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Preface

Dry chemistry has been accepted as an important technology in medical labo-
ratories for many years. Many evaluations of this technology have been un-
dertaken by reputable clinical laboratories, the results of which were excellent
when compared with conventional wet chemistry analysis.

This book contains a detailed overview of the current knowledge in the field
of dry chemistry both in the physicians’ office laboratories and large medical
laboratories. The results from many evaluation studies are presented, as is
data from interference studies which complete the descriptions of many dry
chemistry methods.

A detailed description of various commercially available dry chemistry sys-
tems such as Ektachem, Reflotron, Seralyzer, Cobas Ready, Drichem, Opus
and Stratus are also included.

This book is designed to describe the current state-of-the-art in the area of
dry chemistry analysis and to fill the gap in information in this important field
of clinical chemistry science.

The author would like to thank the following persons: Andy Anderson
from Kodak UK and Fritz Hafner from Kodak Clinical Diagnostics Center
Europe, Strasbourg for their excellent help in support of the translation and
publication of this book; Adriaan Klinkenberg and Jan Kastelein from
Elsevier Science Publishers B.V., Amsterdam for their cooperation in helping
to prepare the manuscript of this book; Navin Dalal, Stuttgart for the transla-
tion; Maeritt Schuett from Thieme Verlag, Stuttgart for her much valued
support during the translation; and all my friends and colleagues who helped
me to prepare this book. A special thanks to my friend Nicholas Gould,
London for his corrections of the translation and the corrections of the
proofs.

Strasbourg, November 1992 Oswald Sonntag
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Preface of the German edition

Dry chemistry is a term newly introduced and used on a world-wide scale in
laboratory medicine and clinical pathology in recent years. This technology,
under dispute like no other new method before it, has been ardently discussed
at almost every congress. The titles of papers published on this subject in
scientific journals range from ‘“New Horizons” to “Wonders of Technology”.

What, then, is the essence of dry chemistry? Is it a diagnostic tool that
benefits both physician and patient, or is it a flop? Some of the questions
raised at discussions sound just like that and must remain unanswered in the
majority of cases.

Since dry chemistry concerns not only the large-scale laboratory but also
the compact laboratory of the practising physician or internist, this mono-
graph aims at presenting a clear view of the relevant problems. From the
history of the development to a detailed description of the known dry chemis-
try systems the reader is offered comprehensive information for the first time.
The available literature has been carefully scanned and an extensive review of
all known possible disturbances and interferences is given. The pros and cons
of the individual measurement systems are concisely tabulated and can be
appreciated at a glance. The presentation aims to inform its readers on a
topical problem of laboratory medicine in a straightforward and objective
manner. Hence, no extensive and complicated mathematical calculations and
chemical formulas are given. Readers wishing to go into details can look up
the list of references for further study.

SI units are not strictly adhered to in the text. Readers, who are unfamiliar
with SI units will also be able to understand the problems of dry chemistry
analysis.

The effect caused by haemolysis has been estimated by referring to haemo-
globin concentration.

Since the book also addresses readers with little or no knowledge of labora-
tory medicine or clinical pathology, reference is made here to relevant text-
books or specialised literature:

—~ Keller, H. (1986). Klinisch-chemische Labordiagnostik fiir die Praxis —
Analyse, Befund, Interpretation. Georg Thieme Verlag, Stuttgart/New
York.
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— Thomas, L. (1988). Labor und Diagnose, 3rd ed. Medizinische Ver-
lagsgesellschaft, Marburg.

Thanks are due to Ms. R.-M. and Mr. W.P. Heinzelmann for their untiring
help in preparing and revising the manuscript, and to the ladies and gentlemen
of Georg Thieme Verlag, in particular Ms. Hieber, Mr. Eberl and Mr. Weiss,
for their helpful suggestions and good cooperation.

Lachendorf, June 1988 O. Sonntag
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Introduction to dry chemistry

Investigations in the laboratory have become an important element for the
decision of the physician, both in the hospital and in general medical practice.
For assisting the physician in arriving at a diagnosis as well as for following-
up and monitoring the course of the treatment, investigations in the labora-
tory rank highly.

The importance of dry chemistry has been steadily increasing during the
past few years due to the development of new analytical methods and growing
knowledge of the pathophysiological course of different diseases. The great
number of feasible investigations led to a boom in laboratory medicine. The
consequence of this was an increase in costs. Ways of reducing such costs
without negatively effecting patient care have thus been considered. Terms
like “economy” and “patient-oriented investigation” are keywords in this
regard.

Fully mechanised analytical equipment and the philosophy of centraliza-
tion of investigations in the laboratory (central laboratory, joint laboratory)
developed side by side. However, this tendency soon showed a few considera-
ble disadvantages. One of the most important arguments against centraliza-
tion is the loss of closeness to the patient. For example, a blood sample is
drawn in the doctor’s consulting room and afterwards sent to the central
laboratory. Depending upon the transport system, such centralisation may
cause significant delays in turn around time for a test request. Hence, the time
required for the fimal laboratory report to reach the clinician may be wholly
inappropriate. A key factor to be considered is the time which elapses before
a corresponding treatment may be investigated. In addition to that, an altera-
tion of the sample material might occur during blood transport (e.g. haemoly-
sis). Incorrect laboratory results are thus not to be ruled out; they are not
caused by the laboratories, but during the pre-analytical phase. The logical
consequence of such an error is a repeat analysis with another blood sample
which involves loss of time. Such loss of time means an enormous loss of the
physician’s efficiency.

Hospitals can counteract this problem by means of setting up so-called
emergency service laboratories, which would ensure a short response time
thanks to considerable work put in by the medical staff. However, transport
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problems occur even in this sector. In this regard, only a well-developed tubu-
lar postal communication system can help. The bigger the hospital, the longer
the distance, the later the laboratory results; this might be the description of
the transport situation “in a nutshell”,

Dry chemistry intends to fill these gaps. “Bedside-analysis”, “Nearer to the
patients” and “Real-time analysis™ are some of the terms used to describe this
technology. This means closeness to the patients, i.e. analysis advances into
hospital rooms, doctor’s practices and even into the patients’ hands. Dry
chemistry has been called the wonder weapon, dreams of the future, or even
revolutionary. Surely, these expressions, mainly used in compilations, go
too far.

What is dry chemistry?

Although this technology is described as “new”, clinical laboratories have
been using it for the last 25 years or so. The use of test strips for easy identifi-
cation — mostly qualitatively or semi-quantitatively — of certain substances
in the urine or blood is well established. Instead of test strips we now use the
term dry chemistry as a superimposed concept. One reason for this may be
that the test strips are no longer assessed by the human eye by colour scale
comparisons but by means of a reflectometer. As a matter of fact, the term
“dry chemistry” is misleading, and has created misconceptions about the way
it works. Chemical reactions of the kind occurring in or on test strips cannot
take place in a dry medium; they require water as a dissolving intermediary. It
is only the water contained in the sample (blood, plasma, serum or urine) that
dissolves the reagents bound to a carrier in dry form, thus enabling reaction
with the analyte. Hence, it would be more correct to employ the term “carrier-
bound reagents”.

Inspite of this misnomer the term “dry chemistry” is now generally ac-
cepted and has become a by-word in laboratory medicine or clinical pathol-
ogy. It is thus relatively easy to separate this designation from the conven-
tional methods, which, in analogy, are known as wet chemistry. Reflection
spectroscopy, as already mentioned, is an essential part of the technology.

The reflectometer performs the assessment and in some systems it also
monitors the reaction. The analyte present in the water of the sample in part-
nership with the reagents in the test strip, produces the required reaction and
the dye or colour is formed that produces a certain reflectance on exposure to
radiation. This enables quantitative analysis comparable in precision and ac-
curacy with classical photometry. A special feature of such techniques is that
in most cases, undiluted sample material may be used. Also, the range of
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measurement is often much greater than that of the photometric methods.
However, reflectometry is characterised not only by advantages but also by a
few drawbacks. The use of undiluted sample material is not only a positive
aspect, since interferents are also not diluted. Interferences are thus a poten-
tial problem.

The methods used are often well-known methods of wet chemistry that had
been considered obsolete. Since the reflectometers of the latest generation
yield results within 2-3 minutes without requiring much effort, this technol-
ogy is accepted wherever no specialised clinical pathologist or graduate in
laboratory medicine is available. Hence, the user is relatively uncritical of the
results yielded by dry chemistry. Since new test strips for the determination of
drugs and for performing homogeneous immunoassays by dry chemistry are
now available, a detailed explanation of what dry chemistry can do has long
been overdue. This is where the present book steps in.

History of development

The use of substances bound to carriers has come a long way. In 23 A.D.,
Pliny the Younger described a test paper used for identifying iron alongside
copper in an aqueous solution. Papyrus strips were dipped in an extract from
gallnuts and then dried. The background of this investigation was testing
Roman coins. Legitimate coins was made from copper alone, which forged
coins were a mixture of copper and iron. Tachenius used this method on
human urine in 1629.

Litmus paper is one of the most commonly used test strips outside the realm
of laboratory medicine or clinical pathology. Litmus is a natural dye that
dissolves in water with a dark blue colour. It is obtained from various species
of lichen (especially Rocella tinctoria and Rocella fuciformis) by fermentation
and is used in chemistry as an indicator for acids and bases. While test strips
have been used on a large scale in industrial chemistry, their increasing use in
medical diagnostics started only in the nineteen-fifties. One of the chief medi-
cal applications has been the diagnosis and control of diabetes mellitus by
means of the test strip. At first, urine was used as sample material, blood being
introduced only later. The principle of easy identification of glucose in the
urine led to developing test areas for other parameters as well. In 1974, indi-
vidual erythrocytes were visualised for the first time on a test strip, soon to be
followed by the identification of leucocytes in urine. These methods, which
were milestones, eventually resulted in test strips with nine different test fields.
Today it is possible to identify qualitatively or semi-quantitatively in the urine
(the year of introduction is stated in parentheses): pH value (1964), glucose
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(1964), protein (1964), nitrite (1967), urobilinogen (1972), ketones (1973),
bilirubin (1974), blood (1974) and leucocytes (1982). Since the human eye is
subject to errors when comparing test fields with the colour scale, it was
imperative to develop measuring and evaluating instruments for this technol-
ogy as well. Modern technology has made it possible to perform the assess-
ment of urine test strips by means of multichannel instruments. For useful and
detailed information on test strips in urinalysis, refer to Kutter, D. (1983).
Rapid Tests in Clinical Diagnostics, 2nd ed. Urban & Schwarzenberg, Mu-
nich/Vienna/Baltimore.

The easy application of the urine test strips produced a challenge to manu-
facturers to produce similar test strips for the analysis of blood, plasma or
serum. First steps in this direction were taken for the identification of glucose.
For monitoring and controlling diabetes mellitus the patients were given test
strips they had to use themselves. The diabetic could thus determine and
stabilise “his own glucose value”. Since in this case, as with the urine test
strips, colour appreciation differs quite considerably from individual to indi-
vidual, errors in assessment and hence in medication cannot be excluded. A
measuring instrument was the logical consequence. The first reflectometers
took up a lot of time for calibration and preparing the sample. Micropro-
cessor technology brought great advances; instruments and especially their
operation were greatly simplified. These are dealt with in detail in the book
referred to above.

By the end of the ’seventies there was an increasing demand for further
parameters of measurement. For example, not only glucose but other impor-
tant clinicochemical parameters were required to be measured in blood,
plasma or serum. Production was difficult at first, since it was necessary to
solve quite a number of problems, such as mixtures of various substances,
mutual compatibility of these, addition of enzymes, carrier material, tech-
nique of separation, interferences, storage life and blood rheology. Over and
above this, it was expected to complete an individual analysis within 2-3
minutes without loss of precision and accuracy. Dry chemistry progressed by
several large strides thanks to experiences and technological advances in the
domains of manufacture of films, paper carriers, synthetic and porous carrier
materials and, in particular, developments in photography. The instant cam-
era can serve as an example in this respect since all chemicals required for the
processing of the photograph are already incorporated in the photographic
paper. Slide and test strip producers had to develop techniques for facilitating
precise cutting of paper and films. Application of the reagents on the paper or
films without producing selfreaction of the reagents was a great challenge.
Furthermore, the individual elements had to be applied to the carrier material
very carefully. The adhesive should react neither with the chemical reagent
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nor with the carrier material, nor with the sample itself and must be chemi-
cally resistant. All these problems require detailed knowledge of the materials
used, including also the special properties of body fluids. Hence, it was obvi-
ous that important material properties like thickness of the reagent layer, fibre
consistency and the kind of absorption had to be continually controlled dur-
ing bulk production of carrier-bound reagents in order to ensure a constant
quality.

The use of microprocessor technique contributed considerably to the sim-
plification of operation, monitoring and controlling the measuring instru-
ments. The user requires only a few manipulations for achieving a result. All
manual calculations are rendered unnecessary, the result is indicated in the
required units on a display or printed out. Also, the microprocessor executes
many tasks of monitoring and controlling required for reproducible results.

Recent developments show that dry chemistry has also been advancing in
the sector of immunological detection methods. The homogeneous immu-
noassay technique facilitated access to the immunological detection method.
The substrate-bound fluoro-immunoassay (SLFIA) serves as an example for
the determination of theophylline concentration. However, the radial parti-
tion immunoassay paved the way for determining the concentration of numer-
ous drugs and hormones.
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Theory of reflection spectroscopy

Until recently reflection spectroscopy (or reflectometry, as it is also called)
had not featured prominently in the analytical work performed in laboratory
medicine or clinical pathology. Its use was largely confined to colour measure-
ments, paints and coatings, printing inks, paper and textiles. It is only since
1970 that reflectometry has been attracting attention in the medical labora-
tory in connection with the evaluation and assessment of dry reagent carriers.
Apart from this particular area of application, there are only a few other
specialised uses of diffuse reflectance also being used in medical science. The
reason for this reticence is that the underlying theory is less easily appreciated
than that of absorption spectrometry (photometry). In the past it was also
more difficult to get reproducible results, because the test strips were not as
perfect as they should have been. Today modern reflectometers are avaible
and the quality of the test strips is high.

Reflection spectroscopy is used for more accurate quantification of the
radiation reflected by a sample: the intensity, spectral composition, angular
distribution and polarisation can be analysed. This method is particularly apt
for measuring samples that are impervious to light, that is to say, wherever
absorption spectroscopy cannot be used.

Terminology

The term reflection is of Latin origin and means “bending back”. Reflection
is the discontinuous change of direction of the propagation of waves. If the
waves incident on an interface between two different media where, in contrast
to refraction, the projections of the propagation vectors of the incident and
the reflected wave are in the same direction as the axis of incidence.

Also known as reflection is the change in the direction of movement of
particles and rigid or elastic bodies on impact on a (rigid) wall. Depending on
the condition of the media interface reflection will be either diffuse or specular
(reflected like a mirror, normal, regular). If the surface roughness of the inter-
face is of the order of magnitude of the incident wavelength, the incident
radiation will be reflected back in many directions (diffuse reflection). If the
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Fig. 1. Specular reflection.

surface roughness is small in relation to the wavelength, the reflection will be
specular unidirectional and will follow the law of reflection eg. the angle of
incidence a and the angle of reflection a’ are equal; and the incident beam,
reflected beam and axis of incidence are in the same plane (see Fig. 1).

Non-specular reflection is another term for diffuse reflection. Also the Ger-
man term Remission may be used to denote the English term diffuse reflection.
This is the fraction on the total incident light that is reflected and varies with
the wavelength distribution of the incident light.

The angle of reflection is the angle between the axis of incidence and the
direction of propagation of a reflected wave (plane surface) or of a reflected
particle.

Reflection spectroscopy. Spectroscopy of the reflected radiation of sub-
stances having a surface of diffuse scatter. Reflection spectroscopy is per-
formed by means of spectrophotometers or Ulbricht’s sphere and is particu-
larly suited for examining the light absorption of substances that are impervi-
ous to light or relatively insoluble, since reflection and light absorption are
linked in a way which is described by the theory of Kubelka and Munk.

Theory of Kubelka and Munk. This theory was developed by, and named
after, the Czechoslovakian physical chemists P. Kubelka and F. Munk in 1931
and is applied to the evaluation of reflectance measurements. This theory for
the propagation of radiation in opaque media, using an absorption coefficient
and a scatter coefficient. For an opaque layer it can be shown that the reflec-
tance depends only on the ratio of these coefficients. The ratio of the coeffi-
cients is approximately proportional to the dye concentration of dyed materi-
als.

The reflectometer (an instrument for measuring reflection) is either a special
spectrophotometer or a measuring instrument of special construction with a
built-in Ulbricht’s sphere.
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Fundamentals of reflection spectroscopy

There are two kinds of reflection to be distinguished: specular reflection and
diffuse reflection.

Specular reflection

If an electromagnetic wave in a vacuum, is incident on a medium having a
refractive index » and a plane interface, at an angle « to the normal, then the
wave will be partly or wholly reflected at an angle a’ to ad on the opposite side
of the normal, where @ = &’ (Fig. 1). However, it is also possible that part of
the light penetrates into the medium and while doing so is refracted towards
the normal and at an angle § to the normal. Thus the index of refraction

_sino
sin B

can be calculated.

The specular reflection will not be dealt with here in detail, since it is unsuit-
able for the evaluation of reagent carriers.

If it is no longer possible to differentiate between the phenomena of specu-
lar reflection, refraction and diffraction because the diameter & of the sample
to be assayed is disproportionately greater than the wavelength A of the light
(i.e. the electromagnetic radiation), the reflection must be considered to be
diffuse.

d=X

Diffuse reflection

If many centres of scatter are immediately adjacent to each other, e.g. in

reagent carriers or in finely crystalline powder, the effects of the scattering

processes at the individual centres are combined (Fig. 2). The resulting distri-

bution of scattered light is very uniform and largely independent of the grain

size and shape. The ratio of the intensity of light 7 reflected back in all direc-

tions and the intensity of incident light I;, gives the diffuse reflection capacity
Ry = ILO .

The diffuse reflection capacity depends on the properties of scatter and
absorption of the particular sample. The property of scatter can be expressed
by means of a coefficient of scatter S which is related to the unit of layer
thickness, whereas the absorption capacity can be expressed by a coefficient
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Fig. 2. Diffuse reflection.

of absorption X that is also related to the unit of layer thickness. The coeffi-
cient of absorption K is proportional to the coefficient of absorption k in
Beer—Lambert’s law. Since the light scattered within the sample is partly ab-
sorbed, a complicated mathematical relationship results between the meas-
urement parameter Ry and the material constants S and K.

In the following, the description will be confined to the relationship that
holds good for the dry reagent carriers, for which an infinite layer thickness is
assumed. This relationship is expressed by the theory of Kubelka and Munk:

K _ (I = Ryn)’
S 2 Ry

This expression is comparable with Beer—-Lambert’s law for the absorption of
non-scattering samples. Both in the theory of Kubelka and Munk and in
Beer—Lambert’s law the relationship derived from the measurement value is
proportional to the coefficient of absorption and hence proportional to the
concentration (¢) and coefficient of extinction &g of the absorbing material:

K=c-&.

The coefficient of extinction &, mentioned here is approximately comparable
but not identical with the coefficient of extinction in Beer-Lambert’s law. &
is dependent on an interaction between the absorbing molecules and the rea-
gent carrier matrix.
If K is substituted, the following equation is obtained:
K_¢ & (1 = Ry)’

S S 2Ry
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expressing the concentration c:
c= S (1 - Ry’
e 2 Rgy

Since the proportionality constant S/eg is in most cases not known when
performing the measurement of reflection, the theory of Kubelka and Munk
does not permit direct measurement of concentration, so that a calibration
curve must be measured beforehand.

The theory of Kubelka and Munk is used in calculating the concentration
for the systems of Boehringer Mannheim, Hoffmann-La Roche and Bayer
Diagnostic and Electronic (Ames—M iles). If modifications of the theory have
been made, these are stated in the description of the instrument. If the rela-
tionship between reflection and concentration (calculated by means of the
theory of Kubelka and Munk) is represented graphically, the curve obtained
is similar to that for the relationship between transmission and concentration
calculated by Beer-Lambert’s law (Fig. 3).

In absorption photometry the pathlength of the cuvette is usually fixed. In
conventional clinical chemical methods a dilution of the sample is necessary
both to run the assay under optimized conditions and to make sure that the
developed color of the reaction product is within the measurable absorbance
range of a spectrophotometer. The thickness of the reagent carrier in reflec-
tometry which is calculated by means of the Kubelka—Munk theory, is as-
sumed to be infinite and hence of negligible significance. Hence, the linear
range in reflection spectroscopy may be expected to exceed that of absorption
spectroscopy with a consequential reduction in the frequency of sample dilu-
tion prior to measurement.

In systems where there are optically active reaction products held in trans-
parent reagent carriers between the incident light and the reflecting back-
ground (e.g. Kodak or Fuji systems), the Kubelka—Munk transformation is

o

o8
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Fig. 3. Relationship between transmission (------ ) or reflection (—) and concentration.
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Fig. 4. Williams—Clapper model of a mulnple-layer reflector. Index of refraction: air =
1.00, reagent layer (gelatine) = 1.53. (simplified presentation)

not valid. The structure of the optical part of the instrument is more compli-
cated than is the case with th