated in the lipid bilayer during the liposome preparation. 
Just prior to the study, the liposomes are incubated with 99 mTc for use in imaging. 
This HYNIC-labeling methodology has been used to investigate the potential use 
of 99 mTc liposomes for detection of infection. It has also been used to investigate 
the relatively short circulation times that occur when very low doses of lipids 
are used as well as the greatly shortened circulation time of PEG-coated liposomes 



Application for Gamma and MR Imaging 437

when they are reinjected at frequent intervals (Dams et al. 2000; Laverman et al. 
2001, 2002).

In the second “after loading” method, a radionuclide is coordinated with a 
lipophilic chelator and then mixed with an aliquot of liposomes encapsulating a 
second molecule. Once the lipophilic chelator carries the radionuclide across the 
lipid bilayer, the second molecule interacts with the radionuclide complex causing 
the radionuclide to become trapped within the interior of the liposome. Several 
methods have been developed that use this second approach in which the radiolabel 
is attached to a lipophilic chelator which carries it through the lipid bilayer of the 
liposome where the radiolabel becomes trapped. This approach to labeling 
preformed liposomes has the advantage of not leaving the label on the surface 
where it might interfere with specific targeting molecules or where it has the oppor-
tunity to interact with natural metal-binding molecules in the body.

This second approach has been used with 111In, 99 mTc, and 67Ga (Mauk and 
Gamble 1979; Hwang et al. 1982; Gabizon et al. 1989; Phillips et al. 1992; Corvo 
et al. 1999; Bao et al. 2003a). One ideal use of this method with the radionuclide, 
111In, has been widely used for liposome imaging studies (Harrington et al. 2001; 
Metselaar et al. 2003; Gaspar et al. 2007). In this method, a clinically available 111In 
complex, 111In-oxine, is used for liposome labeling. The 111In-oxine is incubated 
with premanufactured liposomes that encapsulate DTPA. The 111In-oxine migrates 
into the aqueous interior of a liposome and is trapped by transchelation onto DTPA. 
The 111In-labeled liposomes are stable and can be used for long-term tracking of 
liposomes because of the long half-life of 111In (68 h).

One method for labeling liposomes using the lipophilic 99 mTc complex, 99 mTc-
hexamethylpropyleneamine oxime (99 mTc-HMPAO), has been successfully used by 
many investigators (Phillips et al. 1992). With this method, lipophilic 99 mTc-
HMPAO enters the liposome where it interacts with glutathione and converts to the 
hydrophilic form, and thus is trapped in the liposome.

A similar method for radiolabeling liposomes uses 99 mTc-N,N-bis(2-mercaptoethyl)-
N′,N′-diethylethylenediamine (99 mTc-BMEDA) (Bao et al. 2003a) and this method 
has been shown to have good in vitro and in vivo stability with a variety of preformed 
liposome formulations. In addition, an advantage of the BMEDA-labeling method is 
that it can also be used for labeling liposomes with therapeutic rhenium radionuclides 
(Bao et al. 2003b). A second advantage of the BMEDA method is that it can be used 
to label commercially available liposome formulations that use the pH gradient 
method for loading drugs into the liposomes (Bao et al. 2004). This feature is useful 
for drug delivery studies in animals and it may eventually be approved for use in 
clinical studies. BMEDA can currently be purchased in non-GMP form for research 
studies from a commercial vendor (ABX, GMBH, Germany).

A new method has also been described to label preformed liposomes with radio-
halogenated agents such as iodine-123 (123I) and iodine-124 (124I) (Mougin-Degraef 
et al. 2006). With this method, a Bolton–Hunter reagent, in the form of an activated 
ester, crosses the liposome membrane and reacts with encapsulated arginine. 
Imaging of 123I may have some advantages as a single photon emitter with a longer 
half-life of 13.2 h. This isotope is readily available from the local radiopharmacy in 
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many locations although it is fairly expensive as it must be produced by a cyclotron. 
This method could also be used to labeled liposomes with 124I which is a long-lived 
positron emitter with a half-life of 4.2 days. The labeling of liposomes with this 
long-lived PET radionuclide may have useful applications in research. For clinical 
studies, one consideration in using this agent will be the possible need to reduce the 
dose to the patient due to radiation safety concerns because of its long 4-day half-
life. This required reduction in dose may impact image quality due to the lower 
photon flux. However, concerns about the higher dose levels may be counterbal-
anced by the ability to track the liposomes for a prolonged period.

A new method of labeling liposomes with the PET agent, fluorine-18 (18F), has 
been recently described (Marik et al. 2007). With this method, 18F is incorporated 
into the dipalmitoylglycerol lipid molecule by nucleophilic substitution of the 
p-toluenesulfonyl moiety. This procedure had a decay corrected yield of 43%. 
Following this procedure, long-circulating liposomes were then rapidly manufac-
tured and used for PET imaging. Although this procedure in which the liposome is 
labeled as part of the manufacturing process is not as ideal as procedures for labe-
ling preformed liposomes, it produces very nice quality images. In this particular 
study, a new dedicated small animal PET camera with much higher resolution than 
previously available was used to acquire a very high-quality image, thus demon-
strating the great future potential for resolution improvements in scintigraphic 
imaging that will further delineate the anatomical location of labeled liposomes and 
other nanoparticles (Marik et al. 2007). A problem with the use of 18F is that it has 
a short half-life of 109 min, so that it would only be useful for tracking liposomes 
for a short time period of no more than 8 h; however, this short time period of imag-
ing may still prove useful for certain applications.

6  Specific Uses of Gamma Photon Imaging for Liposome 
Drug Development

Gamma photon imaging of liposomes has been successfully used in the last 15 
years for studies of drug delivery and as potential diagnostic imaging agents. 
Several comprehensive reviews have been written describing in detail these 
liposome-labeling methods and uses (Phillips and Goins 2002; Goins and Phillips 
2003; Laverman et al. 2003; Goins 2008). In the following section, some specific 
examples of the use of radiolabeled liposomes will be given with emphasis on 
research carried out in the last 3 years.

6.1 Noninvasive Determination of Drug Concentrations

The tracking of radiolabeled liposomes using gamma photon imaging can be used 
as a method to noninvasively and quantitatively determine how much of a drug is 
taken up by the targeted site. A validation of this approach has been recently shown 



Application for Gamma and MR Imaging 439

by Kleiter et al. (2006). In this research, liposomes were labeled with 99 mTc using 
the HMPAO method previously discussed (Phillips et al. 1992). The purpose of the 
study was to determine if noninvasive imaging could be used to predict the amount 
of doxorubicin that accumulated in a rat fibrosarcoma tumor following the admin-
istration of long-circulating PEG liposomes containing doxorubicin (Doxil™) with-
out having to biopsy the tumor. Scintigraphic images were obtained at 18 h 
following injection of the 99 mTc-labeled liposomes. Following imaging at 18 h, 
tumors were removed for radioactivity counting and for measurement of the doxo-
rubicin concentration in the tumors. The results of this study demonstrated that 
there was a significant positive correlation of the intratumoral radiolabeled tracer 
and the amount of doxorubicin in the tumor. This study was also interesting in that 
these studies were also performed on rats that had received local hyperthermia 
directed at the tumor. The images clearly demonstrated the increased uptake in the 
hyperthermia treated tumor as compared with the tumors were not treated with 
hyperthermia. The hyperthermia increased the uptake of the radiolabel associated 
with the liposomes by approximately fourfold and it increased the uptake of meas-
ured doxorubicin concentrations in the tumor by a slightly less increment that 
ranged from 2.6- to 3-fold (Kleiter et al. 2006).

6.2 Studies of Liposomes Containing Anticancer Agents

Biodistribution studies in rats of the clinical formulation of Doxil™ labeled using the 
previously described 99 mTc-BMEDA method have been performed by the authors 
(Bao et al. 2004). This study demonstrated that 99 mTc-Doxil™ remained associated in 
vivo and that significant 99 mTc activity was visualized in the heart and blood at 48 h. 
In this first report, only planar images were acquired using a gamma camera. Since 
that time, our group has been using a specialized small animal imaging camera that 
can simultaneously obtain SPECT and X-ray computed tomography (CT) images. 
The excellent qualities of these SPECT/CT images are shown in Fig. 1. These 
images demonstrate the tumor uptake of 99 mTc-Doxil™ following intravenous injec-
tion in a nude rat xenograft model of human head and neck cancer. The uptake in the 
tumor is clearly visualized in the SPECT images and it can be correlated with the 
CT anatomic images. When using high-resolution pinhole collimators, this type of 
SPECT imaging can provide information about the intratumoral distribution of the 
radiolabeled Doxil™. Figure 2 is a volume-rendered image in which the SPECT 
volume-rendered images are superimposed on the volume-rendered CT images that 
have been windowed to display only the bone. This type of imaging provides a three-
dimensional view of the tumor uptake in relationship to the whole body bony anatomy. 
Serial images such as these can be obtained over time in the same animal for up to 
three half-lives of the radionuclide used to label the liposome.

Liposomes labeled by the 99 mTc-BMEDA method have been used to investigate 
the distribution of liposomes directly injected into solid tumors (Bao et al. 2006). 
Following intratumoral administration of the 99 mTc-labeled liposomes, images were 
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acquired with a SPECT/CT camera. Approximately 50% of the injected activity 
was retained in the tumor immediately following injection and 40% of the initial 
dose still remained in the tumor at 20 h. The high-resolution pinhole imaging made 
it possible to track the intratumoral distribution of the liposomes in tumors of 1.5-cm 
diameter. Using this methodology, it should be possible to develop better methods 
of achieving a homogeneous spread to liposomes throughout the tumor for a more 
effective local treatment of the tumor.

6.3 Specifically Targeted Anticancer Imaging

Imaging has also been used to study the efficacy of specifically targeted liposomes. 
Several studies have used imaging to show the promise of using specific targeted 
surface modification of liposomes for the treatment of cancer (Elbayoumi and 
Torchilin 2006; Erdogan et al. 2006b). In these studies, liposomes were formed to 

Fig. 1 Images obtained with multimodality SPECT/CT camera of 99 mTc-labeled liposomes 
encapsulating doxorubicin (Doxil™) in a nude rat with a 1.5-cm head and neck xenograft tumor at 
24-h postinjection. The top panel shows the CT images, the middle panel the SPECT images, and 
the bottom panel the fused SPECT/CT images. The three types of images are displayed as transax-
ial slice images on the left, sagittal slices in the middle, and coronal slices on the right. The uptake 
in the tumor of the labeled Doxil™ can be clearly visualized on the SPECT images. The fusion of 
the CT images with the SPECT images demonstrates the location of the 99 mTc-Doxil™ in relation-
ship to other body organs such as the liver, spleen, and heart
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contain both a polychelating amphiphilic polymer (PAP) and a specific targeting 
antibody on their surface. The specific polychelating polymer was composed of 
hydrophilic blocks carrying multiple side chains of the metal chelating agent, 
DTPA. For specific targeting, a monoclonal antibody against nucleosomes that are 
expressed on the surface of a wide variety of cancer cells was also attached to these 
liposomes. Tumor-to-muscle ratio for the liposomes with the specific antinucleo-
some antibodies was 13.9 at 24 h vs. lower ratios determined for the nonspecifically 
targeted liposomes that were either modified with nonspecific polyclonal antibod-
ies (4.3) or liposomes with an unmodified surface (3.0) in rats that had Lewis lung 
carcinomas implanted on their thighs. This comparison with both types of control 
liposomes provides convincing evidence of the specificity of this antibody for targeting 

Fig. 2 A volume-rendered image of the SPECT images in Fig. 1 superimposed on the volume-
rendered CT images that were windowed for bone imaging. The uptake in the body and the tumor 
are clearly visualized in relationship to the bony anatomy. These images can be easily dynamically 
rotated in movie format to provide researchers with clear 3D visualization of the distribution of 
the labeled liposomes such as the 99 mTc-Doxil™ shown here
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the tumor. This same antibody was also shown to have a significantly increased 
tumor uptake in rats that had been implanted with colon carcinoma cells, demon-
strating that antinucleosome antibodies may enhance the targeting of liposomes 
to a wide variety of cancer types.

6.4 Liposomes for Treating Arthritis

Liposome imaging has been used in the preclinical development of liposomes 
containing prednisolone for the therapy of an animal model of rheumatoid arthritis 
(Metselaar et al. 2003). Long-circulating PEG-coated liposomes containing pred-
nisolone as well as DTPA were labeled with 111In-oxine using the method previ-
ously described. These liposomes were found to accumulate in the inflamed joints 
by imaging. The increased uptake was very obvious on the images and the gamma 
photon labeling of the liposomes was used to determine the clearance from the 
blood and the biodistribution in the tissues. The inflamed hind paws had sevenfold 
increased activity in comparison with the hind paws of normal rats. A single dose 
of liposome-encapsulated prednisolone resulted in complete remission of the 
inflammatory response for 1 week.

A similar use of imaging has also been recently reported for liposomes that 
carry superoxide dismutase on their surface (Gaspar et al. 2007). These lipo-
somes were used to treat experimental arthritis. The use of liposomes as a carrier 
for superoxide dismutase greatly improved the pharmacokinetic behavior of 
superoxide dismutase, allowing this powerful antioxidant to reach the site of 
inflammation in the joint. A comparison of the therapeutic efficiency was made 
between liposomes that had no superoxide dismutase on their surface and lipo-
somes in which the superoxide dismutase was carried on their surface. Imaging 
using the 111In-oxine/DTPA method demonstrated that, even though both liposome 
formulations had similar accumulations in the inflamed joints, the liposomes with 
the superoxide dismutase on their surface were significantly more effective for 
the treatment of arthritis (Gaspar et al. 2007). The investigators have named this 
type of liposome, an enzymosome.

6.5 Bone Marrow-Targeted Liposomes

Another recent paper has reported that liposomes with a special surface modifica-
tion have very high uptake in bone marrow (Sou et al. 2007). With this special 
surface modification, rabbits injected with these liposomes, also referred to as 
vesicles, had a very high uptake in the bone marrow as revealed by imaging with 
the 99 mTc-HMPAO method. The special modification to the liposome surface was the 
addition of a negative charge to the liposome surface by adding a nonphospholipid 
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anionic amphiphile, l-glutamic acid, N-(3-carboxy-1-oxopropyl)-, 1,5-dihexadecyl 
ester (abbreviated SA for succinic acid) to the liposome composition. The 
addition of a small amount of PEG to this liposome surface also appeared to 
modestly enhance the already high uptake of the liposomes in the marrow. 
Imaging was used to determine the most ideal concentration of PEG to have on 
the surface of these SA liposomes to maximized bone marrow uptake. Based on 
imaging studies, the uptake in the marrow was very rapid with more than 60% of 
the infused dose taken up by the marrow at 6-h postintravenous administration 
(Sou et al. 2007). Although the precise mechanism by which these liposomes 
accumulate in marrow is unknown, electron micrograph studies as well as fluo-
rescently labeled liposome studies have demonstrated that the liposomes in the 
marrow are located in marrow macrophages. It is believed that the special surface 
modification of the liposomes results in specific targeting of the scavenger recep-
tors on the surface of the bone marrow macrophages. The specific targeting of 
therapeutic agents to bone marrow using these SA liposomes may be a promising 
approach for the delivery of drugs to the bone marrow (Fig. 3).

Fig. 3 Gamma photon images of a rabbit acquired 6 h after intravenous injection with bone marrow-
targeted liposomes labeled with 99 mTc
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6.6 Intracavitary Liposomes

Liposomes with high retention in body cavities and in the lymph nodes that drain 
from these cavities have been developed for drug delivery applications using imag-
ing as a tool (Phillips et al. 2002; Medina et al. 2004a,b; Zavaleta et al. 2007a,b). 
These liposomes contain biotin on their surface and when these biotin-coated lipo-
somes are injected into a body cavity such as the peritoneum or the pleural space 
within 2 h after the injection of avidin into the same cavity, the liposomes will have 
high retention in this cavity. The mechanism by which this retention occurs is 
thought to be due to the aggregation of the liposomes by the high affinity that the 
multivalent avidin has for the biotin liposomes causing the liposomes to become 
aggregated. Liposome imaging using the 99 mTc-HMPAO methodology has been 
used to determine the best timing for the injection of the avidin.

When this methodology is used, the majority of the liposomes administered in 
the body cavity are retained in that cavity for a prolonged time, whereas the same 
biotin-liposome formulation without the avidin is rapidly cleared from the cavity 
over a 4–6 h period during which time the liposomes return to the blood from the 
lymphatics that drain the cavity. This approach has great potential for the intracavitary 
retention of drugs encapsulated in liposomes. One potential use for these liposomes 
is in the treatment of ovarian cancer in which the cancer cells are generally disseminated 
into the peritoneal cavity and lymph nodes that drain this cavity at the time of diagnosis. 
Another use could be in the treatment of lung cancer in which the cancer frequently 
drains into the mediastinal nodes. Imaging studies using the avidin/biotin procedure 
have shown that a large liposome dose can be targeted to the mediastinal nodes following 
administration of biotin liposomes along with avidin into the pleural cavity.

7 MR Imaging

Compared with gamma photon imaging, MR imaging has its distinct advantages. 
These advantages include (1) higher spatial resolution providing anatomic information 
with excellent soft tissue contrast and (2) greater temporal resolution, making it 
practical to observe a rapid dynamic procedure. Pulse sequences are currently available 
to achieve temporal resolutions required for liposome studies.

MR molecular imaging utilizes the signal changes caused by the contrast agent. 
These signal changes mainly result from the changes to spin–lattice relaxation time 
(T1), or spin–spin relaxation time (T2), or a combination of both effects. Good 
reviews concerning MR imaging with contrast agents can be found in the following 
references (Gupta and Weissleder 1996; Torchilin 2000; Caruthers et al. 2006; 
Mulder et al. 2006). These reviews also include liposome-based MR contrast agents 
and their current applications.

Although the strengths of MR imaging are many, it also has several disadvantages 
relative to gamma photon imaging. One disadvantage is that MR contrast imaging 
is less directly a quantitative procedure. However, it can be approximately quantitative 
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since there is a linear relationship between relaxation changes (∆(1/Ti), i = 1, 2) and 
local contrast agent concentration, which can be expressed as
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Here, Ri is called T1 or T2 relaxivity of a contrast agent with the unit of (mM s)−1 
and [M] is the local concentration of contrast agent in unit of mM. Ri is a measure 
of the power of an MR contrast agent. A second disadvantage of MR imaging is its 
lower sensitivity for detecting contrast agents. This means that the physical concentration 
of contrast agent required to generate enough image contrast is approximately 
1,000-fold greater than that required for gamma photon imaging. This lower sensi-
tivity makes it difficult to achieve effective contrast by simply attaching a single 
contrast molecule to a single targeting ligand, such as an antibody as is frequently 
performed in gamma photon imaging. This requirement for high amounts of mate-
rial to arrive at a particular target does, however, make the use of nanoparticles, 
such as liposomes, promising carriers for achieving targeted MR contrast. This is 
because a liposome particle can carry a large amount of contrast molecules in a 
small volume of space or on the surface of the particle.

MR contrast agents can be classified into two types, paramagnetic agents and 
superparamagnetic agents, based on their mechanism of achieving image contrast. 
These contrast agents act to perturb the local magnetic uniformity thus decreasing 
T1 and T2 values of the tissue. Paramagnetic contrast agents use ions which have 
unpaired shell electrons. These elements include the ions of gadolinium (Gd), man-
ganese (Mn), and iron (Fe). These unpaired electrons expand their MR relaxation 
perturbation to the local water molecules mainly through a water exchange mecha-
nism. The direct administration of a relatively large quantity of these metallic MR 
contrast molecules into a living body is highly toxic. Fortunately, the safe use of 
these elements can be achieved after conjugating these ions with certain chelating 
compounds to form a stable complex, while the water binding and exchange space 
of the ion can be preserved to ensure a high relaxivity. The most common repre-
sentative of this kind of MR contrast agents is gadolinium chelated with DTPA 
(Gd-DTPA). These kinds of contrast agents have stronger impact on T1 relaxivity 
than T2 relaxivity. Liposomes composed of Gd-DTPA-lipid have been shown to 
make excellent T1 MR contrast. Specific examples of these liposomes will be 
discussed subsequently.

Superparamagnetic agents use nanoscale micromagnets, generally iron oxide 
nanoparticles. Superparamagnetic agents have a stronger T2 relaxation effect than 
a T1 relaxation effect. Due to these facts, paramagnetic agents usually result in 
increased signal strength as the consequence of decreased T1 value, while iron 
oxide nanoparticle contrast agents produce a negative contrast effect. Unfortunately, 
iron oxide nanoparticles are also very toxic. To utilize this kind of contrast agent 
safely, the iron oxide nanoparticles need to be coated with safe chemical moieties 
to isolate iron oxide from direct interaction with in vivo biomolecules. For example, 
the FDA-approved MR contrast agent, Feridex™, is heavily dextran-coated iron 
oxide nanoparticles. Although the average particle diameter of Feridex™ particles is 
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around 150 nm, the iron oxide core is only 20–30 nm in diameter (Shapiro et al. 
2006). Another strategy of coating iron oxide nanoparticles is encapsulating them 
into liposomes, which will be further discussed later in this chapter.

8 Methods of Labeling Liposomes with MR Contrast Agents

Previous investigations of liposome-based MR contrast enhancement mainly include 
(1) liposomes with nitroxide spin labels (Keana and Pou 1985; Grant et al. 1987; 
Bacic et al. 1988), nitroxide spin labeling has very low relaxivity and weak contrast 
effect (Grant et al. 1987; Karlik et al. 1991); (2) liposomes serving as carriers of 
hyperpolarized xenon-129 gas (Grant et al. 1987; Karlik et al. 1991; Venkatesh et al. 
2000, 2002); (3) liposomes encapsulating paramagnetic ions or their complexes; 
(4) membrane surface conjugation of chelated paramagnetic ions; and (5) liposome-
coated iron oxide nanoparticles. In this section, we primarily review in detail 
liposomes carrying paramagnetic agents and iron oxide nanoparticles.

To enable the visualization of the liposome-based contrast effect by MR imaging, 
the incorporation of paramagnetic ions into liposomes with diameters of 100 nm or 
smaller has utilized the following two routes (1) the conjugation of paramagnetic 
ions to the liposome surface (Grant et al. 1987; Kabalka et al. 1987) and (2) the 
encapsulation of paramagnetic ions or their complexes into the inner space of the 
liposome (Devoisselle et al. 1988; Unger et al. 1988; Turski et al. 1998).

The first method can use a functional lipid which conjugates a chelating group, 
such as DTPA or its analogues, where each paramagnetic ion will bind. Coating the 
surface of the liposomes with Gd-DTPA has been shown to make excellent contrast. 
Researchers have further enhanced this method by creating a polymer of multiple 
DTPA chelates to achieve excellent contrast (Erdogan et al. 2006a).

The second approach includes the encapsulation of paramagnetic ions or their 
complexes into liposomes, so that a relatively large amount of paramagnetic agents 
can be trapped into liposomes. However, MR contrast from paramagnetic agents is 
largely a result of water exchange between the water molecule binding to paramag-
netic ions and the surrounding bulk water. The encapsulation of paramagnetic ions 
or their complexes into the nanoscale area of the liposomal inner space may greatly 
decrease the water mobility and water exchange kinetics; thus resulting in greatly 
decreased relaxivity compared with the same concentration of free paramagnetic 
components (Barsky et al. 1992). This phenomenon may be utilized to advantage 
in controlled drug release studies to demonstrate in vivo when a liposome begins 
releasing an MR contrast agent from its interior. This increased MR contrast due to 
the release of MR contrast agent can be used as a model for drug release, triggered 
by heat, pH change, or other changes in the in vivo local microenvironment (Bacic 
et al. 1988; Fossheim et al. 2000; Lokling et al. 2001). Furthermore, this decreased 
relaxivity occurring when MR contrast agents are encapsulated entirely within 
liposomes may be partly or mostly recovered by choosing specific liposome formu-
lations such as liposomes of smaller size in which there is more freedom of water 
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migration and the confinement effect from the liposome bilayer is greatly decreased 
(Bacic et al. 1988; Tilcock et al. 1992; Strijkers et al. 2005). It is also possible to 
use liposomes containing unsaturated lipids which allow more water exchange 
through their membranes.

Iron oxide nanoparticles can also be trapped into liposomes (Chan et al. 
1992; Pauser et al. 1997). However, to ensure the stability of this entrapment 
and a low in vivo toxicity, a delicately designed entrapment system may need 
to be used.

9 Specific Applications of Liposome-Based MR Imaging

9.1 Hepatic Metastases and Blood Perfusion Imaging

As discussed previously, liposomes with conventional formulations are mainly 
cleared through the liver and spleen after intravenous administration. From this 
behavior emerges the possibility for using MR imaging to enhance the diagnosis 
and detection of liver lesions/metastasis (Leander 1995). A study by Unger et al. 
(1988) in rat hepatic metastases has shown that paramagnetic liposomes had high 
normal liver concentration, while liver metastases had low accumulation. Another 
animal study has shown a similar behavior of liposome-based MR contrast 
enhancement characteristics (Niesman et al. 1990). However, the diagnostic signifi-
cance and its applicability in human liver cancer still need to be proven.

By using long-circulating liposomes, liposome-based contrast enhancement can 
be used in blood pool or perfusion imaging. Previous ex vivo and in vivo animal 
studies have proven the potential of using paramagnetic liposomes in blood pool 
and perfusion imaging (Storrs et al. 1995; Weissig et al. 2000; Suga et al. 2001; 
Ghaghada et al. 2007).

9.2 Lymph Node Imaging

Clinical lymphoscintigraphy commonly uses gamma photon imaging after a local 
injection of 99 mTc-sulfur colloid (Alex 2004; Krynyckyi et al. 2004). Liposomes 
may also be applied in lymphatic imaging by subcutaneous administration 
(Oussoren and Storm 2001). To enable liposomes to accumulate in lymph nodes, 
specifically designed strategies may also need to be used (Phillips et al. 2001, 
2002). However, since MR imaging has high temporal resolution, it may be possible 
to image rapidly clearing liposome particles moving through the lymphatics. Previous 
animal studies have shown the feasibility of using paramagnetic liposomes to 
perform lymphoscintigraphy (Fig. 4) (Trubetskoy et al. 1995; Misselwitz and 
Sachse 1997; Fujimoto et al. 2000).
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9.3 Targeted MR Molecular Imaging

Compared with molecular imaging using radiolabeled liposomes and gamma photon 
imaging, MR molecular imaging with targeted paramagnetic/superparamagnetic 
liposomes may be more challenging due to its lower sensitivity. However, recent 
studies have shown that MR molecular imaging with liposome systems is practical 
via targeting to certain biomolecules (Mulder et al. 2004, 2005, 2006, 2007; 
Strijkers et al. 2005).

Mulder et al. (2004) introduced a multifunctional liposome system. With this 
system, lipid-DTPA was utilized to chelate Gd for MR contrast, rhodamine B 
lipid was added into the liposome formulation for fluorescence imaging, while 
Mal-PEG

2000
-lipid was incorporated into the liposome as the site for conjugation 

of specific targeting molecules. Using this system, E-selectin antibody-conjugated 
paramagnetic liposomes were studied with in vitro relaxivity and HUVEC cell-
specific binding after TNF-α treatment. With 7-T magnetic field strength, para-
magnetic liposomes had significantly higher T1 relaxivity. In another in vitro 
study, annexin-5 targeted paramagnetic liposomes were found to accumulate in 
apoptotic cells, resulting in greatly increased relaxation rates of these cells (van 
Tilborg et al. 2006).

Recently, α
v
β

3
-targeted paramagnetic RGD peptide liposomes were reported for 

use in MR molecular imaging of tumor angiogenesis (Mulder et al. 2007). It was 
shown that the targeted liposomes accumulated in the tumor blood vessels. MR 
imaging has also shown a higher level of contrast enhancement in tumor. The association 
of this increased MR contrast enhancement to tumor angiogenesis was proven via 
fluorescence imaging and blood vessel histochemistry.

Fig. 4 Visualization of VX2 tumor in rabbit popliteal lymph node using MRI after subcutaneous 
injection of PEG-modified Gd-liposomes. The lymph node on the right side of the postcontrast 
image has greatly increased brightness after the administration of the PEG-modified Gd-liposomes 
compared with precontrast image (courtesy of V. P. Torchilin, Ph.D., Northeastern University)
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9.4 Drug Delivery Monitoring

Another application of MR imaging is the trafficking of liposomal drug delivery 
during organ distribution and microdistribution studies. By labeling liposomes car-
rying drugs with paramagnetic agents, MR imaging has been successfully used in 
the trafficking of the in vivo distribution of liposomal chemotherapeutic agents and 
liposomal gene delivery using various liposomal drug administration methods in 
animals (Rubesova et al. 2002; Leclercq et al. 2003; Pirollo et al. 2006).

The rationale of using paramagnetic agents to track drug delivery lies in the good 
correlation between drug and paramagnetic agent concentrations. A related study 
was recently reported with liposomes carrying both Mn2+ ion and doxorubicin 
(Viglianti et al. 2006). A positive correlation between doxorubicin and relaxation 
change in tumor xenografts was observed. In another study, the simultaneous release 
of both encapsulated fludarabine monophosphate and Gd-DTPA from liposomes 
was observed with 1H MR imaging and 19F MR spectroscopy (Port et al. 2006).

9.5 Thermo/pH-Sensitive Liposomes

Due to the lower relaxivity of encapsulated paramagnetic agents in liposomes, the 
sudden release of the paramagnetic agent from the liposome interior can result in a 
remarkable change in MR contrast. This behavior can be used in (1) hyperthermia-
triggered local drug release; in this situation, thermosensitive liposomes were 
designed and used for the local release of chemotherapeutic agents from liposomes 
to initiate a therapeutic effect and/or combined with thermal therapy (Abdel-Wahab 
et al. 2004; Frich et al. 2004; McDannold et al. 2004; Viglianti et al. 2004; Bos et al. 
2005; Ponce et al. 2007) and (2) controlled local drug release due to the differences 
in local pH value. Accordingly, pH-sensitive liposomes could respond to lower pH 
environment in tumors for assessing acidity/pH range in a tumor or for the enhance-
ment of tumor drug delivery (Lokling et al. 2001).

Another application of thermosensitive liposomes is in thermometry (Lindner 
et al. 2005). In hyperthermia tumor therapy, the coverage of heat of sufficient dura-
tion to kill tumor cells is necessary. Thermosensitive liposomes provide a tool to 
evaluate intratumoral temperature distribution for evaluation of therapy outcome.

10  Future Developments in Imaging Technology Applicable 
to Liposome Research

Recently, several clinical imaging camera systems have been introduced that simul-
taneously perform two different types of imaging that are then fused into a single 
image. This permits the formation of one image that combines the strengths of each 
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type of imaging. For instance, clinical systems combining PET imaging and CT 
imaging have become widely available. This combined system uses PET for physi-
ologic imaging with traditional CT imaging to provide very high anatomic detail. 
Imaging systems that combine SPECT imaging and CT have also been recently 
introduced. Currently under development is a combined PET and MRI system for 
imaging (Catana et al. 2006). Prior to the recent development of avalanche photon 
detectors, the very high magnetic field interfered with traditional gamma photon 
detectors that rely on photomultiplier tubes. These combined imaging systems will 
permit the imaging of liposomes and other nanoparticles that have been dual 
labeled with both radionuclides and MR contrast agents. This type of dual PET/
MRI imaging would offer the possibility of quantitatively assessing the whole body 
distribution of the radiolabeled liposomes using PET as well as higher resolution 
anatomic imaging provided by MR imaging to determine the location of the lipo-
somes in the body. Simultaneous MR imaging will also be able to monitor the 
release of drugs from the liposomes by the increase in contrast that occurs when 
agents such as Gd-DTPA are released from the liposome. These types of studies 
offer the potential to better understand drug distribution and release over time by 
noninvasive imaging.

11 Summary

Continuing rapid progress in both liposome technology and imaging technology will 
continue to provide new synergistic applications for the development of liposomes 
and other nanoparticle systems as effective diagnostic and therapeutic agents.
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attached TATp, 16
based MR imaging applications

drug delivery monitoring, 449
hepatic metastases and blood 

perfusion, 447
lymph node imaging, 447
targeted molecular imaging, 448
thermo/pH-sensitivity uses, 449

bone marrow targeting, use in, 442, 443
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advantages vs. gamma photon 

imaging, 444
contrast agents use, 397
as diagnostic tool, 397
diffusion and perfusion, 414
disadvantages, 444, 445
magnetic susceptibility, 413, 414
relaxivity, 413
spin density, 413

Magnetite cationic liposomes (MCLs), 327
Mahat, R. I., 111, 112
Mahmud, A., 274
Major histocompatibility complex 

(MHC), 76
Majoros, I. J., 202
Makhaeva, E. E., 164
Maleimide reagents, 4
Manickam, D. S., 191, 192
Martin, F. J., 3, 4
Maruyama, A., 268
Maruyama, K., 5, 241
Matsumura, Y., 33, 83, 96, 97, 143, 144, 263, 

264, 280, 295
Matyjaszewski, K., 68, 69, 87
Maximum tolerated dose (MTD), 35
McAllister, S. S., 68, 70, 72
MDR. See Minimize multidrug resistance
Mean corpuscular hemoglobin (MCH), 218
Medintz, I. L., 52
Megafectine®, 343
Meijer, E.W., 218
Melanoma cell lines, 8
Membrane destabilization

mechanisms, 167
polymeric carriers, general design 

of, 145–146
Mercaptosilanes, for grafting PEG, 6
Merdan, T., 110
Meyer, D. E., 46, 47, 172
Micelles

definition, 324
formation, 327
hydrophobic core of, 3

Midoux, P., 110, 186
Minimize multidrug resistance, 235
Minko, T., 84
Mitochondria

bolasome-mediated, 369–372
as cell organelles, 363–365
composition of, 364

cytoskeleton approach, 366
cytosolic barriers, 365
DQAsomes, 370
intracellular DNA transport, 366
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pH-induced acidic, structural change
nanogels, 175–176
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Poly(2-ethyl-2-oxazoline), 5
Poly(glycerol monomethacrylate) 
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covalent crosslinking, 276–279
micellar core–drug compatibility, 

279–281
physical interactions, 274–275
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thermosensitive polymer, 281–283
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Shiah, J. G., 96, 103, 104, 122
Shi, B., 265
Shin, Y., 69, 70
Silica nanoparticles

amorphous and crystalline, 349
and biological applications, 348, 349

Single photon emission computed  
tomography, 414, 415

siRNA. See small interfering RNA
Skehel, J. J., 145
Small-angle neutron scattering (SANS), 103

neocarzinostatin conjugate structure of, 
114

polymer-drug conjugate, 113
synthesis and hydrolysis of, 89
synthesized by styrene copolymerization, 88

Small interfering RNA delivery
negative control and efficiencies, 152
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Stimuli and stimuli-sensitive nanosystems
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Stimuli-responsive (bio)polymer system, 144
Stimuli-sensitive gene delivery
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Thermo-sensitive gene carriers

gene conjugates with, 184
physical trapping of genes, 183–184

Thermo-sensitive pharmaceutical 
nanosystems

anticancer drug delivery, 164–165
application of, 162
drug/gene-interacting segments, 164
LCST characteristics of, 164
linked to cationic segments, 165
micelle formation, 165
thermal phase transitions, 163

Thiolated gelatin nanoparticles, 345
Thiol-sensitive polymers

degradable bonds, 170
glutathione, 169

Thomas, J. L., 146
Thomas, M, 146
Thomas, T. P., 7
Tijerina, M., 109, 112, 116, 117
Tilcock, C., 19
Tirrell, D.A., 146
Tocopheryl poly(ethylene glycol) 

(PEG) 1,000 succinate (vitamin 
E-TPGS), 39

Tomalia, D. A., 201–202, 204
Torchilin, V. P., 2, 81, 94, 108, 112, 

121, 243, 249, 263–265, 
268–271, 273, 279, 294

TPGS-modified PLGA nanoparticles, 39
Trans-activating transcriptional activator 

(TAT), 15
Transepithelial electrical 

resistance, 222
Transfection barriers, intracellular, 182
Transferrin, 203
Transferrin receptor, 237
Transferrin (Tf) receptor (TfR), 10
Translational diffusion coefficient, 365
Transportan, 15
Tri-n-octyl phosphine/tri-n-octylphosphine 

oxide (TOP/TOPO), 52
Triphenylphosphonium cations, 373, 375
Trubetskoy, V. S., 4, 20, 265, 269, 293
Tsutsumiuchi, K., K., 219
Tucker, C. E., 120
Tumor-cell surface-bound nucleosomes, 8
Tumor necrosis factor-α (TNF-α), 46, 51
Tumor-targeting delivery module, TfR 

antibody in, 246

U
Uehara, M., T., 54
Ultrasound radiation force (USRF), 53, 54
U-87 tumor xenograft, 8

V
Vacuolar ATPase-H+ pumps, 167
Valproic acid (VA), 75
van der Zee, J., 45
van Sluis, R., 166
van Vlerken, L. E., 2, 40, 44, 322
Varga, C. M., 12
Varga, I., 70
Vasey, P. A., 82, 97, 113, 143
Vasoactive intestinal peptide (VIP), 10
Vaughan, E. E., 366
Veenhuizen, R. H., 54
Verkman, A. S., 365
Vinogradov, S. V., 47, 67, 69, 71, 73
N-Vinylpyrrolidone (VP) copolymers 

(PNIPAAm/VP), 71
Viral-based gene-delivery vehicles, 117
Viral proteins, conformations, 145
Viral vectors, immunogenicity of, 117
Virus-induced complications, risks of, 12
Visudyne®, 54
VivaGel™ (Starpharma), 202
Vonarbourg, A., 264–266, 270

W
Wachsberger, P., 55
Wachters, F. M., 82
Wagner, E., 107, 111, 190
Walker, G, 2
Walker, G. F., 189, 190
Walsh, M., 154
Wang, D., 99
Wang, L., 118
Wang, X., 120
Wang, Y., 99
Wang, Y. S., 83
Water-soluble lipopolymer (WSLP), 346
Water-soluble polymers, 316

carriers
aromatic azo bond, 94
dextran, 89
hydroxypropyl methacrylamide 

(HPMA), 86
poly ethylene glycol, 84
polyethyleneimine (PEI), 89

Water- soluble tetrazolium, 215–216



Index 473

Weissig, V., 4, 265, 270, 370
Wickline, S. A., 53
Widder, K., 399
Wiley, D. C., 145
Wiwattanapatapee, R., 215, 221, 347
Woller, E. K., 219
Wong, H. L., 44
Wong, J.Y., 9
WST-1. See Water- soluble tetrazolium
Wu, G., 169, 204
Wu, G.Y, 13
Wu, J., 13
Wust, P. U., 48

X
Xu, L., 14
Xu, Y., 13
XYOTAX. See PG-paclitaxel conjugate

Y
Yamamoto, Y., 265
Yang, H., 214

Yang, S. R., 178
Yan, M., 71
Yessine, M. A., 186
Yokoyama, M., 163, 263, 266, 271, 273–275, 

279, 280, 295
Yoshida, E., 274
Yuan, F., 3, 6, 270, 349

Z
Zalipsky, S., 5, 8, 11
Zhang, F., 6
Zhang, G. D., 263
Zhang, H., 209
Zhang, J. X., 11
Zhang, Y., 10, 

241, 244
Zhao, M, 16, 49
Zhao, S., 53
Zheng, J., 421
Zhuo, R. X., 214
Zignani, M., 177
Zinc(II) phthalocyanine (ZnPc), PLGA 

nanoparticle, 55


