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Series Editor’s Preface

Screening techniques is an emerging issue in modern analytical chemistry due
to the need to obtain direct and fast analytical information. The importance of
such an area has been already recognized by us by publishing in this series
volume 36 on Chemical Test Methods of Analysis from Yu.A. Zolotov, V.M.
Ivanov and V.G. Amelin and volume 39 on Integrated Analytical Systems
edited by my friend and colleague Salvador Alegret. The publication of these
volumes goes back to 2003, so now more than 10 years after we publish a book
on Rapid Immunotests. It does not mean at all that I was not interested in that
topic. Indeed I always felt it was of great importance to the analytical
chemistry community, but unfortunately it took me quite a while to find the
appropriate editor to edit a book.

The present book by Irina Yu. Gorvacheva complements very well previous
books, and it is an additional step in the area of rapid analysis. It offers a
comprehensive study on the fundamentals, formats, materials, labels and
multifunctionality of immunotests. The book contains seven chapters sum-
marizing the main methodologies and achievements in the field of rapid
immunotests in analytical chemistry up to date.

Overall this book covers most of the immunotest-based technological ad-
vances applied to analytical chemistry that are the focus of today’s attention. I
am convinced that this book will be of great help to newcomers who want to
learn more about rapid test. But this book will be a guidance also for inter-
disciplinary experts interested in combining physical chemistry, microelec-
tronics, biological sciences, analytical chemistry and automation. Finally, I
would like to thank Irina Yu. Gorvacheva and also, those that have contributed
in compiling such a unique book on rapid immunotests.

Prof. D. Barcelé
Barcelona, Spain, 21 March 2016



Preface

Rapid methods occupy a fitting place in modern life, research and industry.
Progress in this area is related with achievements in such traditional areas as
biology, chemistry and physics as well as nanotechnology and material sci-
ence. The scope of this volume is to provide an overview of the past, the
present and look to the future of possibility of rapid non-laboratory detection
and to list areas which could contribute to the development of rapid tests.

This book would be interesting for laboratory researchers and academics
who work for development of immunoassay and nanosystems application, also
for researchers who use immunoassay as a tool including clinical and veteri-
nary chemists, biochemists and pathologists; also for students and researchers
in nanomaterials, biochemistry and medicine. For students the sections about
basic principles of tests would be useful.

An introduction chapter of the book pictures a rapid tests place among
other analytical methods, the driving forces for development of rapid immu-
notests as well as nanotechnology investment into rapid test progress.

The second chapter is devoted to a historical retrospective of the devel-
opment of principles which become to be a basis of modern rapid immu-
notests. Among the large variety of methods and tools, only those who brought
principally new techniques for development of total conception of rapid tests
are described. In this line, much attention has been paid to the radioimmu-
noassay, started a new era in the immunoassay but actually no longer used for
research and routine monitoring. An attempt to trace the logic of the devel-
opment was carried out and some curious (from modern point of view) things
are presented. History of tests described more like popular scientific literature
and could be interesting for the layman as well. Some methods, such as
radioimmunoassay, that played an important role in the development of
methodology, theoretical and practical aspects of assay, but for now are
replaced by methods with better characteristics (safety, simplicity, sensitivity)
are discussed in this chapter in detail.

The third chapter presents classification of rapid tests, description of
principle and construction with maximum details, the current state of devel-
opment of immunochemical tests for detection of low and high molecular
weight analytes. For heterogeneous tests, classification is given on the base of
solid support type: microtitre plates, thin-film membranes, bulk porous ma-
terials. The procedure and outcome of assay and label type are only playing an

xi



xii Preface

auxiliary role. For homogeneous assays, classification and order of the
methods is given on the base of the label nature and properties because for this
group of methods labels playing a role of active nanosensors to indicate an
immunocomplex formation. The principle difference in label function for
heterogeneous and homogeneous assays is discussed: the latter group label
should be an active nanosensors only. For the first group both passive label and
active nanosensors are employed; application of passive label is wider. Rapid
enzyme-linked immunoassay tests, lateral flow and flow-through membrane
and column immunoassays, immunoagglutination, fluorescence polarization
immunoassays and Forster resonance energy transfer-based immunoassays are
described with detailed schemes; possibilities to detect low and high molecular
weight are discussed.

The forth chapter summarizes developments in optical labels for rapid
immunotests. The latest achievements in materials science, in particular in the
field of nanomaterials largely determine advancements in different areas of
assays, including rapid immunotests. Principally new labels and improvement
of characteristics and parameters of traditional ones, such as dyes and gold
nanoparticles, took precedence in the list of labels of interest. Innovative and
powerful novel labels have been developed in recent years. Basically studies
related to labels development lies in bioimaging in cellular and molecular
biology, biosensing and biotechnology. The combination of the antibodies’ high
specificity and ultrasensitive detection with advances of new labels is the most
bright aspect in the field of rapid tests workflow. Nanoparticles coupled with
biomolecules offer a very promising way to integrate biochemical recognition
with inherent signal amplification. For each label the possibility of simulta-
neous detection of multiple analytes and reader application is discussed.

The fifth chapter summarizes developments in rapid immunotests multi-
plexing. Approaches for the simultaneous detection of multiple analytes are
classified as the detection of multiple analytes in separate test-zones (with
single and several labels) and within single test-zone. Microcarrier-based
multiplex technologies and homogeneous multiplex assay are also described.
Setting construction, restrictions, benefits and perspectives for simultaneous
detection of multiple analytes in one probe with no or minimum sample
preparation are discussed.

The sixth chapter summarizes hot-points in rapid tests development, such as
an application of new substrate platforms with an example of photonic crystal
fibres and multiplexing of labels with an example of multiloaded with quantum
dots nanostructures. Photonic crystal fibres enable to trap light in a hollow void
inside fibre by surrounding it with a 2D periodic photonic crystal. This allows
turning of the waveguiding properties of the fibres. The second part of the
chapter devoted to the construction of multiloaded with quantum dots labels.
Nanoscale size of quantum dots offers the prospect of creating of multiloaded
nanostructures to illustrate novel concepts and promising labels for analysis.
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Such labels include carbon nanotubes decorated with quantum dots, layer-by-
layer built microcapsules, loaded with quantum dots, dendrimer-based archi-
tectures with incorporated quantum dots and silica structures enveloped
multiple quantum dots.

This is a book with a tiny bit of philosophy, a drop of history, little stories
about rapid tests to describe the area from premier ABC-book level to the
current situation and advanced technologies. With close attention to the basic
principles and the specific issues, considering the breadth of the field that the
rapid tests may offer, the coverage of this book is by no means complete,
leaving room for challenge and research.

I would like to thank my friends and collaborators for their experience,
help, comments, approval and disapproval, ideas and patience, flights of
imagination and soft touchdowns. I would like to thank the series editor,
Damia Barceld, for invitation to write this volume and the publishing team
from Elsevier for their assistance. I would also like to thank my family, Alex
and Olga, for their understanding, patience and support.

Irina Yu. Goryacheva
April 2016



Chapter 1

Introduction

There is a continuum in analytical technologies from methods, requiring
specialists, infrastructure and a centralized approach, to less demanded tech-
nologies that can be used onsite and require little to no special knowledge and
supporting infrastructure. Development of equipment-related techniques is the
highest point of this trend, and for the last several decades humanity achieved
a huge progress in this direction. A spectacular product of such development is
a complex of mass spectrometry—based methods which is used to identify the
amount and type of chemicals present in a sample by measuring the mass-to-
charge ratio. These methods allow to implement things deemed fantastical just
a few years ago, such as simultaneous detection of hundreds of substances at
low concentration in nanolitre volume, discovery of new metabolites and
confirmation of precursor structure, finding out the essence of unknown
compounds, including the ones with molecular weight up to millions of Da,
and establishing pathways and kinetics of reactions. Modern industry provided
analytical techniques with fantastical possibilities to determine quality and
quantity of substances and kinetics of processes using ion sources, orbitrap,
triple quadrupoles and other fine tools.

On the other hand, for the last several million years nature has been dealing
with the same problems. Which components are inside the body? Is concen-
tration of them too high? Is their form and type correct and healthy? How to
distinguish self and nonself? Nature developed complex systems of the living
beings such as immune system and compliment system. Therefore, the second
prominent trend in contemporary analytical science is to utilize interactions
that have already been developed by nature for analytical purposes. This idea
is especially attractive because such processes are very specific, very sensitive,
run out at soft temperatures, in close to neutral aqueous medium in the
presence of hundreds of various compounds. Thus, humanity needs only to
find a way to make these processes useful for assay and to create settings for
‘visualization’ and ‘understanding’ of its outcomes. For this purpose it is
necessary to modify these processes to make clearly distinguishable results for
different concentration of target analyte (analytes). But the problem is how to
make it visible to the naked eye or to the equipment. It can be solved by
several means including by initiating a reaction resulting in distinctly detected
phenomena, such as precipitation or colour changing, or by using special
labels or equipments sensitive to the changes in medium properties in the
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presence of analyte. Application of biological components makes these
processes very suitable for clinical assay and related areas, because of the
initially physiological conditions of immunoreactions. Dry chemistry one-step
tests, such as lateral flow immunoassays, have traditionally been placed at the
lower end of the spectrum of analytical methods.

Today, immunoassays are applied everywhere from the clinical area to food
and environment control, and now it is difficult to find a situation where
immunoassay is not applicable. Rapid immunotests are appropriate for qual-
itative and semiquantitative analysis and also, for some extent, quantitative
monitoring onsite or in resource-poor or nonlaboratory environments.

Driving forces for development of rapid immunotests include:

e Development of immunoreagents and methods of their synthesis.

e Development of new formats.

e Development of new settings to make existing laboratory methods appli-
cable for out-of-laboratory conditions.

e Development of new equipment and readers, including those capable of
detecting media properties (eg, emission decay) using compact, cheap,
handheld instruments.

e Development of solid supports and platforms for immunoreactions,
including platforms capable of signal modulation (eg, photonic crystal
waveguides).

e Development of new labels.

The progress in developing cheap and fast detection tests is related to
achievements in such high tech area as nanotechnology. The major merit of
using nanotechnology is the possibility to control and tailor material properties
in a very predictable manner to meet the needs of specific applications. A huge
effort has been made in the field of rapid tests development to simplify the
assay procedures while preserving the essential benefits such as sensitivity,
robustness, broad applicability and suitability to automation. This has
improved applicability of such tests in decentralized or out-of-lab environ-
ments. In order for this evolution in capability to occur, numerous improve-
ments in such fields as labels, reagents, operating techniques, manufacturing
equipment and process technology were made, and a whole new generation of
facilitative technologies was introduced.

The impact of rapid tests progress for clinical, social, economic and other
aspects of life can be suitably demonstrated by the progress made in pregnancy
tests development since the 1970s. The first rapid pregnancy test called
Wampole test became available to doctors and technicians only nearly
40 years ago. The test results were obtained via complex 2-h procedure. The
first home pregnancy test called the e.p.t. (which originally stood for ‘early
pregnancy test’, and later for more comforting ‘error proof test’) was intro-
duced in 1977. This test also took 2 h and was more accurate when dealing
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with positive results. The chances of accuracy were 97% for positive results
but only 80% for negative results.

In 1978, an issue of ‘Mademoiselle’ described the original e.p.t. as follows:
‘For your $10, you get premeasured ingredients consisting of a vial of purified
water, a test tube containing, among other things, sheep red blood cells as well
as a medicine dropper and clear plastic support for the test tube, with an angled
mirror at the bottom.” [Mademoiselle, April 1978, p. 86]. The advantages
stated were, ‘privacy and not having to wait several more weeks for the
doctor’s confirmation, which gives you a chance, if pregnant, to start taking
care of yourself...’



Chapter 2

Rapid Tests Progress Through
the Years
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1. INTRODUCTION

The dream of magical rapid tests which allow you to immediately know the
results without any tools and reagents accompanies humanity through the
millennium. The attempts to clarify conviction of guilty wives with ‘rice test’,
or determine gender of unborn child on the base of pregnant women urine
properties are the first historical examples of such tests. Since then a lot was
changed in methodology and validation, but it is interesting to mention the
body fluids till now are the most usable matrices for rapid tests.

Despite best efforts through the ages, it was not until the mid-20th century
that the majority of rapid methods gained real predictive value. The main key
here was establishment of instrument for precise selection of an aim which is
directly responsible for the target characteristic. The historical break-through
was connected with introduction of antibody as recognizing tool and visual-
ization of antibody—antigen interaction.

Prehistory of immunoanalytical methods is the development of immu-
nology, started with the classical works of English physician Edward Jenner,
demonstrated vaccination by injection of products of the sick organism as a
mechanism to induce immunity to small pox and subsequently to other in-
fectious diseases. In 1882 the Russian scientist Ilya Metchnikoff first proved
that ‘phagocytosis’; of microorganisms by leucocytes was the major host
defence against infection [1]. In 1888 Emil von Behring first demonstrated that
nonlethal doses of the toxin from diphtheria induced immunity to organism;
soon after Emil von Behring and Shibasaburo Kitasato demonstrated that

Comprehensive Analytical Chemistry, Vol. 72. http://dx.doi.org/10.1016/bs.coac.2016.03.007
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immunity to infection following injections of bacterial toxins was the result of
the appearance of a ‘factor’ in the serum which neutralized the toxin [2]. This
antitoxin activity could be transferred to normal animals by injecting serum
from immune animals. It thus appeared that the body was able to respond to
external infections by producing serum components that would neutralize their
toxic effects. These serum components were called ‘antibodies’, and they
escort the human and mammals for millions years protecting them against
diseases. They are Y-shaped proteins produced by plasma cells that are used by
the immune system to identify and neutralize foreign objects such as bacteria
and viruses. The antibody binds the foreign aim, called an antigen by recog-
nizing an antigen unique part, called antigen determinant or epitope. Epitope
plays the role of ‘key’, compatible part of antibody (paratope) analogous to a
lock. This key—lock bound is very precise and strong, while formed by big
amount of weak intermolecular interactions. The role of an antibody in the
blood is to tag a microbe or an infected cell for attack by other parts of the
immune system, or neutralize it directly (eg, by blocking a part of a microbe
that is essential for its invasion and survival).

The role of antibody as a tool for in vitro assay is also to capture and hold
the target. Besides of traditional ‘natural’ antibody, different kinds of modified
‘artificial’ ones are developed for improving properties and simplification of
procedure.

Another important element is the tool that would make antigen—antibody
complex formation ‘visible’ for naked eyes and/or equipment/reader. The
simplest effect to detect was the formation of the visible new phase, such as
precipitate.

2. PRECIPITATION

The simplest immunoassay method is based on the detection of precipitate,
which forms after the reagent antibody has incubated with the sample and
reacted with their matching antigen to form insoluble aggregates [3]. The
precipitation (precipitin test) is an example of a clinical test based on
antigen—antibody reaction. Precipitation is a kind of serological reactions very
similar to agglutination reaction though both are highly specific.

Michael Heidelberger in 1939 [3] developed the first time quantitative
precipitation test and also purified antibody for the first time. In these
experiments antibodies were able to precipitate antigens through multivalent
binding, in which two Fab fragments in a single antibody can simultaneously
bind to two antigens. A matrix of antigen—antibody complexes in a solution
will then lead to a formation of a visible precipitate. In the precipitin test, a
soluble antigen and antibody diffuse towards each other, and a visible pre-
cipitate forms when the two solutes meet at an optimal concentration [4].
Usually, a blood specimen is mixed with test antigen to detect patient anti-
bodies, most often in suspected fungal infection or pyogenic meningitis.
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Because a positive result requires a large amount of antibody or antigen,
sensitivity is low.

To improve sensitivity and to decrease the amount of immunoreagents
become possible to use as analytical signal not formation of precipitate, but
more sensitive changing of light scattering through antigen—antibody
immunocomplex formation. Application of nephelometers allowed quanti-
tative measuring of the turbidity of solution and the method was called
nephelometry.

There are many types of precipitation tests (eg, Ouchterlony double
diffusion and counter-immunoelectrophoresis). The double immunodiffusion,
or Ouchterlony gel diffusion, takes place in an agarose gel, with adjacent wells
filled with an unknown soluble antigen and the known antibody solution. If
antigen specific for the known antibody is present, the two components pro-
duce a visible precipitin band in the gel.

In counter-immunoelectrophoresis, electrical current is applied to speed up
the migration of soluble antigens and antibodies and concentrated them in
small part of solution. In basic pH, most microbial antigens have a net negative
charge migrating towards the positively charged electrode. Antibody mole-
cules are only weakly negatively charged or neutral under alkaline conditions,
and hence, they do not migrate in the electrical field but are carried towards the
cathode by the buffer ions — a phenomenon called electroendoosmosis [4].
When target antigen and antibody are present, they will meet and form a
visible precipitin band. Compared to passive diffusion, the electrophoretically
enhanced system is much faster, requiring less than an hour for completion.
In the 1970s, counter-immunoelectrophoresis was widely used in clinical
laboratories, but it has now been replaced by faster, more sensitive and user-
friendly immunochemical tests for antigen detection.

3. AGGLUTINATION

Complex formation between antibodies with their matching antigens on a
surface of large particles, such as animal cell, erythrocytes, or bacteria, results
in antibodies cross-linking the cells-forming visible clumps. This reaction is
termed as agglutination. Herbert Edward Durham and Max von Gruber
discovered specific agglutination in 1896; the process became known as
Gruber—Durham reaction. Von Gruber introduced the term agglutinin (from
the Latin) for any substance that caused agglutination of cells.

First this reaction was used as the basis for a test for typhoid fever. French
physician Fernand Widal found that blood serum from a typhoid carrier caused
a culture of typhoid bacteria to clump, whereas serum from a typhoid-free
person did not [5]. This test for typhoid fever was the first widely used
example of serum diagnosis.

Another important practical application of the agglutination reaction was
discovered by Austrian physician Karl Landsteiner. In 1900 he found out that
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the blood of two people under contact agglutinates, and established this
effect was due to contact of blood with blood serum. Landsteiner discovered
the ABO blood group system by mixing the red cells and serum of each of
his staff. He demonstrated that the serum of some people agglutinated the
red cells of other [6]. Landsteiner’s discovery that red cells from some
people are agglutinated by serum from others was the beginning of the
haematological revolution. From these early experiments, he identified three
types, called A, B and C (C was later to be renamed O for the German
‘Ohne’, meaning ‘without’, or ‘Zero’, ‘null’ in English). The fourth less
frequent blood group AB, was discovered a year later. In his research
Landsteiner found out that blood transfusion between persons with the same
blood group did not lead to the destruction of blood cells, whereas this
occurred between persons of different blood groups [7]. Landsteiner’s
agglutination tests and his discovery of ABO blood groups was the start of
the science of blood transfusion and serology which has made transfusion
possible and safer. In 1930, Landsteiner received the Nobel Prize in physi-
ology and medicine for his work.

In modern agglutination tests (eg, latex agglutination and coaggregation), a
particle (latex bead or bacterium) is coupled to a reagent antigen or antibody.
The resulting particle complex is mixed with the specimen (eg, serum); if the
target antibody or antigen is present in the specimen, it cross-links the parti-
cles, producing measurable agglutination. If results are positive, the body fluid
is serially diluted and tested. Agglutination with more dilute solutions
indicates higher concentrations of the target analyte (antigen or antibody). The
titre is correctly reported as the reciprocal of the most dilute solution yielding
agglutination; for example, 64 indicates that agglutination occurred in a so-
lution diluted to 1/64 of the starting concentration. Agglutination is widely
used as a method of identifying specific bacterial antigens, and in turn, the
identity of bacteria. Because the clumping reaction occurs quickly and is easy
to produce, agglutination is a common technique in diagnosis. Usually,
agglutination tests are rapid but it sensitivity is less than many other methods
(eg, label-based methods).

In current clinical medicine, agglutination reactions have many applica-
tions. They can be used to type blood cells for transfusion, for identification of
bacterial cultures and to detect the presence of a specific antibody in the serum
of the patient. Agglutination is primarily used to check if a patient has a
bacterial infection or not.

The main difference between precipitation and agglutination pertains to the
size of antigens. In the case of precipitation, antigens are soluble molecules
while in the case of agglutination; antigens are large, insoluble molecules.
Another difference between these two serological reactions is that agglutina-
tion reaction is more sensitive than precipitation reaction because a lot of
soluble antigens and antibody molecules are required to form a visible
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precipitate. However, it is possible to make a precipitation more sensitive by
converting it into agglutination reaction. This can be achieved by attaching
soluble antigens to large, inert carriers such as erythrocytes or latex beads.

Different variants of agglutination were developed, such as complement
fixation tests, haemagglutination inhibition assay, latex agglutination, staph-
ylococcal agglutination and immunoturbidimetric assays, and part of them is
still actual.

Complement fixation test. A variant of agglutination reaction is a, com-
plement fixation tests, which are used in public health laboratories. The
complement fixation test was first discovered by Jules Bordet and Octave
Gengou in 1901 [8]. The complement fixation test is employed not only
antigen—antibody interaction, but also the complement system. The comple-
ment system is a part of the innate immune system. It helps (or complements)
to clear pathogens from an organism. The complement system consists of over
30 proteins and protein fragments normally circulating in the blood as inactive
precursors. When stimulated by one of several triggers, proteases, in the
system cleave specific proteins to release cytokines and initiate an amplifying
cascade of further cleavages. The end result of this activation cascade is
massive amplification of the response and activation of the cell-killing
membrane attack complex. The complement system reacts with antigen—
antibody complexes. If this reaction occurs on a cell surface, it will result in
the formation of transmembrane pores and therefore destruction of the cell.

In 1894, Richard Pfeiffer, a German scientist, had discovered that when
cholera bacteria were injected into the peritoneum of a guinea pig immunized
against the infection, the pig would rapidly die. This bacteriolysis, Bordet
discovered, did not occur when the bacteria was injected into a nonimmunized
guinea pig, but did so when the same animal received the antiserum from an
immunized animal. Moreover, the bacteriolysis did not take place when the
bacteria and the antiserum were mixed in a test tube unless fresh antiserum
was used.

However, when Bordet heated the antiserum to 55°C, it lost its power to
kill bacteria. Finding that he could restore the bacteriolytic power of the
antiserum if he added a little fresh serum from a nonimmunized animal,
Bordet concluded that the bacteria-killing phenomenon was due to the com-
bined action of two distinct substances: an antibody in the antiserum, which
specifically acted against a particular kind of bacterium; and a nonspecific
substance, sensitive to heat, found in all animal serums, which Bordet called
‘alexine’ (later named ‘complement’). In a series of experiments conducted
later, Bordet also learnt that injecting red blood cells from one animal species
(rabbit cells in the initial experiments) into another species (guinea pigs)
caused the serum of the second species to quickly destroy the red cells of the
first. And although the serum lost its power to kill the red cells when heated to
55°C, its potency was restored when alexine was added. It became apparent to
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Bordet that haemolytic (red cell destroying) serums acted exactly as bacteri-
olytic serums; thus, he had uncovered the basic mechanism by which animal
bodies defend or immunize themselves against the invasion of foreign ele-
ments. Eventually, Bordet and his colleagues found a way to implement their
discoveries and develop a method to visually determine the presence of bac-
teria in a patient’s blood serum. This process became known as a complement
fixation test [9].

At the beginning, complement has been considered to function only in
conjunction with antierythrocyte and antibacterial antibodies, to affect the
lysis or death of target cells [10]. This finding led Albert Neissner to show that
complement fixation might be employed for the determination of proteins for
forensic purposes and August Paul von Wasserman to show that this approach
might also be employed for the diagnosis of syphilis and other infectious
diseases [11].

The complement fixation test is a diagnostic technique that was used to
detect the presence of infectious agents in the blood, including those that cause
typhoid, tuberculosis and, most notably, syphilis (the Wassermann test). The
complement fixation test is used to detect the presence of either specific
antibody (more often) or specific antigen. It was widely used to diagnose
infections, particularly with microbes that are not easily detected by culture
methods, and in rheumatic diseases.

The basic steps of a complement fixation test are as follows.

The first step is a negation of any effects of different level of amount of
complement proteins in patient’s serum. Thus, the complement proteins in the
patient’s serum must be destroyed and replaced by a known amount of stan-
dardized complement proteins. To standardize complement fixation test, a
patient’s serum is heated in such a way that all of the complement proteins —
but none of the antibodies — within it are destroyed. This is possible because
complement proteins are much more susceptible to destruction by heat than
antibodies. Then a known amount of standard complement proteins (usually
obtained from guinea pig serum) are added to the serum. Also the antigen of
interest is added to the serum.

On the second step, to determine whether complement has been fixed,
sheep red blood cells and antibodies against sheep red blood cells are added. If
patient’s serum contains antibody against the antigen of interest, the com-
plement is already attached to the antigen—antibody complex in the serum and
not able to induce sheep red blood cells lysis because of no complement left in
the serum. Therefore, these cells settle to the bottom of the tube. If patient’s
serum does not contain antibody against the antigen of interest, complement is
free to react with complex sheep red blood cells—antibody. As the complement
is not depleted it will react with the sheep red blood cells—antibody com-
plexes, lysing the sheep red blood cells and spilling their contents into the
solution, thereby turning the solution pink.
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While detection of antibodies is the more common test format, it is also
possible to detect the presence of antigen. In this case, the patient’s serum is
supplemented with specific antibody to induce formation of complexes;
addition of complement and indicator sheep red blood cells is performed as
described in the preceding paragraphs.

The complement fixation test was widely used to diagnose infections,
particularly with microbes that are not easily detected by culture methods, and
in rheumatic diseases. Complement fixation test meets the following criteria:

1. it is convenient and rapid to perform;
2. the demand on equipment and reagents is small;
3. alarge variety of test antigens are readily available.

Although complement fixation test is considered to be a relatively simple
test, it is a very exacting procedure because variables are involved. In clinical
diagnostic laboratories it has been largely superseded by other methods such as
enzyme-linked immunoassay and by DNA-based methods of pathogen
detection, particularly polymerase chain reaction.

Haemagglutination. The haemagglutination (from the Greek haima —
blood and Latin agglutinatio — binding) is an agglutination of red blood cells
in the presence of bacteria, viruses, toxins, and so on, which adsorb on the
surface of red blood cells. As each of the agglutinating subjects attaches to
multiple red blood cells, a lattice-structure will form. The haemagglutination
assay and its extension, the haemagglutination inhibition assay, were invented
by American virologist George Hirst. In 1941, Hirst discovered that adding
influenza virus particles to red blood cells caused them to agglutinate or stick
together forming a lattice, a phenomenon called haemagglutination [12]. Hirst
developed this reaction into the haemagglutination assay, which allows the
amount of virus in the sample to be measured. He soon realized that the
haemagglutination assay could easily be adapted to measure the levels of
antibody specific to the virus strain in human serum: any antibodies present
bind to the influenza virus particles, prevent them from crosslinking red blood
cells and so inhibit haemagglutination [13].

Haemagglutination inhibition assay is an indirect or passive agglutination
assay where the antigen is bound to an inert substance and then mixed with
patient serum containing the possible antibody. Serially diluted serum samples
are placed in a V-well microtitre plate to which the viral antigen and the red
blood cells are added. The last serial dilution that yields total inhibition of
agglutination is the serum titre for the patient. This haemagglutination
inhibition assay can be applied to many viruses carrying a haemagglutinin
molecule, including rubella, measles, mumps, parainfluenza, adenoviruses,
polyomaviruses and arboviruses, and is still widely used in influenza
surveillance and vaccine testing. Haemagglutination inhibition assays are quite
tedious and labour intensive because they require fresh erythrocytes and
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antigen dilutions each time the test is performed. At the moment, one of three
immunochemical treponemal tests used for the identification of syphilis is
based on a qualitative haemagglutination test. In this assay, anti—Treponema
pallidum antibodies are detected using sheep red blood cells as a carrier for the
antigen. For the test, the patient serum is serially diluted and added to both T.
pallidum—sensitized and unsensitized sheep red blood cells, and the results are
reported as titres for the haemagglutinization reaction [4].

Latex agglutination test. The first description of a test based in latex
agglutination was the rheumatoid factor test proposed by Jacques Singer and
Charles Plotz [14] in 1956. Since then, tests to detect microbial and viral
infections, autoimmune diseases, hormones, drugs and serum proteins have
been developed and marketed by many companies worldwide [15]. Latex
agglutination tests become very popular in clinical laboratories. These tests
have been applied to the detection of over 100 infectious diseases, and many
other applications are currently available.

In latex agglutination procedures, an antibody (or antigen) coats the surface
of latex particles (sensitized latex). When a sample containing the specific an-
tigen (or antibody) is mixed with the milky-appearing sensitized latex, it causes
visible agglutination. The degree of agglutination plotted as a function of
agglutinant concentration follows a bell—shaped curve similar to the precipitin
one. Latex particles are used to magnify the antigen—antibody complex [15].

At the beginning many of the latex agglutination tests developed were
performed manually and the agglutination was detected by visual observation.
Although quite useful in the laboratory and cheap due to the absence of
equipment needs, these manual assays suffered from lack of consistency in
end-point readouts. It had been established that about 100 clumps must be seen
to determine agglutination, and that these clumps must be of about 50 um in
size to be seen by eye [16]. Since the most common size for latex in these tests
is 0.8 um, about 10° latex particles would be required to make one visible
aggregate, and about 107 particles would be needed to determine agglutination
in a given test. Based on these calculations and assuming that about 10 bonds
are required per particle to hold them together, Bangs [16] has evaluated the
sensitivity of such a manual tests to be in the order of picograms.

Latex agglutination tests are prone to false-positive results due to
nonspecific agglutination reactions. Hence, it is important to include proper
positive and negative controls in the test. Sample pretreatment methods, like
centrifugation, boiling, or filtration can be helpful in elimination or minimi-
zation of nonspecific agglutination. Some specimens, like urine, can be
concentrated by centrifugation or membrane filtration to increase the test
sensitivity. Latex agglutination test kits are commercially available. The tests
are easy to perform and sensitive. However, they might not be the fastest
method of choice [4].

During the years, several approaches to detect latex particles agglutination
have been described using spectrophotometers and nephelometers which
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measure absorbed or scattered light, in place of the human eye. Agglutination
detects in tubes or 96-well plates [16]. Some companies have devised particle
counters appropriate to detect very small clumps. Angular anisotropy or quasi-
elastic light scattering have also been applied to latex agglutination tests. Any
of these new approaches allows to increase sensitivity and to improve
standardization, and the procedures involved may be automated [15]. In
staphylococcal coagglutination tests, intact formalin-killed Staphylococcus
aureus cells were used for visualization instead of latex beads [17]. The cell
walls of these organisms contain protein A, which binds to the Fc portion of
the IgG antibody, leaving the Fab portion available to react with specific
antigens.

Coagglutination is more susceptible for nonspecific reactions, and sample
preparation is even more important than when using latex particles. Coag-
glutination is highly specific, though, and it is often used to confirm the
identification of bacterial colonies in culture plates, but it is often not the best
choice for rapid antigen detection in a clinical specimen. Even though latex
agglutination tests are rapidly being replaced by faster methods like lateral-
flow test strips, latex agglutination tests are still routinely used for culture
confirmation and serotyping in many clinical laboratories [4].

4. RADIOIMMUNOASSAY

Discovery and possibilities. The next important era in clinical tests devel-
opment began with the application of the labels for ‘visualization’ of an
antigen—antibody interaction. The first label was radioactive and was intro-
duced by Solomon Berson and Rosalyn S. Yalow in 1959 [18] for insulin
assay. Berson and Yalow recognized the demands for sensitivity and speci-
ficity of an assay system and introduced radiometric methods to measure the
antigen—antibody reaction. Radioimmunoassay (RIA) become a powerful
tool for years and introduced a lot of theoretical and technical breakthrough
in immunoassay practice. The important outcome of these experiments is not
only first introduction of label-based assay, but also competitive assay format.
This immunoassay is based on the competition between labelled antigen
(tracer) and unlabelled antigen for specific antibody sites, forming antigen—
antibody complexes.

In 1955 Berson and Yalow, injected two groups of human subjects with
31.labelled insulin: One group had previously been treated with insulin,
while the second group had never received exogenous insulin. The disap-
pearance of '*'I-insulin measured by trichloroacetic acid precipitation in
serially obtained blood samples was determined. Insulin disappearance from
the blood of patients who had received insulin previously was markedly slower
than in the patients who had never received insulin. Electrophoretic separation
demonstrated that '*'I-insulin was bound to a globulin fraction in the first
group of patients. The extraordinary specificity of this reaction and its
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quantitation were demonstrated and made a basis of the new assay [19,20].
Aside from making this conceptual breakthrough, they also prepared and
evaluated antisera with satisfactory specificity and with high-affinity constants
capable of detecting physiological concentrations of unique peptides, as well
as iodinating peptides at high specific activity with minimal denaturation. This
was essential for the quantitation of the sensitive antigen—antibody affinity
constants, which were much greater than immunologists had previously
supposed. Concluding that at these concentrations precipitation of the com-
plexes was unlikely, they adopted and applied methods for the separation of
antibody-bound radioactivity and the free radioactive (hormonal) antigen [21].

In addition to providing an insight into insulin secretory physiology in
health and disease, these investigations stimulated the rapid appreciation of the
technical subtleties in the handling, storage, interaction and separation of
dilute labelled and unlabelled peptides and antisera [22,23].

Despite the significance of the RIA of plasma insulin, the general appli-
cability of the method remained to be demonstrated. The development of the
RIA of human growth hormone accomplished this [24,25]. Thereafter it was
apparent that although each hormone (or another analyte) might vary in an-
tigenicity and have its own peculiar physical properties influencing solubility
and iodination and affecting the binding to surfaces, a method had been
developed to study and pursue the answers to these problems [21].

The role of RIA in patient care, nuclear medicine, blood banking, aller-
gology, endocrinology clinical chemistry, and clinical and basic medical
investigation has been well documented in several reviews [21,26—29].

Principle of RIA. To perform RIA, a known amount of a radioactive-
labelled antigen (tracer) is mixed with a known amount of antibody specific for
this antigen, and as a result, the two form immunocomplex, specifically
binding to one another. Then, a sample containing an unknown quantity of the
antigen is added. This causes the unlabelled (so-called ‘cold’) antigen from the
sample to compete with the radiolabelled antigen (‘hot’) for restricted amount
of antibody-binding sites. As the concentration of ‘cold’ antigen is increased,
more of it binds to the antibody, displacing the tracer, and reducing the ratio of
antibody-bound radiolabelled antigen to free radiolabelled antigen. Separation
of the antibody—antigen complexes from free antigen is achieved by precip-
itation of the antibody-bound tracer with either a secondary antibody solution
directed against the genus- or species-specific immunoglobulins of the primary
antibody, or by use of polyethylene glycol. Then the bound antigens are
separated from the unbound ones, and the radioactivity of the free antigen, not
bound to the immunocomplex with antibody, remaining in the supernatant is
measured using a gamma counter. This assay is performed in homogeneous
format, and it was developed first. To develop the first RIA insulin antibodies
were purified from insulin-treated subjects and used. In order to detect native
insulin from blood samples, tyrosine residues of insulin were labelled with
radioactive iodine (1311), which competed with unlabelled insulin from the
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sample for binding to the antibody. After an incubation period, the bound and
free fractions were separated from each other by paper chromatography, and
the radioactivity values of the separated fractions were measured by a scin-
tillation counter [29,30].

In heterogeneous format antibody is attached to the solid support (an
insoluble material). Limited amount of antibody-binding sites on the surface of
solid support can either bind unlabelled ‘cold’ ligand or radiolabelled ‘hot’
ligand. As the amount of analyte increases, there is consequently less radio-
labelled ligand bound. The analyte can come from either a ‘calibration stan-
dard’ or from the sample. After incubation is performed, solid support is
finally washed out with water or buffer solution and counted for quantitation of
the bound tracer.

In 1968, Miles and Hales published their first results of an ‘immuno-
radiometric’ technique with radioactive-labelled antibodies rather than
labelled antigen for measuring insulin in human plasma [31]. These labelled
antibodies were used in other kind of heterogeneous format. An analyte (eg,
suspected allergen) was bound to the solid support and the sample (patient’s
serum) is added. If the serum contains antibodies to the allergen (IgE is the
antibody, associated with Type I allergic response), those antibodies will bind
to the attached allergen. Radiolabelled antihuman IgE antibody is added where
it binds to those IgE antibodies already bound to the solid support. The
unbound antihuman IgE antibodies are washed away. The amount of radio-
activity is proportional to the serum IgE for the allergen.

The type of solid supports is especially important from the point of the
development of rapid tests. Heterogeneous format gives possibility for pre-
concentration of the analyte (or analytes) on the solid support and fast simple
washing steps. As RIA was the first label-based heterogeneous method, many
types of possible materials and forms of solid supports are introduce in the
practice. A lot of water-insoluble polymers of different chemical nature were
tested and as optimal either poly-(tetrafluoroethylene-g-isothiocyanatostyrene)
[32] or Sephadex—isothiocyanate [33] were found. After that the former
polymer has been prepared in the form of small discs [34].

During examination of various polymeric materials for applicability to
solid-phase RIA, it became apparent that certain unsubstituted polymers may
adsorb antibody that can then bind an adequate quantity of radioactive tracer
antigen for use in the assay. In contrast, adsorption of antibody to glass was
negligible [35]. The two most commonly available disposable plastic tubes
were manufactured from polypropylene or polystyrene, both of which gave
satisfactory results in the assay. The assay was performed in tubes suitable for
use in a gamma counter, adequate uniformity of replicates was achieved, and
satisfactory results were obtained by overnight incubation without initial
disequilibration. Expense was minimized by use of the same tube for all
phases of the assay procedure; thus incubation, separation of bound and free
tracer, and counting of the bound tracer were all performed in a tube costing



16 Rapid Immunotests for Clinical, Food and Environmental Applications

only a few cents. The advantages of use of antibody-coated tubes were
currently being incorporated into a system for automated RIA [35]. The next
step of simplification and automatization was application of microtitre well
plates [36] with related microplate scintillation counter. Simple paper disc
were used for RIA by [37].

Radioactive labels. Radioactive labels were the first group of labels
providing high sensitivity. Their radioactivity (analytical signal) was measured
with liquid scintillation counter or gamma counter.

The specific activity of the labelled compound is an important consider-
ation, since the sensitivity of the assay is strongly dependent on the total
amount of the tracer used. Clearly, low specific—activity tracers will have a
greater molar concentration of tracer per radioactive unit and, consequently,
less sensitivity. Also label should not occur with great frequency in organic
compounds, such as, for example, of carbon atoms and 4c isotope. Tritium
has generally been limited to use in steroid hormone and drug assays. For
analytes with the lower concentration, such as peptide hormones in plasma,
high specific—activity labelled compounds are needed. This requirement has
limited the radionuclides useful for this purpose to '*'T and '*°I These isotopes
were attached to the tracer molecules through the tyrosyl molecule. One or two
iodine atoms may react with each tyrosyl moiety. The total number of tyrosyls
per tracer molecule determines the maximal capacity of the molecule for
iodine. It is desirable from the point of view of maximal specific activity to
incorporate as many radioiodine atoms per molecule as possible. However, an
increase in iodine content places a practical limitation through loss of
immunological cross-reactivity of the iodinated antigen. Thus, it was neces-
sary to accept a compromise, sacrificing maximal activity for other consid-
erations. Since potential loss of immunerecognition is the price paid for the
introduction of each iodine atom per tracer molecule (except for naturally
iodinated molecules, such as triiodothyronine and thyroxine), it is worthwhile
to attempt to incorporate only radioiodine through the use of pure preparations
of the radionuclide selected. While pure '*'I has a theoretical potential-specific
activity, about 7 times higher than the specific activity of pure '*I, the greater
isotopic abundance of '*°I, has resulted in '*°I emerging as the radionuclide of
choice for use in RIA systems [21]. The longer half-life of '*I (lifetime
56 days), compared to "' (lifetime 8 days), while theoretically a disadvan-
tage, becomes an advantage in the real world of laboratory operation. For
equivalent amounts of radioactivity, the labelled substrate concentration
increases with radionuclidic decay, so that Bl labelled antigen per tube in an
assay performed 8 days after iodination will contain twice the amount of
antigen as it would have contained on the day of preparation. By contrast,
125T-]abelled compounds, with a 60-day physical half-life, will have 91% of
their original specific activity after 8 days. It should be recalled that in the
original studies 131 (B and vy radiation) was used for the labelling because no
alternatives were available at that time. The potential health problems related
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to the use of radioactive materials were greatly diminished when manufac-
turers such as Amersham and NEN began marketing '*’I (weak 7y radiation)
preparations of sufficiently high specific activity and purity [38].

Application. Insulin was the first analyte to measure, followed with the
growth hormone detection. The RIA for insulin has paved the way for
the development of immunoassays for thousands of other analytes over the
ensuing half a century. Despite the significance of the RIA of plasma insulin,
the general applicability of the method remained to be demonstrated. The
development of the RIA of human growth hormone accomplished this [24,25].
Thereafter, it was apparent that although each hormone (or allergen, or another
analyte) might vary in antigenicity and have its own peculiar physical
properties influencing solubility and iodination and affecting the binding to
surfaces (for heterogeneous assay), a method had been developed to study and
pursue the answers to these problems [21]. The RIA technique immediately
caught the imagination of many researchers and clinicians, and RIAs for new
analytes were published at a rapid pace and variants of the method were
rapidly developed [38].

Table 1 presents list of the compounds assayed by RIA. RIA can be applied
to most forms of biological material, such as blood, urine and tissue prepa-
rations. It was possible to automate at least parts of the assay procedures, and
calculation of the results by computer facilitates the handling of large numbers
of samples simultaneously.

With the inclusion of a separation step several analytes (eg, antibodies
related to allergic response) could be measured simultaneously in small
sample volumes. The required plasma volumes are also small enough to
allow for frequent sampling in the same patient when, for example, hormone
profiles and rapid fluctuations should be measured. Very fast RIA almost
completely conquered the field of hormone analysis and has made obsolete
almost all previously used techniques for routine analysis. The assays offered
satisfactory reliability, and the sensitivity was sufficient for many medical
problems. It was possible to detect as low as few picograms of analyte in the
experimental tube when using antibodies of high affinity (Kq=10"%—
107" M).

A decision by Drs Berson and Yalow to not patent this technology accel-
erated the progress of RIA and the full area of immunoassay development.

Disadvantages. Despite an important role of RIA in clinical assay for wide
range of analytes, patient care, nuclear medicine, blood banking, allergology
and endocrinology, for now, it is almost not possible to meet RIA in clinical
laboratories. While conceptual breakthrough of RIA technique for different
areas of assay and medicine, which impossible overestimate, there are some
principal unavoidable disadvantages:

e Although the RIA technique is extremely sensitive and very specific,
requiring specialized equipment, it remains among the least expensive
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TABLE 1 Radioimmunoassay Application

Hormones

Drugs [28]

Class of
Compounds

Steroid hormones
[21,39]

Peptide
hormones [21]

Analgesics

Antibiotics

Anticonvulsants

Antidiabetic
agents

Antihypertensives

Compounds

Qestrogens (estrone, estradiol, estriol,
estrone-sulphate, 2-hydroxyestrone,

15 a-hydroxyestriol)

Corticosteroids (cortisol, corticosterone,
deoxycorticosterone, aldosterone)
Androgens (testosterone,
dihydrotestosterone, testosterone-
glucuronoside, dehydroepiandrosterone,
dehydroepiandrosterone-sulphate,
androstenedione, androstene-38, 17B-diol
androsterone)

Progestins (progesterone,
17-hydroxyprogesterone, pregnenolone,
17-hydroxypregnenolone)

Synthetic steroids (medroxyprogesterone,
dexamethasone, prednisone, cortisone,
hydroxycortisone)

Growth hormone, adrenocorticotropi c
hormone (ACTH), melanocyte-stimulating
hormone (MSH), thyrotropin-releasing
factor (TRF), thyroid-stimulating hormone
(TSH), follicle-stimulating hormone (FSH),
|uteinizing hormone (LM), prolactin,
lipotropin (LPH), vasopressin, oxytocin,
human chorionic gonadotropin (HCG),
human chorionic somatomammotropin
(HCS), insulin, prolnsulin, C-peptide,
glucagon, enteroglucagon, parathyroid
hormone (PTH), calcitonin (CT), gastrin,
secretin, cholecystokinin (CCK),
angiotensins, bradykinins, somatomedins

Aspirin, codeine, etorphine, fentany 1,
hydromorphone, methadone, morphine,
pentazocine

Adriamycin, amikacin, chloramphenicol,
daunomycin, gentamicin, isoniazid,
penicillins

Sulphonamides, tetracycline

Phenytoin

Sulthiame

Glibenclamide
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TABLE 1 Radioimmunoassay Application—cont'd

Allergenes

Insecticides [28]

Tumour-associated

antigens [44,45]

Histamine [46]

Class of
Compounds

Antineoplastic
agents

Barbiturates

Cardiac
depressants

Cardiac
glycosides

Hallucinogens

Muscle relaxants

Compounds

Saralasin

Methotrexate, barbitone, pentobarbitone

Procaineamide

Digitoxin, digoxin, gitaloxin, gitoxin,
ouabain

Cannabinoids, lysergide, mescaline,
2,5-dimethoxy-4-methylamphetamine

Tubocurarine

IgE [40] and IgE antibodies [41,42]
Antigen P1 [43]

Aldrin, DDT, dieldrin, malathion

methods to perform such measurements. The cost of the equipment is the

limiting factor for RIA application.

e Because radioactivity poses a potential health threat, RIA application in
laboratories requires special precautions and licensing, since radioactive
substances are used.

e The counting of radioactivity is time consuming and the labels are short

living.

e In addition, the radioactive waste problem, the requirements of building
special laboratory facilities are among limiting factors of this technique.

RIA Outlook. RIA discovering, development and application was a bright
page in history of immunoassay, rapid tests and clinical assay development,
and initiated a lot of theoretical and practical research and discoveries in
related areas. RIA disadvantages had very positive role: they promote devel-
opment of new things, in the case of immunoassay they promote discovering
of new labels solid supports and as a results new formats.

Therefore alternative methods were awaited with great interest. Of the
further developments, enzyme immunoassay (EIA), where the radiolabel is



20 Rapid Immunotests for Clinical, Food and Environmental Applications

replaced by an enzyme, appear to overcome some of the problems of RIA.
Since in these assays analytical signal will not be the radioactivity but optical
density, fluorescence or chemiluminescence intensity and enzyme-immuno-
assay could be introduced into all clinical chemistry laboratories which had
been prevented from using RIA because of the high costs of counting
equipment.

5. ENZYME IMMUNOASSAY

The first published EIA and enzyme-linked immunosorbent assay (ELISA)
systems differed in assay design, but both techniques are based on the prin-
ciple of immunoassay with an enzyme rather than radioisotope as the reporter
label. Two scientific research groups independently and simultaneously
developed this idea in 1971 and executed the necessary experiments to
demonstrate its feasibility. The ELISA technique was conceptualized and
developed by Peter Perlmann and Eva Engvall at Stockholm University,
Sweden [47] who described a method for the analysis of the concentration of
immunoglobulin G in serum with alkaline phosphatase as the reporter label.
The EIA technique was introduced by Anton Schuurs and Bauke van Weemen
at the Research Laboratories of NV Organon, Oss, the Netherlands [48] as
pregnancy test.

At scientific meetings of the European RadiolmmunoAssay Club in Basel
in the early 1970s, the idea of using enzyme labels was met with scepticism
and incredulity: How could so bulky and large molecule as an enzyme be
attached to an antigen or antibody without sterically hindering the immuno-
chemical antigen—antibody binding [38]? This objection on principle was
nullified by carefully planned and executed experiments to demonstrate the
feasibility of enzyme assays. Initial results were encouraging, and later the
resounding success of the enzyme-(linked) immunoassay technique proved all
sceptics wrong. Labelling of antigen with a suitable enzyme instead of isotope
would allow to work without restrictions and risks related to radioactivity, and
also offer certain advantages:

e enzyme—antigen conjugates can be stabilized, so that one preparation can
be used for a long time;

e simpler equipment is usually required to measure enzyme activities than to
measure radioactivity.

As prehistory of application enzymes as label for immunoassay, between
1966 and 1969, the group in Villejuif reported their successful results of
coupling antigens or antibodies with enzymes such as alkaline phosphatase,
glucose oxidase and others [49,50]. Avrameas and colleagues developed the
coupling of these molecules by means of glutaraldehyde. Their purpose was to
use the enzyme-labelled antigens and antibodies to detect antibodies or
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antigens by immunofluorescence, and they applied their tools to histopathol-
ogy for histochemical detection antigens in tissue sections.

Developed by Avrameas and Uriel technique of coupling enzyme to anti-
bodies was used for the first time by Engvall and Perlmann for the quantitative
assay of antigens and antibodies. Immunoglobulin G (IgG) from rabbit was
used as antigen. A sheep—antirabbit IgG was conjugated to BrCN-activated
microcrystalline cellulose. Alkaline phosphatase from calf intestinal mucosa
was conjugated to the rabbit IgG by use of glutardialdehyde method [50]. The
conjugation experiments showed only 30—40% of the enzyme activity was lost
during conjugation. ELISA showed similarly with RIA sensitivity and preci-
sion. Repeated determinations (6 times during 5 months) of one batch of IgG,
diluted to give 49% inhibition in ELISA, gave a standard deviation of 1.5%.
Conjugates made with alkaline phosphatase showed to be very stable and if
stored in the cold they can be used for at least 6 months without any detectable
loss of activity [47]. According to format, the technique [47] was the devel-
opment of the heterogeneous radioimmunosorbent techniques for quantitative
determination of antigen [33] use is made of radioactively labelled antigen and
insolubilized antibodies, covalently coupled to cellulose or Sephadex.

Engvall’s group applied the ELISA measurement tool to parasitology (eg,
malaria [51] and trichinosis [52]), microbiology [53] and oncology [54]. It is
interesting to mention, in the beginning of development ELISA-devoted arti-
cles called method as serological [51]. Gaining popularity and recognition the
abbreviation ELISA becomes common in the titles without deciphering
abbreviations.

Van Weemen and Schuurs published their innovative work on ELISA for
quantification of human chorionic gonadotropin (HCG, ‘pregnancy’ hormone)
concentrations in urine. Diazotized and CNBr-activated cellulose was used as
adsorbents for antibody. As the reporter label they used the enzyme
horseradish peroxidase (HRP), the most popular label for ELISA since then.
Authors used two competitive EIA formats: assay labelled with HRP antigen
competing with antigen for restricted amount of binding sites attached to
cellulose-specific antibodies and variant of assay on the first step analyte from
sample formed immunocompex with specific antibody, then labelled with HRP
antigen was added and competes with analyte for restricted amount of binding
sites of specific antibody in solution and finally mixture was added to cellulose
microparticles with attached secondary antispices antibody to bind specific
antibody [48].

It is important to mention, enzyme immunoassay with application of
secondary antibody was found to be more sensitive and reproducible. Better
sensitivity was explained by the assumption that some of the antibodies on
the surface of adsorbents are accessible for unbound analyte—only HCG, but
not for the high-molecular-weight conjugates with HRP, while others are
accessible for all reaction partners. Excess of adsorbent with attached
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specific antibody impairs the sensitivity of the test system while excess of
adsorbent with attached secondary antibodies does not. Better reproducibility
became possible because of specific antibody solution can be added more
accurately than a cellulose suspension. The amount of bound with secondary
antibody cellulose in is not critical, since it has to be used in excess. The
applicability of the EIA was illustrated by the determination of HCG in
urines from 15 pregnant and 15 nonpregnant women, adjusted to a sensitivity
level of 0.4 IU/mL, and by a haemagglutination inhibition assay with a
sensitivity of 1 IU/mL. The correlation between these test methods was
excellent. The HCG concentrations in all nonpregnancy urines were below
the detection of either test [48].

The most interesting applications were initiated in the fields of bacteri-
ology/parasitology/virology. Researches realized that the simplicity of ELISA
compared very favourably with the cumbersome technology that was used in
the field at that time (haemagglutination inhibition and complement fixation)
and quickly developed a wide range of tests for various microorganisms. These
gained almost immediate acceptance and greatly helped in making reliable
infectious disease testing. Until then, such testing had been limited to only a
small number of highly specialized laboratories [55].

The adoption of ELISA in fields such as endocrinology and oncology, in
which RIA already had gained a strong foothold, was much slower than in
infectious disease testing. The precision and sensitivity of ELISA lagged
behind those of the well-developed and established RIA, and laboratories that
were equipped for and accustomed to working with radioactivity did not see
advantages in changing to work with nonisotopic methods. But possibility of
automation has been a driving force that changed all these. While automation
of methods involving radioisotopes created many problems, ELISA in couple
of decades offered opportunities for fully automated random-access immu-
noassay systems, which diagnostics manufacturers fully exploited during the
1980s [55]. This led to more reliable testing at lower cost and facilitated
the move of immunochemistry from specialized radioisotope departments into
the general chemistry laboratory; ELISA thus also found its way into areas
other than just clinical assay, such as food and feed control and further to
environmental control.

The first wave of immunoassay automation was sparked in 1975 when
Alister Voller and Dennis Bidwell initiated the use of 96-well microplates, also
referred to as multiwell plates and microtitre plates for performing ELISA
[56]. The earliest microplates were handmade and date back to 1954/55 in
Hungary, where the need arose because of a severe influenza outbreak. Dr
Gyola Takatsy wanted to speed up the diagnostic testing of patients and the
common test tube was too cumbersome and slow. He machined six rows of 12
‘wells’. However, common usage of the microplate began in the late 1950s
when John Liner in United States had introduced a moulded version. The word
‘microtitre’ is a registered trademark of Cooke Engineering Company, and
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Thermo Electron QY is the last listed owner of the trademark (US Trademark
72,128,338.) It is now more usual to use the generic term ‘microplate’.

A microplate or multiwell is a flat plate/tray/panel/dish with multiple test
tubes. A microplate typically has 6, 24, 96, 384 or even 1536 sample wells
arranged in a 2:3 rectangular matrix. Some microplates have even been
manufactured with 3456 or even 9600 wells, which brings microplates into
nanorange and picorange.

Each well of a microplate typically holds between tens of nanolitres to
several 100 millilitres of liquid. Microplates with an embedded layer of filter
material were developed in the early 1980s by several companies, and today,
there are microplates for just about every application in life science research
which involves filtration, separation, optical detection, storage, reaction
mixing or cell culture. Introduction of microplates onto market stimulates
ELISA test kits production and commercialization in which either an antigen
or an antibody is noncovalently bound to a solid-phase support. The main
dates of microplate evolution are presented in Table 2.

The new tests become commercially successful late 1970s and early 1980s,
when they matched the exquisite sensitivity of existing RIA systems for the
same analytes. Technical advances led to automated pipetting devices
(Micromedics; Hamilton), multichannel pipettes (Lab Systems), and microtitre
plate readers and washers, and in the 1980s fully automated test instruments
were manufactured by Boehringer-Mannheim and Abbott, among others. Such
automated systems have come to stay in laboratories [38].

In the early 1970s, blood-bank screening for virological diseases such as
hepatitis B antigen was done either by (semi)automated RIA or nonradioactive
but rather cumbersome haemagglutination tests. In 1976, Organon Teknika
developed and marketed a highly successful ELISA system for the hepatitis B
surface antigen [57], featuring a 96-well microtitre plate format. This test
became the first commercially available ELISA. Other microbiological and
virological diagnostic tests soon followed, for example, for hepatitis B anti-
gens, rubella antibodies, toxoplasma antibodies, and in the 1980s, an ELISA
system for detection of human immunodeficiency virus antibodies.

Historically first and most popular detection was photometrical, based on
the colour change in the presence of chromogenic substrate. Traditional
ELISA typically involves chromogenic substrates that produce some kind of
observable colour change to indicate the presence of antigen or analyte. When
enzymes (such as peroxidase) react with appropriate substrates (such as
3,3',5,5'-tetramethylbenzidine), a change in colour occurs, which is used as an
analytical signal. Newer ELISA techniques use fluorescent, chemiluminescent,
electrochemiluminescent and other kind of signals, which is produced in the
presence of corresponding substrates. These new reporters have sufficiently
higher sensitivities.

At current days, the number of analytical and clinical investigations relying on
ELISA-based and ELISA-related techniques worldwide is exceedingly large. The
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TABLE 2 The Main Dates of Microplate Application Evolution

1951

1953

1964

1967

1974

1976

1990
1992

1992
1992
1996
1997

1998

2009

Dr. Gyula Takatsy created the first microplate by constructing six rows of 12
wells into a block of acrylic, which were used in place of test tubes and the
first form of a microplate automation tool, a loop that mixed and transferred
a predefined volume from one well to another, used in serial dilution
testing.

The first manufacturer, the American Linbro Company, began mass
producing the moulded vacuum formed 96-well microplates.

Dr Sever and Cooke Engineering introduced the first manufactured screw
machines loops and droppers called the Microtiter. Lab technicians held
between 8 and 12 loops in their hands while twirling them and moving

them from row to row in a plate.

Tom Astle produced a fully automated serial dilution instrument, called the
Autotiter.

Centers for Disease Control (CDC) in London began using microplates for
ELISA diagnostics and quality control techniques.

The demand for advanced instruments to perform ELISAs prompted the
manufacturer lab systems, now part of Thermo Fisher Scientific, to evolve
the early microplate readers into the Multiskan photometer.

Roy Manns introduced first 96-well microplate with clear bottom

Continuing advancements in various sized microplates to find the right
combination of thermal mass and capacity, led to Genetix producing the
first 384-well plate.

First commercial 384-well plate
View plate 96 for luminescence
First 1536-well plate

BMG LABTECH introduced the first multidetection microplate reader that
included fluorescence polarization with the BMG POLARstar.

The standardization of microplates led to an increased ability to develop
automation equipment to move, sort and wash plates in future instruments.

BioTek combines both a microplate washer and reagent dispenser in one
instrument

Data from http://www.labmanager.com.

numbers of measurements and determinations using immunoassay for routine
patient care are astronomical. The clinical impact of ELISA as nonradioactive
variants of immunoassays is indeed overwhelming. Among solid supports
applicable for ELISA, porous membranes allowed to combine antigen—antibody
interaction with their movement through volume of material. This promotes
creation of several new trends and groups of immunochemical methods.
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6. WESTERN BLOTTING

The history with two groups independently developed and published EIA in
1971 repeated in 1979, then three groups developed and described new
analytical technique for detection of specific proteins, called western blot. That
year group of George Stark, Stanford University, published the paper that
described the transfer of proteins by capillary action from a polyacrylamide/
agarose gel with or without the denaturing agent sodium dodecylsulphate onto
a special membrane [58]. This group was already famous for developing the
RNA blotting technique known as ‘northern blotting’ [59].

Harry Towbin, the Friedrich Miescher Institute for Biomedical Research in
Switzerland, was trying to figure out the specificity of antibodies against
proteins in complex macromolecular structures. Along with Theophil Stae-
helin at Roche, he began to work out a method that would allow them to
establish which antibody bound to which component of the ribosomal complex
[60]. By that point, DNA and RNA blotting methods were popular, so the idea
of transferring proteins out of a gel and onto a membrane was natural.

W. Neal Burnette, the Fred Hutchinson Cancer Research Center, Seattle,
submitted his manuscript also in 1979, but it was rejected, then eventually
published in 1981 [61]. He developed his technique independently, including
the electrophoretic transfer step, but became aware of Stark’s and Towbin’s
publications before he submitted his in 1979. His procedure was finally pub-
lished in 1981 after it had already become famous through distribution of
preprints to colleagues and friends. Burnette definitely gave the technique the
name ‘western blotting’. The name was a joke based on the DNA blotting
technique called ‘Southern blotting’, which was named after its inventor,
Edwin Southern [62]. Detection of RNA is termed ‘northern blot’ by George
Stark. The laboratory of Burnette was on the west coast, so the nickname
‘western blot’ was given to the technique and stick to it.

Now the western blot is a widely used analytical technique used to detect
specific proteins in a sample of tissue homogenate or extract both with routine
and exploring purposes. It uses gel electrophoresis to separate native proteins
by 3D structure or denatured proteins by the length of the polypeptide. The
proteins are then transferred to a membrane, where they are stained with
specific to the target protein antibodies. The gel electrophoresis step is
included in western blot analysis to resolve the issue of the cross-reactivity of
antibodies. For visualization of the immunocomplex protein-specific antibody
radiolabels and then enzymes and nanoparticles were used.

7. LATERAL-FLOW IMMUNOASSAY

A well-known and very popular application of EIA is immunochromatography
in which a capture antibody is immobilized onto a surface of a porous
membrane, and a sample passes along the membrane. Analyte in the sample is
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bound by the antibody which is coupled to the detector reagent. As the sample
passes over the zone to which the capture reagent has been immobilized, the
analyte detector reagent complex is trapped, and a colour develops in pro-
portion to the analyte present in the sample.

The main application driving the early development of the solid-phase,
rapid-test technology was the human pregnancy test, which represented
continual historical interest in urine testing for medical diagnostic purposes.
This particular testing application made great strides in the 1970s, as a result
of improvements in antibody generation technologies and significant gains in
understanding of the biology and detection of HCG, derived largely from the
work performed by Judith Vaitukaitis and coworkers [63].

To fully develop the lateral-flow test platform, a variety of other enabling
technologies are required. These include technologies as diverse as antibody
generation, nitrocellulose membrane manufacturing, fluid dispensing and pro-
cessing equipment, as well as development and manufacturing methodologies.
Many of these facilitative technologies had evolved throughout the early 1990s,
to the point where many are now mature, off-the shelf technologies [63].

One of important steps to development of modern lateral-flow immuno-
assay (LFIA) systems was introduction of sol particles as labels. Colloidal
gold particles, on which antibodies are adsorbed, have been used as electron-
dense markers for electron microscopical investigation of cell surfaces [64].
Leuvering et al. were first to describe in 1980 the use of inorganic (metal)
colloidal particles as a label for immunoassays. This group using microtitre-
plate technique built dose—response sandwich immunoassays curves for
human placental lactogen and HCG, using conjugates consisting of antibody-
coated colloidal gold or silver particles. Several techniques were used to
measure the amount of bound conjugate, naked eye, colorimetry and carbon
rod atomic absorption spectrophotometry. At higher antigen concentrations the
results of the assay could be read by the naked eye. Using gold particles as
label and atomic absorption spectrophotometry as detection method, they
found a detection limit for a sandwich sol particle immunoassay was equal to
that of an optimized competitive RIA. Obtained detection limits are presented
in Table 3 [65].

In this pioneer work also was found the possibility for simultaneous
determination human placental lactogen and HCG, using microtitration plates,
coated with a mixture of anti-HPL and anti-HCG, and a mixture of silver
particle anti-HPL conjugate and gold particle anti-HCG conjugate. Atomic
absorption spectrophotometry was used to measure the bound amount of silver
and gold conjugates [65].

The basic principles of the lateral-flow technology continued to be refined
through the early 1980s and were firmly established during the latter years of
that decade, with the filing of several major patents on this technology format.
Since then, at least another 500 patents have been filed on various aspects of
the technology [63].
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TABLE 3 Detection Limits of Different Human Placental Lactogen Assays

[65]
Detection Limit or
Quantification

Type of Label Method of Detection pmol/L fmol/well

Sol (gold) particle Naked eye 170 17.0
Colorimeter 5.4 0.54
Atomic absorption 1.4 0.14
spectrophotometry

Enzyme Naked eye 110 11
Colorimeter 90 9

Radio isotope Gamma counter 1.4 0.28

8. CONCLUSION

Immunology, histology, different clinical aspects, nanoparticle production,
polymer synthesis and many other pure and applied developments contributed
into evolution of rapid tests. This evolution mostly related with clinical assay;
clinical assay adopts a lot of practical and fundamental achievements from
clinical research. For example, labelling of antibodies through their conjuga-
tion with enzymes and metal nanoparticles were developed originally for
histology.

One of the reasons why the methods based on antigen — antibody inter-
action become so widespread is that approach, once designed for a particular
analyte, can be adapted with small modification to the analysis of various
analytes. Changing of matrixes (eg, from urine to wheat extract) needs
adjusting of sample pretreatment procedure, but neither the method itself.
Table 4 presents some essential for rapid test development dates for 90 years
till 1980 and introduction of lateral-flow immunoassay. The further progress is

TABLE 4 Important Dates for Inmunoassay Development

Year Occurrence Authors

1890 Demonstration of antibody activity Emil von Behring and
against diphtheria and tetanus toxins. Shibasaburo Kitasato
Beginning of humoral theory of
immunity

1900 Antibody formation theory Paul Ehrlich

Continued
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TABLE 4 Important Dates for Inmunoassay Development—cont’d

Year
1901
1906
1938
1939

1941

1956
1959

1960

1966

1966

1966

1971
1971

1972

1978

1979

1980

Occurrence

Complement fixation test
Wassermann test for syphilis
Antigen—antibody-binding hypothesis

Quantitative precipitation test
Technique for antibody purification

Haemagglutination assay and
haemagglutination inhibition assay

Latex agglutination test

Radioimmunoassay

Immunological pregnancy test by
haemagglutination inhibition

Technique to fix antibody or antigen to
the surface of a container

Coupling antigens or antibodies with
enzymes

Coupling antigens or antibodies with
enzymes

ELISA technique

EIA technique

Antibody specific to human chorionic
gonadotropin.

Radioimmunoassay for human
chorionic gonadotropin

Early pregnancy test (e.p.t.)
commercially available for home
application; it included a vial of
purified water, an eye dropper, a test
tube and an assortment of compounds
including sheep’s blood.

Western blotting

Application of metal colloidal particles
as a label for immunoassays

Authors

Jules Bordet and Octave Gengou
August Paul von Wassermann
John Marrack

Michael Heidelberger

George Hirst

Jacques Singer and Charles Plotz

Solomon Berson and Rosalyn
Yalow

Leif wide and Carl Axel Gemzell

Wide and Jerker Porath

Stratis Avrameas and José Uriel

Peter Perlmann and Eva Engvall

Anton Schuurs and Bauke van
Weemen

Judith Vaitukaitis

Warner-Chilcott

George Stark
Harry Towbin
W. Neal Burnette

Jan Leuvering
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related not only with the names of scientists, but also with breakthroughs in
technology and the company’s interests.
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1. INTRODUCTION

There is a traditional continuum in rapid test technologies from highly
accurate methods, requiring infrastructure and a centralized approach, to the
technologies that can be used in a decentralized testing strategy that requires
little to no supporting infrastructure. Because of big variety of tests, it is
difficult to make clear classification of all current day and existed methods.
Which property of the test could be the base of such classification? Nature of
sample or analyte, type of label, immunoassay format, applied tools,
automatization? Among big variety of possibilities, the classification of
rapid test for homogeneous (no solid support at all) and heterogeneous
(presence of any kind of solid support) looks like most fundamental and
logical.

Comprehensive Analytical Chemistry, Vol. 72. http://dx.doi.org/10.1016/bs.coac.2016.03.012
Copyright © 2016 Elsevier B.V. All rights reserved. 33
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Heterogeneous rapid tests could be classified on the base of solid support
properties, without relation to the nature of the process, responsible for
analytical signal appearance. Variety of solid supports could be divided as:

1. classical such as glass or plastic tubes, microtitre wells with procedure as
shortened analogue of classical ELISA;

2. porous membranes and gels with attached immunoreagents and sample
flowing through the pores;

3. micro- and nanoparticle colloidal systems.

The first group is also historically first to develop and now used in variants
with reagents introduced inside tube/well (covalently bound or just dried) or
reagent solution applied to the tube/well together with analyte solution.

The second group is the widest for the time. Principle of this group could
be called in the terms of immunochromatography owing to combination of
longitudinal or transverse liquid flow through a carrier with immunochemical
reactions [1]. Fig. I (from Ref. [1]) illustrates the main kinds of immuno-
chromatographic systems.

e The most widely used lateral flow test strips are designed to detect immune
complexes in the binding areas (sector I-o).

e The immunoaffinity columns are used to concentrate analytes prior to
detection in the binding areas (sector II-a.).

e Lateral flow test strips are designed to detect washed-out compound (sector
I-B).

e Immunoaffinity columns are designed to detect washed-out compound
(sector II-B).

e Cross-flow membranes are designed to detect bound immune complexes
(sector III-a).

e Cross-flow membranes are designed to detect washed-out compound
(sector III-PB).

The third group is situated close to genuine homogeneous methods and the
progress in nano- and microcarrier development allows to reach big advance in
the areas of automatization and improvement of sensitivity.

The second and third groups combine the speed of a homogeneous
immunoassay with the separation of reacted and unreacted immunoreagents by
using a solid supports.

Homogeneous rapid tests could be classified on the base of the nature of
the process, responsible for analytical signal generation.

There are well-known approaches to improve characteristics of immuno-
assay, which are common for regular immunoassays and rapid tests:

e improvement of antibody affinity
e optimization of antibody cross-reactivity
e optimization of conjugates structure
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FIGURE 1 Test systems for immunochromatographic assays. A and B are interacting immu-
noreagents and their derivatives; compounds detected when recording the results of the assay are
marked by red (dark grey in print versions) stars. Lateral flow test strips are designed to detect bound
immune complexes (I-a); lateral flow test strips are designed to detect in the flow-through (I-B);
immunoaffinity columns are designed to detect bound immune complexes (II- o); immunoaffinity
columns are designed to detect in the flow-through (II- B); cross-flow membranes are designed to
detect bound immune complexes (III- a); cross-flow membranes are designed to detect in the
flow-through (III-B). The image is from B.B. Dzantiev, N.A. Byzova, A.E. Urusov, A.V. Zherdev,
Immunochromatographic methods in food analysis, Trends Anal. Chem. 55 (2014) 81—93.

e maintaining of immunoreagents stability
e optimization of label and method of signal registration special for rapid
tests

A peculiarity of rapid tests is a short assay time, so kinetic of all processes
(separation, migration, binding, signal generation) should be fast enough.

It is important to mention that the properties of antibody could be exposed
differently depending on the assay format. The most proteins tend to adopt a
conformation in which hydrophilic groups tend to be on the outside of the
protein and hydrophobic groups within it, it seems inevitable that hydrophobic
binding to polymer surfaces causes conformational changes in the adsorbed
protein. Antigens coated onto a solid phase may lose critical epitopes, either
by conformational changes, because they are sterically hidden, or because the
epitope is predominantly hydrophobic. New epitopes may also arise that were
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previously hidden. Antibodies also undergo conformational changes, affecting
not only the number of active binding sites, but also their affinity for antigen. It
is by no means uncommon to find an antibody that works well in solution but
not when bound to solid phase [2].

2. HETEROGENEOUS METHODS

Each type of heterogeneous immunoassay has depended on a separation of
unbound tracer before the bound signal is measured. Without a separation
(such as a thorough wash of the solid phase with buffer prior to signal
generation) the level of signal would always be the same, regardless of the
concentration of analyte.

2.1 Rapid ELISA Tests

The speeded up versions of classical enzyme-linked immunosorbent assay
(ELISA) are one of the most popular groups of rapid tests. Rapid ELISA test is
a popular format of ‘wet-lab’ type analytic biochemistry assay and has been
used as a relatively fast diagnostic tool in medicine as well as a quality control
test in various industries. As for other types of immunoassay, performing an
ELISA involves at least one antibody with specificity for a particular antigen.
An antigen could be of different nature; target antibody of interest also could
play the role of an antigen and so could be detected by immunoassay tech-
niques. Although chemical coupling of immunoreagents to solid phases is
possible, many solid-phase immunoassays rely upon noncovalent hydrophobic
adsorption. Horseradish peroxidase (HRP) and alkaline phosphatase are the
most popular enzymes for labelling. Fluorescent labels and other alternatives
to enzyme-based detection can be used for plate-based assays too. Despite not
involving enzymes as reporters, these methods are also generally referred to as
a type of ELISA. Besides, wherever detectable probes and specific protein-
binding interactions can be used in a plate-based method, these assays are
often called ELISAs despite not involving specific antibodies. The ELISA
formats vary for low-molecular-weight analytes (competitive formats) and
high-molecular weight analytes (sandwich format) [2—4]. Classification of
rapid ELISA test formats is presented on Fig. 2.

For low molecular weight analytes, ELISA is realized in competitive
format. This is common when the antigen is small and has only one antibody-
binding site (epitope). Variations of this method consist of labelling of the
antigen and labelling of the antibody.

Formats with labelled antibody: The conjugate of antigen with coating
protein adheres to the bottom of well on microtitre plate, or glass, or plastic
tube. The mixture of sample to analysis and specific antibody is applied to the
well. An antigen in solution competes with an attached to the solid surface
antigen for binding with restricted amount of primary specific antibody in



Formats of Rapid Immunotests Chapter |3 37

Rapid
ELISA

tests

Low
molecular

High

weight molecular
analyte, weight
competitive analyte

formats

Formats
with
labeled
antibody

Formats y

with Antigen Antibody
labeled
antigen

Indirect
non-

Indirect Direct Direct non- Indirect

Competitive

assay with assay with . competitive sandwich
labeled labeled chp&:ﬁ;e sandwich assay assayj
secondary specific

antybody antybody

FIGURE 2 The scheme of rapid ELISA test principles.

solution. In the absence of antigen, in the sample, a primary specific antibody
binds to the target attached to the solid surface, and a labelled secondary
antibody binds to the primary for detection. Intensity of the colour, developed
after chromogenic substrate application, is inversely proportional to the
amount of analyte in the sample (Fig. 3). Because of detected parameter is an
amount of attached to the solid surface labelled secondary antibody, this
format often terms indirect competitive ELISA. The main advantage of an
indirect ELISA with labelled secondary antibody is that one, labelled
secondary antibody can be used with many different primary antibodies. The
disadvantage which is especially important in the terms of rapid tests devel-
opment is a requirement of this antibody application, which means of addi-
tional steps, including incubation and washing step.

Labelling with enzyme of primary specific antibody allows to avoid these
additional steps, but requires labelling procedure during method development.
Also, immunoreactivity of the primary antibody might be adversely affected
by labelling with enzymes or tags. Intensity of the developed colour is
inversely proportional to the amount of analyte in the sample and indicates
amount of attached to the solid surface amount of labelled primary specific
antibody; this format is called direct competitive ELISA (Fig. 4). Direct
detection is not widely used in classical ELISA but is quite common for
immunohistochemical staining of tissues and cells.

Format with labelled antigen: The specific primary antibody adheres to the
bottom of well on microtitre plate, or glass, or plastic tube. The mixture of
sample to analysis and labelled with enzyme antigen is applied to the well. An
antigen in solution competes with labelled antigen for binding with restricted
amount of primary specific antibody attached to the solid surface. In the
presence of antigen in the sample, it binds to the specific antibody (Fig. 5, left).
Otherwise, in the absence of antigen in the sample, a labelled antigen binds to
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Analyte Specific antibody  Labelled Conjugate of antigen
secondary antibody with coating protein

FIGURE 3 Competitive indirect ELISA.

the specific antibody (Fig. 5, right). A decrease in signal indicates the presence
of the antigen in samples when compared to assay wells with labelled antigen
alone. As for above-mentioned formats, an intensity of the colour, developed
after chromogenic substrate application, is inversely proportional to the
amount of analyte in the sample.

For high-molecular-weight analytes, ELISA is more effective in
noncompetitive sandwich format. These assays benefit from being ‘reagent
excess’ systems and offer precise and fast assays equally applicable to com-
plex automated immunoassay machines through to dipsticks.

Sandwich ELISAs typically require the use of matched antibody pairs,
where each antibody is specific for a different, nonoverlapping part (epitope)
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Analyte Labelled specific Conjugate of antigen
antibody with coating protein

FIGURE 4 Competitive direct ELISA.

of the antigen molecule. The first antibody, termed the capture antibody, is
coated to the solid support. Next, the sample solution is added to the wells and
analyte, if present, attached to surface. Addition of a second antibody layer,
termed the detection antibody, follows this step in order to measure the con-
centration of the analyte (Fig. 6). If the detection antibody is labelled with an
enzyme, then the assay is called a direct sandwich ELISA. If the detection
antibody is unlabelled, then a labelled secondary antibody will be needed
resulting in an indirect sandwich ELISA.

In some cases, an immunoassay may use an antigen to detect for the an-
tibodies present; the analyte may be an antibody rather than an antigen. For
detection of receptors, including antibody, while they are high molecular
weight, special ELISA formats exist.

Sandwich indirect format: The sample antibody is sandwiched between the
antigen coated on the plate and a labelled secondary antibody (Fig. 7). In-
tensity of the analytical signal is directly proportional to the amount of bound
sample antibody. The more antibodies present in the sample, the stronger the
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AT 8

Analyte Capture Labeled
antibody analyte

FIGURE5 Competitive ELISA with labelled analyte. Left: presence of analyte; right: absence of
analyte.

colour development. This format is suitable for determining total antibody
level in samples.

Competitive format: The specific sample antibodies compete with the
labelled antibodies. Intensity of the colour is inversely proportional to the
amount of bound sample antibody. The more antibodies present in the sample,
the less labelled antibody bound and less analytical signal would be observed
(Fig. 8).

With high automatization and high throughput for many laboratories,
ELISA is very convenient method to perform analysis, but for some cases
duration of assay is extremely important. There are several approaches to
reduce ELISA duration and to obtain results faster.

The first and the most obvious one is to reduce duration of incubation steps.
Standard ELISA protocol includes several incubation steps with duration often
requiring more than 1 h each, for coating reagent overnight incubation often
used. Immunoassays involve a binding reaction between an analyte and at least
one antibody. This reaction takes from a few seconds to many hours to achieve
equilibrium, depending on a range of different factors. Early immunoassays
often had overnight incubations to allow the reaction to fully reach equilib-
rium. This makes ELISA not suitable to be termed ‘rapid test” and not
applicable, for example, for urgent analysis in clinical assay or for quality
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FIGURE 6 Noncompetitive sandwich ELISA. Left: presence of analyte; right: absence of
analyte.

control of perishable commodities. The most obvious way is shortening of the
incubation period. Most current immunoassays involve comparatively short
incubations and do not allow the reaction to reach a state of equilibrium. The
longer time for incubation, the closer results of the process to the equilibrium
conditions and the less deviation for obtained results could be expected.
Obviously, decreasing of the incubation time could result in lowering of
reproducibility even in the case of shaking the plates and 37°C incubation.
The design of the assay influences the equilibration time in a number of
ways. For example, if the antibody is immobilized on the surface of microtiter
plate wells, the average distance that an analyte molecule has to move before
coming into contact with a molecule of antibody is much longer, comparing
with homogeneous assays or assays utilizing micro- and nanoparticles as solid
support. The pH, ionic strength, and temperature also affect the reaction time
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Analyte Labelled Conjugate of antigen
(specific antibody) antibody with coating protein

FIGURE 7 Competitive sandwich ELISA for antibody detection.

[2]. According to some reports, external influence, such as microwave irra-
diation is able to reduce ELISA incubation time [5]. For commercial products,
duration of incubation times should be followed exactly as stated in the
product manual to ensure optimal ELISA test performance.

Another way of shortening of the total procedure time is to reduce amount
of steps. For example, preincubation of covering reagent into well or mem-
brane-backed wells allows to reduce incubation and washing step. This kind of
tests with precoated plates is available commercially for big variety of analytes
and samples. Direct ELISA instead of indirect ELISA safe time for labelled
secondary antibody application and followed washing step.

Progress in biotechnology and nanoscience provides possibility to use
alternative ways of signal generation and alternative labels. While enzyme-
based ELISA is extremely sensitive, especially in chemiluminescent variant,
enzyme application is related with incubation with chromogenic, fluorescent
or chemiluminescent substrate to perform enzyme-catalysed process, which is
time-dependent and sensitive to pH, temperature and presence of additional
compounds. Different alternative tags were developed: gold, silver, selenium,
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FIGURE 8 Noncompetitive sandwich ELISA for antibody detection.

carbon (both highly dispersed and structured such as carbon nanotubes) and
silica particles, latex, dyes nanoparticles, Raman reporters, conductive metal
particles, luminescent molecules and complexes, quantum dots (QDs),
lanthanide-based long-living phosphors, up-converting phosphors and lipo-
somes loaded with different agents.

2.2 Membrane-Based Tests

In the last decade, there has been a continuous growth in the development of
rapid methods for mycotoxin analysis. Moreover, noninstrumental rapid
screening techniques that could be used outside the laboratory environment, at
the place of sampling, are becoming increasingly more important.
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Simplest result evaluation of membrane-based tests is visual. Therefore,
different visual labels are used, such as enzymes for catalytic enzymatic
reactions, colloidal gold, fluorescent labels and liposomes, encapsulating a
visible or fluorescent dye. The basic immunoassay formats used in nonin-
strumental tests are competitive or noncompetitive ELISAs. Visual detection
usually give qualitative results as positive/negative (yes/no), characterizing
the presence (or absence) of the target analyte in concentrations higher than
the fixed cut-off level. The cut-off level can be established based on either
noticeably reducing of colour development or complete colour suppression.
Some tests assume semiquantitative estimation based on the colour intensity.
For competitive immunoassays there is a problem to distinguish of the
response at low analyte concentration from the response at zero analyte
concentration, as both conditions give rise to large signals. Also, by defini-
tion, competitive assays are not ‘reagent excess’ in nature. Limited concen-
trations of both capture antibody and competing partner must be employed,
with the resulting limitations for assay speed. In addition, not only must re-
agent concentrations be limited, but they must also be precisely maintained
across an assay series to achieve acceptable results. Even relatively modest
variations of concentration of the competitive reagents can have a profound
effect on the precision of the competitive assay. Considering the very wide
range of small molecule analytes where fast, high-performance assay systems
are required in, for example, human and veterinary medical, forensic and
defence, and environmental and quality assurance applications within the
water, food, and beverage industries, these are critical problems that required
a solution [2]. To make interpretation of results easier, special control zones
have been included in the majority of present-day tests [6].

Membrane-based tests unite advantages of homogeneous and heteroge-
neous methods. It combines the speed of a homogeneous immunoassay with
the separation of reacted and unreacted compounds by a variety of heteroge-
neous methods. Another advantage is that the fluid flow through the carrier
membrane and separates of reacted from unreacted products without the need
for additional precipitation or washing steps. All membrane-based tests are
combined with a simple sample preparation procedure: in the case of clinical
samples it is dilution of samples or its direct application on the tests; in the
case of food samples it is usually extraction with methanol or methanol/water
(or buffer) mixture, filtering and dilution with buffer.

2.2.1 Lateral Flow Immunoassay

Lateral flow immunoassays (LFIA) attract attention not only as one of suc-
cessful rapid tests, but also as state-of-the-art of user friendly test for both
home application and clinical laboratory. Combination of bio-science, nano-
technology and technology of material construct basis for tests used in human
and veterinary medicine, food and beverage manufacturing, pharmaceutical,
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medical biologics and personal care product manufacturing, environmental
remediation, and water utilities. Lateral flow tests are well suited to replace
laboratory-based immunoassays in decentralized testing locations, first of all
for point-of-care purposes.

LFIA or immunochromatographic strips are widely used for the early
detection of pregnancy, for drug screening, to identify markers for various
diseases, and for a number of other analytical tasks. Several very informative
reviews have been recently published [1,7]. Few decades ago, the term
‘immunochromatography’ was used to describe not the kind of test methods
we mean in modern days. It was setup and type of analysis based on sepa-
ration of samples on a column containing a sorbent with covalently bound
antibodies specific to a target analyte(s) [8,9]. This approach called immu-
noaffinity columns and is used in modern analytical practice to separate and
to concentrate various substances usually before chromatography-based
analysis [10].

Today, the most widespread immunochromatographic system is the test
strip—an assembly of several plain porous carriers impregnated with immu-
noreagents [1]. A typical LFIA format consists of a surface layer to carry the
sample from the sample application pad via the conjugate release pad along
the strip encountering the detection zone up to the absorbent pad [7].

Essential in the current LFIA, the movement of a liquid sample, or its
extract containing the analyte of interest, along a strip of polymeric material
thereby passing various zones where molecules have been attached that exert
more or less specific interactions with the analyte and detectable immune
complexes formation in certain zones of the test strip [7,11].

The basic principle of LFIA as a combination of chromatography (sepa-
ration of components of a sample based on differences in their movement
through a sorbent) and immunochemical reactions emerged in early 1980s and
were firmly established during the latter years of that decade. Since then it has
been implemented in many different ways. The main advantage of LFIA is
toughly user friendly format—absence of any hand steps and manipulation
with reagents. In practical realization of assays, all necessary reagents are
preimpregnated onto strip compounds. The fluid flow through the carrier en-
ables separation of reacted from unreacted products and sample compound
without the need for additional precipitation or washing steps.

Immunoreagents’ immobilization on a carrier and fluid flowing through
that carrier allow for:

e adjustable and rapid formation of immune complexes;

e removal of unreacted compounds from the binding zone during the anal-
ysis and

e the use of special zones to concentrate and detect target complexes [1].

LFIA Process. LFIA are prefabricated strips of a carrier material con-
taining dry reagents that are activated by applying the fluid sample. When a
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test is run, sample is added to the proximal end of the strip and to a sample
application pad. Here, the sample is treated to make it compatible with the rest
of the test. Alternatively, the labelled analyte or recognition element(s) are
dried in a reaction tube and the sample plus strip are added to the tube [7]. The
treated sample migrates through this region to the conjugate pad. Labelled
analyte or recognition element(s) (depending on the assay format) are dried on
this pad and after addition of the sample, this material will be remobilized by
the fluid flow; specific interactions will be initiated here and will continue as
both migrate into a porous membrane (Fig. 9).

On the membrane within test and control zones the other specific biological
components of the assay have been immobilized. These are typically proteins,
either antibody or antigen, which have been laid down in bands in specific
areas of the membrane where they serve to capture the analyte and conjugate
as they migrate by the capture zones (lines). Excess reagents move past the
capture zones and are entrapped in the wick or absorbent pad. Results are
interpreted on the reaction matrix as the presence or absence of lines of
captured conjugate, read either by eye or using a reader [7,12].

Test construction. The LFIA, once the poor relation to laboratory-based
tests, is being viewed more and more as a truly versatile technology, capable of
more than adequate performance at all ends of the diagnostic continuum. In
order for this evolution in capability to occur, there has been a continuous
improvement in materials, reagents, approaches to development,
manufacturing equipment, manufacturing process technology, and the intro-
duction of a whole new generation of facilitative technologies [12].

The carrier membranes are often thin and fragile, so they are attached to a
plastic or nylon basic layer to simplify cutting and handling. The membranes

&———— Adsorbent pad ——m8 —>

< Control line

0

Test line —>

N

<€—— Porous membrane ————>

<—— Conjugate pad

€—— Samplepad ——888>

Dried conjugate >

FIGURE 9 Scheme of lateral flow immunoassays strip. Left: dry chemistry variant; right:
labelled reagent in separate tube.
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are produced from nitrocellulose, nylon, polyethersulfone, polyethylene or
fused silica. At one end of the strip a sample application pad is provided. For
same assay this pad is also able to perform sample pretreatment, for example,
separation of red blood cells from the sample. The sample application pad is
usually made of cellulose or cross-linked silica.

The liquid moves because of the capillary force of the strip material, but to
maintain a flow an absorbent pad is attached at the distal side of the strip. This
absorbent pad will wick the liquid to the end of the strip, thus maintaining the
flow [7]. For some commercial tests, especially for in-home patient applica-
tion, robustness is achieved by housing the strips in a plastic holder, where
only the sample application window and a reading window are exposed.

At least two lines are sprayed on the strip: a test line and a control line. At
the test line the recognition of the sample analyte and the reporter will result in
the required response [7]. A response at the control line confirms a proper flow
of the liquid through the strip and complex formation. Usually appearance of
control line is a sufficient evidence of the efficacy of the test. More than one
test lines can be applied for follow goals.

Quantitative (semiquantitative) evaluation of the response also allow for
multianalyte testing [13]. Application of several test lines with the same
immunoreagents provides possibilities for better evaluation of the analyte
concentration, as it was shown for analytes of clinical [14] and food safety [15]
interests. Different cut-off levels for certain analytes could be needed, for
example, because of different legislation limits in different countries. So, there
is necessity to adjust sensitivity of tests according to new discoveries in
clinical, food, environmental assay and to changes in the maximum permis-
sible levels of certain contaminants (in food assay). Variation of immunore-
agents concentration allowed to vary cut-off levels of the assays. For example,
changing of the dilution of analyte-covered protein conjugate on the test line
and specific antibody concentration resulted in changing of the analyte
(deoxynivalenol) indicator ranges from 250—500 to 1000—2000 ng/kg [16]. If
concentration of immunoreagent on the test lines is the same, the number of
lines appearing on the strip is directly proportional to the analyte concentra-
tion, as it was shown for prostate acid phosphatase sandwich format deter-
mination [17] and aflatoxin B1 with competitive format [15], urinary human
serum albumin [14].

Simultaneous detection of several analytes. System for multianalyte testing
can detect two or more types of antigens (and/or antibodies) in a single assay
device at the same time. During the development of method, it is possible to
establish for each analyte required sensitivity and type of reaction. A multi-
analyte lateral flow technique was developed for the simultaneous detection of
two micotoxins (deoxynivalenol and zearalenone). The technique gave
accurate and reproducible ‘Yes—No’ results with cut-off levels of 1500 and
100 pg/kg for deoxynivalenol and zearalenone in grain samples, respectively
[18]. Similarly, the test with the visual detection limits for ochratoxin A and
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zearalenone with cut-off levels at 2.5 and 5 ng/mL for ochratoxin A and
zearalenone, respectively was described by Shim et al. [19]; the visual
detection of pesticides carbaryl and endosulfan with detection limits at 10 and
1 pg/kg, respectively was described by Zhang et al. [20]. Comparison of two
sets of immunoreagents for detection of two analytes (pesticides carbofuran
and triazophos) showed that the application of gold-labelled bispecific
monoclonal antibody against both carbofuran and triazophos showed less
sensitivity than the anti-carbofuran monoclonal antibody and anti-triazophos
monoclonal antibody separately labelled with colloidal gold [21]. LFIA with
two test lines allows to detect different forms of one compound (free and total
prostate specific antigen in serum) [22], but from the technical point of view
here was just LFIA for two different analytes, because for each form, own set
of immunoreagents was used.

LFIA examples. Semiquantitative detection of an early cardiac marker,
heart-type fatty acid—binding protein and an established risk marker for heart
attack, C-reactive protein were realized in ‘digital-style’ lateral flow assay to
confirm or exclude suspected acute myocardial infraction patients and
simultaneously to identify apparent nonacute myocardial infarction patients at
risk of developing cardiovascular events at an early stage [23].

The oligonucleotide lateral flow immunoassay device is composed of
colloidal gold-labelled antibodies and oligonucleotide-labelled antibodies
fixed in a conjugate pad, and the complementary oligonucleotide-labelled
proteins are immobilized on a nitrocellulose membrane. If the target antigen
is present in a specimen, the colloidal gold-labelled antibody and oligonu-
cleotide-labelled antibody make a complex with the antigen. Subsequently,
the formed complex migrates to the place where complementary oligonu-
cleotide is immobilized and is bound to the solid phase via the DNA—DNA
interaction. As a result, more than two types of reactions can be detected on a
single assay device by the combination of colloidal gold-labelled antibodies,
different oligonucleotide-labelled antibodies and complementary oligonu-
cleotide-labelled proteins immobilized at different places on a nitrocellulose
membrane [24].

Labels for LFIA. Enzymes were used as label for LFIA historically and
still in use nowadays [25] Enzyme immunochromatography as a form of
quantitative immunoassay was pioneered by Zuk et al. [26]. Later, enzyme
immunoassay was realized in conventional LFIA format with specific reagents
immobilized in a form of narrow bands [27]. In enzyme LFIA, the most often
used label is HRP [25,28—30]; however, alkaline phosphatase [27,31] and
cholinesterase [32] were also employed. As far as HRP is concerned, col-
ourimetric [28—30], chemiluminescent [33,34] and electrochemical [35]
detection modes were reported. Substrate solution contained 3,3',5,5’-tetra-
methylbenzidine (TMB), and was predominantly employed for colourimetric
detection in HRP-based LFIA [29]; however, 4-chloro-1-naphthol was also
used in few studies [26,30].
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But the most popular labels are nanoparticle based [7,36]. Labels are made
of coloured or fluorescent nanoparticles with sizes of 15—800 nm, allowing an
unobstructed flow through the membrane. They are most often made of
colloidal gold [37—40] or coloured latex [41], less often selenium [42], carbon
[43] or liposomes [44,45] are used. In liposomes, coloured [41], fluorescent
[46] or bioluminescent [45] dyes can be incorporated, allowing visualisation,
and, when applicable, quantitation of the response. The newest labels include
QDs [47] and up-converting phosphor reporters [7,48,49]. For more infor-
mation about labels for rapid tests, including LFIA, see “Chapter 4, Labels for
optical immunotests” by Goryacheva [130].

Formats of LFIA. Competitive (or competitive inhibition) and noncom-
petitive (also known as sandwich or double antibody sandwich or immuno-
metric or direct) formats have been described for LFIA. These formats are
determined by the analyte structure. For analytes with more than one epitope,
the noncompetitive format with two different antibody is applicable. For small
analytes, only competitive formats are possible.

Sandwich format of LFIA. This format is used when testing for larger
analytes with multiple antigenic sites, such as human chorionic gonadotropin,
Dengue antibody or antigen, or human immunodeficiency virus. The analyte
should have two antigenic sites that can be recognized simultaneously by the
two antibodies. Therefore, such assays cannot be used for low molecular
weight analytes such as simple steroids, small peptides, most drugs, pesticides,
mycotoxins, persistent organic pollutants.

In this format the test line is prepared using one analyte-specific antibody
(Fig. 10). The conjugate release pad contains a second, labelled, anti-analyte
antibody. Analyte in the sample will bind during the initial chromatographic
process to the second antibody. The free epitope can bind to the immobilised
antibody at the test line [7]. The response is directly proportional to the
amount of analyte in the sample; the calibration curve (in the case of quan-
titative detection) will have linear view.

After liquid sample dissolves labelled specific antibody on the conjugate
pad, analyte in the sample and these antibody will form immunocomplex
which bind during the initial chromatographic process to the specific antibody
on the test line by means of free antigenic sites on the surface of analyte
molecule. Moving with the sample flow immunocomplex will concentrate on
the test zone. This process is ‘visible’ (literally or figurative, depending on the
label kind). If no analyte in the sample, no immunocomplex will be formed.
Free-labelled antibody and/or part of immunocomplex-labelled anti-
body—analyte move further to the control zone, there they will bind and
concentrate by secondary antibody. Thus, test line will be visible only in the
presence of analyte in the sample, control line, otherwise should be visible at
any case.

To obtain better sensitivity noncompetitive assay, utilize all reagents in
excess. Unlike competitive assays, they are not largely dependent on antibody
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FIGURE 10 Noncompetitive sandwich lateral flow immunoassays. Top: sample application.
Middle: absence of analyte — only control line is coloured. Bottom: presence of analyte — test and
control lines are coloured. 1 -sample pad; 2 —conjugate pad; 3 — porous carrier membrane; 4 —
test line; 5 — control line; 6 — adsorbent pad.

affinity. If problems such as high nonspecific binding of the label, degradation
of assay specificity, and interference from heterophilic antibodies (all from the
use of excess reagents) are minimized, then very low detection limits can be
achieved by maximizing the signal-to-noise ratio of the label [50]. The two-
site sandwich assays, in which the antigen is sandwiched between two specific
antibodies and their combined selectivity determines the specificity, are
inherently more specific than the single-site assays [50]. Less than an excess of
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sample analyte is desired, so that some of the labelled antibody—analyte
complexes will not be captured at the test line and will continue to flow toward
the control line.

Competitive formats of LFIA. When the analyte is of low molecular weight
and has only one epitope, the format is restricted to the competitive design.
Two variants are possible:

1. Antibody is sprayed at the test line, a mixture of sample analyte and
labelled analyte is applied at the conjugate pad and the sample analyte and
labelled analyte compete for binding sites on the antibody at the test line
[51]. After liquid sample dissolves labelled analyte on the conjugate pad,
they will flow with liquid stream to test line and control line. If analyte
present in the sample, it will bind to the specific antibody on the test line. If
no analyte in the sample, labelled analyte will bound to the test line and
make it ‘visible’. In both cases the rest of labelled analyte will move further
to the control line and bind there. Thus, test line will be visible only in the
absence of analyte in the sample, control line, otherwise should be visible
at any case (Fig. 11).

2. An analyte—protein conjugate is sprayed at the test line, and a mixture of
labelled antibody and sample analyte is applied at the conjugate pad,
giving the sample analyte a head start for binding to the antibody [7,52]. As
in sandwich format, after liquid sample dissolves labelled specific antibody
on the conjugate pad, analyte (if present) and the antibody will form
immunocomplex which will move with the front of liquid along membrane
strip. Test lane contends bound analyte (usually analyte—protein conju-
gate), which will bind free labelled antibody. In analyte present in the
sample, all labelled antibodies are bound with it and will not form
immunocomplex on the test line. If amount of antibody is less than the
amount of analyte, all antibodies epitopes will be occupied and no colour
on the test line will appear. If amount of antibody is higher than amount of
analyte or no analyte in the sample, free-labelled antibody will form
immunocomplex with the analyte—protein conjugate sprayed at the test
line and will ‘visualize’ test line. Free-labelled antibody and/or part of
immunocomplex-labelled antibody analyte move further to the control
zone, there they will bind and concentrate by secondary antibody. Thus, the
test line will be visible only in the absence of analyte in the sample, the
control line, otherwise, should be visible at any case (Fig. 12).

The preferred layout of competitive LFIA is dependent on the particular
application. In the competitive LFIA formats the analytical signal (intensity of
signal on the test line) is negatively correlated to the analyte concentration (ie,
more analyte present, less signal; no analyte gives the highest signal). The
calibration curve is sigmoidal shaped [7]. For realization of competitive assay
the amount of labelled reagent on the conjugate pad should be chosen very
carefully. Excess of the labelled reagent will result in necessity of high amount
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Analyte Specific antibody Labelled Secondary
analyte antibody

FIGURE 11 Competitive lateral flow immunoassays with labelled analyte. Top: sample appli-
cation. Middle: absence of analyte — test and control lines are coloured. Bottom: presence of
analyte — only control line is coloured. 1—6 — see Fig. 10.

of analyte to bind in immunocomplex and so sensitivity would be decreased.
Shortage of the labelled reagent will result in a very weak analytical signal
from the test line and also weak signal from the control line, which will
complicate results interpretation.

LFIA analytical characteristics improvement. To improve LFIA char-
acteristics along with the standard for all immunoassay approaches, such as
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FIGURE 12 Competitive lateral flow immunoassays with labelled antibody. Top: sample
application. Middle: absence of analyte — test and control lines are coloured. Bottom: presence of
analyte — only control line is coloured. 1—6 — see Fig. 10.

improvement of antibody affinity and the immutoreagents stability, optimi-
zation of antibody cross-reactivity, conjugates structure, label properties and
the method of signal registration, the important role playing the size and
surface properties of the label and geometry of the membrane pores.

The sensitivity and the specificity of LFIA are controlled by the choice of
immunoreagents. Currently, there are many different antibody preparations for
almost all important antigens that are available from several manufacturers.
The general recommendation is to choose antibodies with the highest affinity.
However, to express immunochromatography methods, the priority is not the
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equilibrium but the kinetic binding constant. The antibodies also differ in their
resistance to denaturing agents, which must be considered when working with
organic extracts for food samples analysis, for example, refer Ref. [1].

Next, it is important to optimize the proportions of reagents to obtain a
satisfactory low limit of detection (LOD) and produce reliable assay results.
However, it is difficult to achieve a low LOD and high accuracy simulta-
neously, so some compromises must be made. For sandwich analyses, a higher
concentration of immunoreagents will increase the number of complexes that
can be detected at low concentrations of the antigen. However, this may
promote nonspecific binding of the label. For competitive analyses in which
there is an inverse relationship between the concentration of the analyte and
the detectable label, low concentrations of immunoreagents will give a lower
LOD [53]; however, this is accompanied by low signal intensity and decreased
accuracy [1].

The time of the interaction between the reactants in homogeneous reactions
(in the moving front of liquid) and in heterogeneous reactions (crossing
binding zones in test kits) is another important factor. The time must be long
enough for the immunochemical reactions to be complete. The duration of the
interaction can be adjusted by selecting a suitable carrier and reaction medium
[1,54]. The use of fine-pore nitrocellulose membranes and lower concentra-
tions of detergents can enhance specific interactions, thus giving a lower LOD.
However, fine-pore membranes are unsuitable for analyses of high-molecular-
weight antigens, such as viruses and microbial cells [1].

Areas of application. Immunochromatography assays are rapid and sim-
ple, allowing for point-of-care testing. These advantages explain their success
in medical diagnostics. Immunochromatography test strips are mass produced,
and are widely used to detect a big variety of analytes with clinical interests,
such as cardiac markers and infectious microorganisms. They are also used in
serodiagnostic analyses to identify antibodies against various pathogens [1].
LFIA are POC immunoassays for self-testing that are sold over-the-counter
and those performed by health-care professionals in hospital laboratories,
hospital wards, clinics, community health centres and physician offices. Be-
sides human medicine, LFIA satisfy demands of veterinary medicine, food and
beverage manufacturing, pharmaceutical, medical biologics and personal care
product manufacturing, environmental remediation, and water utilities. Lateral
flow tests are also available and in development for biowarfare agents and
pathogens such as anthrax, smallpox, avian influenza and other potential
biological weapons [12]. The availability of established technologies to syn-
thesize reagents and the relatively inexpensive equipment required to produce
test strips (dispensers, cutters, laminators) mean that it is relatively easy to
produce immunochromatographic kits for different applications. Details about
preparation detailed in Refs [1,7,12].

Quantitative LFIA. Initially, immunochromatographic tests were
designed for qualitative analysis, to provide information about whether the
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concentration of a certain analyte exceeded a certain limit. The noninstru-
mental estimation of results is based on visual evaluation. Visual tests usually
give qualitative results as positive/negative (Yes/No), characterizing presence
(or absence) of the target analyte in concentrations higher than the fixed cut-off
level. This cut-off level could be established on the basis of either noticeably
reducing of colour development or complete colour suppression. Presence of
control zone makes interpretation of results easier.

However, at present, there is greater demand for quantitative or at least
semiquantitative immunoassays. Some tests assume semiquantitative estima-
tion on the basis of the colour intensity. For quantitative detection, the amount
of the bound label is determined by digital image processing or by measure-
ments based on other properties, such as fluorescence, electroconductivity or
magnetism, instead of a simple presence/absence visual test result [1]. Even if
qualitative ‘Yes/No’ information is all that is required, detectors provide
documentation of results and eliminate subjective interpretations. Despite the
increased costs of analysis, many manufacturers are therefore now producing
immunochromatographic test strips combined with portable detectors: Roche
Diagnostics (Switzerland), LRE Medical (Germany), Detekt Biomedical
(United States), Qiagen (Germany), Alverix (USA) and Axxin Inc. (Australia).
Photometric detectors are dominant in the market at present. Alere (USA) has
developed a portable fluorescence lateral flow reader. The transition from
qualitative to quantitative LFIA resulted in 3- to 50-fold improvements in the
LOD [1].

2.2.2 Flow-Through Immunoassay

Flow-through or immunofiltration assay (IFA) or enzyme-linked immunofil-
tration assay (ELIFA), or dot-immunoassay utilizes regular ELISA formats. To
perform flow-through (or vertical flow) assay the immunoreagents are attached
to the membrane as separate spots or zones. Nonspotted surface of the
membrane serves as an indicator of the presence or absence of nonspecific
interaction of immunoreagents and sample components with the membrane
surface. The membrane is placed on an absorbent body (filter paper, cellulose
or cotton pad), which inhibits the immediate back-flow of fluids that could
obscure results. The sample is added to the upper surface of the membrane
where it flows through the membrane into the pad of absorbent material.
Contrary to LFIA, nanoparticles [55,56] or colloidal dyes [57] are not
commonly used as a label for flow-through assays. Enzymes are the most
popular labels; even they require a chromogenic substrate application
[58—60].

For low molecular weight analytes, detection competitive formats are used.

If specific antibodies (test zone) are attached to the membrane, an analyte
(if presents) binds to the antibody spot on the membrane. After the washing
step with small amount of buffer, the analyte—label conjugate is added and
bound by the remaining unbound antibody (Fig. 13). The final step is the
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Analyte Labeled Specific to analyte  Specific to label
analyte antibody antibody

FIGURE 13 Flow-through membrane competitive immunoassay with labelled analyte. Test zone
with specific to analyte antibody and control zone with specific to label antibody are shown. Left:
presence of analyte — only control zone is coloured; right: absence of analyte — test and control
zones are coloured.

chromogenic substrate application to obtain coloured product in the presence
of enzyme [6], forestalled with second washing step [58—60]. As the control
zone anti-enzyme antibody spot (in the case of enzyme label) is used.

If conjugated with covering protein analyte is attached to the membrane
(test zone), cocktail of preincubated labelled specific antibody with the sample
is added to the membrane surface. In the case of presence of analyte, it binds
with the specific antibody-binding sites and the antibody will not remain on
the membrane surface after washing step. In the case of analyte absence,
labelled specific antibody will bind to the test zone. As the control zone the
spot of secondary anti-species antibody is used [56]. The spot colour can be
visually evaluated or instrumentally measured [61] and for competitive assay it
is inversely proportional to the analyte concentration. As for LFIA, results
could be considered as positive on the base of colour absence or colour
partially suppression.

For high-molecular-weight analytes, noncompetitive formats are used. For
antibody detection in schistosomiasis, immunoassay consisted of soluble egg
antigen of Schistosoma japonicum coated onto membrane, mounted on a flow-
through test device to provide the assay capture matrix. Soluble egg antigen
absorbed to a red colloidal dye served as the antigen—antibody complex
detecting reagents [57].



Formats of Rapid Immunotests Chapter |3 57

Comparison of detection sensitivity with the same set of immunoreagents
showed lower carbaril LOD for flow-through immunoassay, comparing with
LFIA (50 and 100 pg/L, respectively) [56]. Schneider et al. [62] compared
dipstick and flow-through formats for fumonisin B1 and concluded that both
tests showed the same sensitivity in buffer solutions (7.5—10 ng/mL). These
tests, however, were 50 times less sensitive than the corresponding ELISA with
instrumental detection. For sporidesmin A determination, it was also shown
that a direct competitive ELISA was more sensitive. The lower sensitivity of a
competitive immunoassay using visual evaluation is mainly the result of the
high antibody density at the membrane dot required for sufficient colour
development for a negative sample [63]. For brucella-specific antibodies, it
showed a similar level of sensitivity of IFA to ELISA and it was more sensitive
than both the rose bengal test and the complement fixation test for bovine
brucellosis diagnosis [64,65].

To increase the sensitivity of flow-through assays, some modifications
were applied. In particular, to avoid limitations related to volumes of
washing buffer, reagents and sample ‘open’ construction of a membrane-
based test was proposed, in which the absorbent body was not fixed to the
reaction membrane. This modification makes it possible to wash with a
stream of washing buffer. Adsorbent body replacement allowed applying
several portions of sample resulting in preconcentration of target analyte in
the antibody spot. No limitation in volume allowed to use signal amplifica-
tion with biotinylated tyramine and avidin—HRP conjugate for aflatoxin B1
determination. This procedure decreased the limit of detection from 5 to
0.25 pg/spot (0.2—0.01 ng/mL) with densitometric detection [66]. For the
simultaneous screening of several samples, they used four membrane strips
with four separate antibody-coated test zones for each. A similar test with 36
spots was used for membrane-based flow-through immunoassay for T-2 toxin
detection [6,67].

To eliminate matrix interferences a clean-up step was included in the assay.
This allowed using less diluted sample extracts, which resulted in an
improvement of the detection limit [68]. To improve the quality of immu-
noreagent spots on the membrane, a new spotting method was developed by
Saha et al. [69]. The flow-through immunoassay has been developed for
simultaneous estimation of aflatoxin B1 and ochratoxin A in chilli samples [70].

To make assay really multiplex, a prototype eight-well immunofiltration
test device was developed for the simultaneous determination of seven
mycotoxins: aflatoxin B1, fumonisin B1, T-2 toxin, roridin A, deoxynivalenol,
diacetoxyscirpenol and ochratoxin A. Membrane sections coated with
different anti-toxin antibodies were fixed to each well. Under the membranes a
filter pad was attached. The assay procedure was similar to one for a single
toxin determination, except that a mixture containing the respective
toxin—enzyme conjugates was used for all wells [71]. As for other types of
multianalyte tests with visual detection, there was a loss of sensitivity in
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comparison with single analyte determination, particularly because the de-
mands in assay simplification and easy interpretation did not allow the use of
optimal reagent concentrations [6].

A simple methanol-based extraction followed by filtration and dilution steps
was prescribed [59]. The tolerance of 40% methanol was found to be due to the
application of small-size (0.8 mm diameter) spots on membranes, as the toler-
ance decreases to 20% with gradual increase in spot size [70]. For some
matrices, however, flow-through assays need additional clean-up steps before
analysis, such as an immunoaffinity clean-up for aflatoxin M1 detection in milk
[60], or a solid-phase clean-up for ochratoxin A detection in roasted coffee [72].

2.3 Column Tests

The replacement of a carrier membrane with the 3D solid support, such as
specially prepared gel or porous polymer carrier, with bound immunoreagents
makes it possible to enhance the sensitivity of tests. Analysis is performed in a
transparent plastic column (as for solid-phase extraction), and it includes the
stages of consecutively passing the sample, immunoreagents and washing
buffers through the bulk of the carrier, placed on the bottom of the column. An
incorporation of the immunoreagents into the bulk of the carrier makes it
possible to concentrate analytes using the principle of immunoaffinity
columns. The column immunoassay format combines efficient analyte sepa-
ration, preconcentration, and sensitive detection in a small test cartridge using
stepwise incubations [73,74].

For low-molecular-weight analytes, detection competitive format with
labelled analyte is used (Fig. 14). The specific primary antibody attaches to the
solid support directly or through immunocomplex with secondary anti-species
antibody. Then the sample to analysis passed through the column and analyte,
if present, concentrates on the antibody-binding sites. Applying next labelled
antigen binds with remained nonoccupied antibody-binding sites. An intensity
of the colour, developed after chromogenic substrate application, is inversely
proportional to the amount of analyte in the sample [73,74]. Results were
obtained as detection immunolayer colour development (for negative result) or
no colour development (for positive result) after performing a direct
competitive immunoassay. For high-molecular-weight analytes, noncompeti-
tive sandwich format is used [75]. To create affinity carrier covalent binding of
antibody to CNBr-activated Sepharose [73,74,76] or physical adsorption on
the polymer [75,76] was used.

Integration of solid-phase clean-up and immunoassay in one device was
obtained by the clean-up tandem immunoassay column, which contained a
clean-up layer and detection immunolayer(s). As a clean-up layer, amino-
propyl-derived silica was used [73]. The purpose of the clean-up layer was to
reduce the extract colour intensity and to minimize matrix effects. The clean-
up layer could be positioned above or below the detection immunolayer, or
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FIGURE 14 Flow-through column competitive immunoassay with labelled analyte. Test layer
with specific to analyte antibody and control layer with specific to label antibody are shown. Left:
presence of analyte — only control layer is coloured; right: absence of analyte — test and control
layers are coloured.

inside separate disposable after sample application column [6]. To simplify the
analytical procedure, a conjugate could be introduced into the column. The
analysis procedure itself could consist of seven [77,78], five [73] or three steps
[79], including washing steps.

For multiple analytes screening the number of detection immunolayers was
increased. For each detection immunolayer a specific antibody for the separate
analyte was bound to the gel before placing it into the column. This approach
was realized for the simultaneous detection of two mycotoxins in Capsicum
spp. spices: nutmeg, ginger, black pepper and white pepper [80]. As for
membrane-based multiple immunoassays with visual detection, to prevent
incorrect interpretation of results, time and intensity of developed colour
should be about the same for both analytes [6].

Assay sensitivity could be varied by changing antibody and conjugate
dilutions, and also volume of extract or liquid sample. Column design had no
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limitation for volumes of liquid sample or extract, reagent and washing
buffers. It allowed, in particular, to use high extract volumes to improve assay
sensitivity. In particular, to obtain a control level of 0.2 pug/L for ochratotin A
in beer, a 12 mL of beer were used, whereas 10 ml of skimmed milk was used
to reach a control level of 0.04 png/L in the determination of aflatoxin M1 in
milk [81].

For quantitative results, evaluation photometer reader was developed by
Senova GmbH (Germany). As for other kinds of tests quantitative assay
enabled to decrease LOD [76]. Mostly enzyme labelling (HRP) was used for
signal detection for analysis of different analytes like mycotoxins, trinitro-
toluene and polycyclic aromatic hydrocarbons [82] in various samples such as
natural and drinking water [74,83], wine [84], spices [80], milk [85] and feed
[86]. Beloglazova et al. [82] compared three different kinds of labels, ie, HRP,
colloidal gold and luminescent QDs with respect to rapid visual on-site testing
of benzo[a]pyrene in drinking water. The assays based on the use of particle
labels require four consecutive working steps only, while those based on HRP
require five additions of reagent. The lower limit of detection for benzo[a]
pyrene is 5 ng/L in case of using enzyme or QDs as a label, but 25 ng/L. when
using gold nanoparticles.

3. HOMOGENEOUS IMMUNOASSAY

Homogeneous immunoassays do not need any kind of solid support and require
only mixing of a sample and immunochemical reagents followed by detection.
Immunochemical binding produces a physically detectable analytical signal that
obviates the need to separate bound from free label. This is the principal dif-
ference with heterogeneous methods, there a separation of unbound reagents
before measurement of the signal of bound to the solid surface complex is an
essential phase of assay. Without a separation (washing step or flow with liquid
stream) the label amount would always be the same, regardless of the analyte
concentration. To make a separation not required, the label (or pair of two
labels) should generate the signal which is sensitive to the immunocomplex
formation: binding to the analyte in a noncompetitive assay or to the antibody in
a competitive assay. In other words, the unique and common characteristic of
each of these methods is that they provide a mechanism for modifying the signal
produced by a label as a function of an immunochemical binding event. So
theoretically all nanoscale assemblies are capable of continuously monitoring
concentrations of target species in a sample through changing of any kind of
analytical signal as a response to immunocomplex formation could be reporter
system. Labels play role of active nanosensor, sensitive to immunocomplex
formation. This contrasts with heterogeneous methods, which depend on eval-
uation of signal intensity, which is directly related with an amount of the label.
This makes labels and their properties the most suitable base for homogeneous
immunoassay classification. In this section, only properties of labels related to
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homogeneous assay are described. Detailed discussion of labels is presented in
Chapter “Labels for optical immunotests” by Goryacheva [130]. Homogeneous
methods have been developed for high- and low-molecular-weight analytes
using both competitive and noncompetitive assays.

Homogeneous immunoassays could be classified as assays without labels
and label-based assays. The first reported immunoassays were homogeneous
but did not employ a label. They are attributed to Kraus, who in 1897 coined
the term precipitin for the precipitate formed upon mixing an antigen and an
antibody [87]. Likewise, the earliest immunoassays that employed a label were
also homogeneous [88,89].

Because the rate of the binding reaction is not limited by slow diffusion to
a surface, incubation times are short, usually only a few seconds to a few
minutes; and the nonseparation assay protocols minimize the requirements for
automation. Immunochemical binding can be followed either kinetically or
after achievement of binding equilibrium. Because the separation and washing
steps of heterogeneous methods are essentially more error prone and tend to
influence weak binding reactions with an attendant decrease in sensitivity,
theoretically homogeneous methods are more sensitive than heterogeneous
immunoassays. Practically, as sample constituents are not removed by a wash
step, variations in signal caused by nonspecific effects of the sample matrix
prevent realization of this potential advantage [89].

3.1 Latex Agglutination and Metal Nanoparticles Agglutination

Typically antibodies (or antigen) are bound to the surface of the particles,
which form aggregates when a polyvalent antigen (or target antibody) is
present. Both competitive and noncompetitive sandwich assays can be used. A
noncompetitive sandwich assay can be set up with two antibody-coated par-
ticles that bind a multivalent antigen (Fig. 15). The more antigen that is pre-
sent, the more agglutination occurs. Latex agglutination results take about
15 min to an hour.

Alternatively, in competitive assay added antigen can inhibit antibody-
induced aggregation of antigen-coated particles. This ‘agglutination inhibi-
tion” method is generally less sensitive. In each case, it is only necessary to
combine the sample and reagents and optically measure the agglutination [89].
The agglutination and agglutination inhibition schemes are presented on
Fig. 16. The latex agglutination test is a wet-lab method to check for certain
antibodies or antigens in a variety of bodily fluids including saliva, urine,
cerebrospinal fluid or blood. Numerous techniques have been described for
agglutination tests. The tests could be performing using slides, test tubes or
microtitre plates.

The slide test is used primarily for screening large amount of sera. An
undiluted or single-diluted serum sample is used for this test. In this case,
results would be qualitative. For semiquantitative results, serum should be
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FIGURE 15 Noncompetitive sandwich latex immunoagglutination assay: antibody-coated
particles agglutinated by antigen molecules.

serially diluted. Slide tests provide results in a matter of minutes. Latex
particles for this test could be coloured to enhance readability. For performing
of the tests, the reagents are mixed on the glass slides or disposable test cards.
An employment of white disposable test cards with coloured latex particles
facilitates detection of agglutination. One of the problem with using the slide
test is related with application of nondiluted samples: this is potential for false
negatives. If target antibody concentration in undiluted sample is too high, the
reaction with a constant amount of antigen results in prozone phenomenon,
and a false negative result. Therefore, serial dilutions should be done for
samples from patients whose clinical symptoms are highly indicative even if a
screening test of particular disorder is negative. To reduce the probability of a
false negative result, many tests use a single 1:20 dilution [90]. Serum samples
that are positive in the slide test could be analysed semiquantitatively in
mictotitre plates. In this assay a constant amount of antigen is added to the
serially diluted sample in the wells of microtitre plate. Endpoint titres are
reported as the reciprocal of the highest dilution of sample in which clamping
occurs. Comparing with tubes, microtitre plates facilitate operations with
several dilutions. As well, a minimal amount of reagents is required for each
well [90].

Visual observation of latex agglutination is moderately sensitive and not
quantitative. Most instrumental quantitative measurements rely on turbidim-
etry or nephelometry. Turbidimetry measures the intensity of a beam of light
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FIGURE 16 Agglutination (for antibody detection) and agglutination inhibition (for competitive
antigen detection) schemes.

transmitted through the sample. Nephelometry measures the light that is
scattered at an angle away from the beam. Nephelometry is more sensitive but
is more subject to interference from particulate matter in the sample [89].
Comparison with ELISA on the example of human immunodeficiency virus
detection showed better sensitivity for latex agglutination in non-HIV patients
[91]. In the other study, ELISA did not appear to have any advantage over latex
agglutination test for diagnosis of rheumatoid arthritis [Banchuin1992] and
cryptococcal antigen [92].

High sensitivity can be achieved by measuring the angular anisotropy of
laser light scattered from a suspension of particles (laser nephelometry). The
light scattering is a sensitive function of the particle size, particularly when



64 Rapid Immunotests for Clinical, Food and Environmental Applications

the wavelength of light is on the order of the size of the particles. The
method provides greater sensitivity than simple nephelometry, but
interference from particulate material in the sample and reagents is also
increased [93].

New approaches to develop techniques for latex agglutination measure-
ment include electrochemical impedance spectroscopy. A new class of
impedance-based lab-on-chip immunosensors in which the immunoaggluti-
nation of latex in the presence of target antigens leads to precipitation from
solution between interdigitated microsized electrodes on a chip [94].

Many commercially available tests use latex particles coated with immu-
noreagents of interest. The agglutination tests can be used to determine blood
type, detect anti-self antibodies and antibodies to variety of infectious agents.
Among commercially available tests are tests for fibrin(ogen) degradation
products and D-dimer assays for diagnosis of disseminated intravascular
coagulation, detection of Cryptococcus neoformans, diagnosis of bacterial
meningitis, leptospirosis, rheumatoid arthritis, visceral leishmaniasis, to
identify Candida dubliniensis colonies and Staphylococcus aureus.

Metal nanoparticles have high indices of refraction and produce particu-
larly strong light scattering relative to latex. The scattering intensity is strongly
dependent on nature of metal and particle size. The special term solid particle
immunoassay (SPIA) is related to these methods. SPIA is a term generally
applied to those assays in which the colloidal particles are inorganic; however,
organic particle may also be solid. The most popular material for nanoparticle
is gold. Additionally with other advantages the important one for immu-
noagglutination property is changing of the colloid colour. Then gold nano-
particles are isolated from each other, each nanoparticle appeared pink-red
colour as a result of surface plasmon resonance. Then as result of agglutina-
tion, as the distance become smaller the colour of colloid changes for grey-
blue and further clumping leads to colour disappearance. This colour change
could be easily detected by naked eye. Gold nanoparticle concentrations in the
low femtomolar range can be detected.

3.2 Fluorescence Polarization Immunoassay

Fluorescence polarization immunoassay (FPIA) is a homogeneous competitive
immunoassay based on the increase in fluorescence polarization (FP) of
fluorescent-labelled small antigens when bound by specific antibody. Walter
Dandliker first described the application of FP for detection of anti-
gen—antibody interactions in the 1960s [95,96]. Apposite to the agglutination
methods, FPIA is mostly the method for detecting low-molecular-weight
analytes. The principle of detection is competition of analyte and labelled with
fluorescent label analyte (tracer) for restricted amount of antibody-binding
sites in solution (Fig 17). Tracers for FPIA are generally contained as label
small organic dye fluorescein.
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FIGURE 17 Fluorescent polarization immunoassay. Left: presence of analyte; right: absence of
analyte.

For small molecules (such as unbound fluorescein labelled low-molecular-
weight antigen) with fast Brownian rotation in solution, FP is low, while for
larger molecules (such as tracer bound to antibody) the values are higher. If the
analyte is not present in the sample, the tracer will be bound to antibody and
the FP will be high. If the analyte concentration in the sample is significantly
higher than the concentration of the tracer, the antibody-binding site will be
preferentially occupied by analyte and most of the tracer will be free in
solution. The FP of the reaction mixture will then be lower [97]. The common
FPIA procedure usually include addition of the sample to the diluted specific
antibody solution, incubation and addition of the labelled analyte. For
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well-developed system, one-step single reagent assay is possible using a pre-
equilibrated mixture of antibody and tracer [98,99].

As for other immunoreactions in solution, the equilibrium in the reaction
mixture is reached in minutes or even seconds. As a consequence, the total
time for detection of an analyte using FPIA may be only a few minutes.
Because of its simplicity and speed, FPIA is readily automated and therefore
suitable for high throughput screening in a variety of application areas.

FPIA have all advantages of homogeneous method such as simplicity,
speed and high throughput. Specific FPIA advantage is tracer’s stability on
storage and benefit from the ability of fluorescein to fluoresce with high
quantum yield. The small size of fluorescent label retains the immunoreac-
tivity of the antigen. The method is less sensitive to the temperature changing
than enzymatic reactions, but still sensitive enough because of temperature
influence on the solution viscosity and so molecules and complexes rotation.
FPIA outcomes sensitive to the presence of organic solvents (for example,
extragents) because it also influenced solution viscosity and so rotation
speed. The effective detection limit of FPIA typically does not compare with
that of ELISA. FPIA is susceptible to interference from presence of endog-
enous fluorophores in samples, and from tracer binding to sample matrix
components.

Application of FPIA is mostly limited to low-molecular-weight analytes.
High-molecular-weight analytes are problematic for FPIA detection for two
reasons. First, binding of a large antigen to an antibody, which may be of
similar mass, produces a smaller relative change in the rotation rate and thus a
considerably smaller change in polarization. Second, fluorescein molecules
have excited state lifetime of 4.5 ns, which is too short to permit sensing of
rotational moving of larger biomolecules.

Because of fluorescein dye’s intrinsic spectral properties, light-scattering
phenomena can interfere with these signals owing to the relatively small
Stokes’ shift (~30 nm). Alternative labels with improved characteristics such
as long-wavelength organic dye, Nile blue [100], complexes of rhenium,
osmium and ruthenium [101] or fluorescent QDs [102]. Introduction if new
labels is partially restricted because of FPIA equipment for clinical labora-
tories is adjusted for fluorescein spectral properties.

Of course, it is impossible to evaluate FPIA outcomes by naked eye.
Initially, the method was strictly limited because of the primitive state of
commercial fluorimetres and the requirement for two separate measurements
differing by a 90 degrees rotation of a polarizing lens. Fully automated
polarization fluorimetre was developed and distribute by Abbott Laboratories
(USA) in 1980, polarization units are available for several bench top and hand-
handled fluorimetres. Application of FPIA extended from clinical laboratories
(therapeutic drug monitoring and abused drug screening tests) to food control
area (pesticides, mycotoxin detection) and environmental monitoring. FPIA
application developed in the past few decades in many laboratories is reviewed
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in Refs [97,103—105]. Basic principles of fluorescence polarization/anisotropy
phenomena and their application in diagnostics and imaging are detailed in
Ref. [106].

3.3 Fluorescence Resonance Energy Transfer

Forster fluorescence resonance energy transfer (FRET) involves the non-
radiative transfer of excitation energy from an excited donor fluorophore, D,
(after absorption of a high energy photon) to a ground-state acceptor
fluorophore, A, brought in close proximity, which can radiatively emit a low
energy photon [107,108]. FRET processes are driven by dipole—dipole in-
teractions and depend on the degree of spectral overlap between donor
photoluminescence and acceptor absorption, and on the sixth power of the
separation distance between the donor and acceptor pair (components of FRET
nanoplatform). When both are fluorescent, energy transfer manifests as a
decrease in donor fluorescence intensity and shortening of its exciton lifetime;
this in turn coupled with enhancement of the acceptor longer wavelength
fluorescence and increase of its exciton lifetime.

If only one component of the pair is luminescent, so only changing of one
parameter could be detected. The rate of energy transfer is inversely dependent
on the sixth power of the distance between the donor and acceptor and is
directly related to the spectral overlap of the donor emission and acceptor
absorption spectra. Distance at which FRET could be realized and posed
distance is around 10 nm depending on the donor and acceptor nature. The
power of this technique derives from its high intrinsic sensitivity to small
changes (0.5—10 nm) in the separation distance and orientation between the
donor and acceptor dipoles, which has led to the characterization of FRET in
several reports as a ‘spectroscopic ruler’ [109]. The useful list of Ry values
(Forster transfer difference at which the energy transfer rate is equal to donor
fluorescence decay rate) for over 70 donor—acceptor pairs for organic com-
pounds are presented in Ref. [110]; these values are in the interval of 2—7 nm.
This distance makes it possible to use FRET nanoplatform for biosensing not
only in samples like serum, blood, urine, food extracts, but also inside living
cells [111].

FRET immunoassay could be applicable for both low- and high-molecular-
weight analytes in competitive and noncompetitive formats, respectively.
Competitive FRET immunoassays (Fig. 18) constructed by conjugating a one
component of donor—acceptor pair to the antigen and another to the antibody.
If acceptor is a low-molecular-weight molecule, multiple acceptors are
attached to the antibody to assure that there will be at least one acceptor at an
efficient energy transfer distance within the immune complex. In competitive
immunoassays, the presence of an antigen causes a reduction in the rate of
decrease in donor fluorescence by competing for antibody-binding sites. In
sandwich noncompetitive FRET assays (Fig. 19), donor and acceptor are
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FIGURE 18 Competitive Forster fluorescence resonance energy transfer immunoassay.

o
l h Vex

hVex

FRET

FRET

g
S S

High molecular Energy donor Energy acceptor
weight analyte  labeled antibody  labeled antibody
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attached on each of the antibodies. If components of FRET pair are low-
molecular-weight molecules, attachment of multiple molecules will increase
FRET effectivity. Usually, the assays are carried out by following the rate of
change in fluorescence intensity (or lifetime) during the initial phase of
immunochemical binding. This approach reduces interference from the sample
fluorescence, which normally does not change over the course of the assay. In
sandwich immunoassays, increasing concentrations of antigen accelerate
quenching of the donor emission due to FRET [89]. Originally FRET im-
munoassays were developed to avoid the need for measuring fluorescence
polarization by the primitive methods available at that time [112,113]. Only a
simple fluorimetre is needed, and the method is applicable to both small and
large molecules [89,114].

The first commercial use of FRET immunoassays was in Syva’s Advance
immunochemistry system in the 1980s for serum cardiac glycoside digoxin
assay. The new test, designed to run on Syva’s Advance fluorometric instru-
ment system, ‘is the only digoxin assay now available that does not require
time-consuming centrifugation, precipitation or separation by the lab techni-
cian’, said Syva. With the Advance system, laboratories can decrease
processing time for the test both on a volume basis, and by reducing the
routine procedural steps required by a lab technician from seven (for an
enzyme immunoassay), to four, according to the company. In this system, the
reduction in fluorescence of the donor was monitored rather than the theo-
retically more sensitive appearance of fluorescence of the acceptor. This was
necessary because of the difficulty in finding a fluorescent acceptor that is not
directly excited by the light used to excite the donor. Nevertheless, by using
phycoerythrin (a highly fluorescent red protein-pigment complex, isolated
from red algae found in San Francisco and Monterey Bays, with an extinction
coefficient near 2 x 10° M~ 'em™") as the donor, sufficient sensitivity could be
obtained for a homogeneous digoxin assay that could quantitate 500 pM of the
drug in serum (25 pM in the assay medium) [89].

A crucial aspect of FRET development involves optimizing energy donor
and acceptor to function in concert with desired recognition elements. Organic
dyes are available to accomplish this, but have functional limitations such as
pH dependence, susceptibility to photobleaching, and narrow excitation bands
coupled with broad emission bands, all of which can compromise FRET
performance [115]. To be perspective, components of FRET nanoplatform,
both donor and acceptor should provide physical, chemical and photostability,
maximal overlapping of donor emission spectrum and acceptor excitation
spectrum, energy of the exited level of the donor should be higher or equal to
the level of exited state of the acceptor. To make FRET most effective, ideal
donor characteristics include high quantum yield, sufficient lifetime and broad
excitation band coupled with narrow emission band. Ideal acceptor should
have high absorption coefficient. High acceptor quantum yield allows to
monitor FRET using an increase of acceptor photoluminescence. Presence of



70 Rapid Immunotests for Clinical, Food and Environmental Applications

the two channels of signal monitoring (luminescence of donor and acceptor)
makes it possible to use ratiometric approach and evaluate analytical signal as
ratio of the two [111]. This approach allows to minimize influence of sample
homogeneity and transmission fluctuation.

Development of nanoparticle-based structures has circumvented this
problem through the development of specialized acceptors and donors. For
more detailed information about properties and application of label, see in
“Chapter 4, Labels for optical immunotests by Goryacheva” [130]. Here only
FRET-related properties are briefly discussed.

Gold nanoparticles (AuNPs) have been found to be highly efficient FRET
acceptors that permit direct monitoring of donor fluorescence without
interfering acceptor auto-fluorescence [89,116—118]. Through FRET
mechanism, AuNPs are effective quenchers for dye molecules [119,120],
QDs [121], upconverting luminescent nanoparticles [122], graphene nano-
structures [123]. Carbon-based structures could fulfil both donor and
acceptor roles [123,124].

The use of QDs as an energy donor has recently received considerable
attention. The properties of QDs can enhance energy transfer efficiencies,
facilitate the design of donor—acceptor systems, simplify quantitative
measurements, and enable multiplexing. There are three properties of QDs
that are particularly advantageous from the standpoint of a donor for
FRET:

1. they have similar but nonidentical broad absorption spectra and large molar
absorption coefficients;

2. they have nontrivial and (bio)chemically accessible surface area [125].

3. they have narrow, size-tunable photoluminescence with good quantum
yields. This advantage of QD donors is particularly useful in multiplexed
FRET configurations — that is, the simultaneous interrogation of two or
more donor—acceptor pairs in the same system. Thus, the use of dark
quenchers as acceptors for QD donors can provide the opportunity for
highly multiplexed FRET [126].

As acceptors, QDs are not so successful [127]. The broad absorption of
QDs results in very efficient and unavoidable direct excitation — regardless of
excitation wavelength. The use of QDs as acceptors has been demonstrated
using other QDs [128] or luminescent lanthanide complexes as donors [129].
In these systems, the donor lifetime is comparable to, or longer than, the QD
acceptor lifetime [125].

The use of rare earth chelates allows to develop of time-resolved FRET
immunoassays, TR-FRET, provided a major improvement in fluorescence
immunoassays. Rare earth chelates that serve as the donor are particularly
useful for this purpose. These labels have long fluorescent lifetimes in the
order of milliseconds whereas the fluorescent emission of most fluorescent
substances decays in less than a microsecond [89].
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Labels for Optical Immunotests
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1. INTRODUCTION

In order to improve the performance of rapid tests, innovations have been
required in each of the key components of the test construction and technol-
ogies. One of the main area bringing possibilities is improvement assay
sensitivity and simplicity in the development of signal generation technolo-
gies. The signal generation elements involve both the label and the reader or
interpretation method used. The majority of detection is still done visually
either by eye or using optical readers, however, there is growing use of fluo-
rescent, chemiluminescent, and magnetic field measurement systems [1].
The main tendency in the development of new labels for rapid methods
could be outlined as follows: initially as biolabels in biochemical research,
then as application in traditional immunoassay formats (‘new-label-linked
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immunosorbent assay’) and finally in the development of sensors and rapid
tests. Another common tendency is a shift from the clinical area (point-of-care
testing) towards the food and feed control area and finally to the field of
environmental control. The immunoassay format changes in parallel: from a
sandwich format for high-weight analytes of clinical interest to a competitive
format for mostly low-weight analytes in ecological monitoring. In spite of
substantial interest in in-field assay, the main problem restricting rapid
immunotest application is its lack of sensitivity. To solve this problem two
main approaches are used: the first is an improvement of the recognition
system and assay optimization whereas the second is the development of new
labels or label systems thereby improving analytical signal generation through
higher brightness and/or reader optimization.

Several reviews were published in nearby areas. Data about lateral-flow
immunoassay (LFIA) development were summarized in reviews of Post-
huma-Trumpie et al. [2] and Dzantiev et al. [3], protein rapid tests in review
of Axel Warsinke [4]. Application of nanoparticle labels in immunosensing
with optical detection was reviewed by Matthias Seydack [5]. Progress in
the development of different types of inorganic nanoparticles used as labels
in immunoassay was reviewed by Chafer-Pericas et al. in 2006 [6] and the
nanoparticles’ preparation methods and surface-functionalization procedures
were focussed on to improve the sensitivity of the involved immunoassays.
Application of nanoparticles [7] and quantum dot—based labels [8] for
rapid tests was reviewed by Goryacheva et al. A review concerning the
trends in fluorescence immunochromatography was published by Pyo and
Yoo [9].

This chapter presents an overview of the labels for rapid immuno-
chemical tests, the principles of signal generation and the features of ap-
plications. Both traditional (enzymes, gold nanoparticles) and relatively new
labels (up-converting phosphors (UCP), quantum dots (QD)) are presented.
Comparison of sensitivity provided by tests with different labels is pre-
sented, where possible.

Optimal labels should be stable (colloidal) in water, have uniform size,
charge and shape, be easily conjugatable to biomolecules, be able to produce an
intense analytical signal and show stability against aggregation/oxidation/
precipitation/photobleaching and so on. during the test preparation and assay
procedure. Most of these characteristics will be affected by the analytical sys-
tem, the tested samples and other factors. Labels can therefore be comparatively
evaluated only by experimental testing.

2. ENZYMES

Enzymes are very popular label both for new formats development and for
practical applications. Enzymes are catalysts, which bring about the change in
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the substrate without itself changing chemically and can therefore keep on
converting the substrate. The main advantages of enzymes are:

e sensitivity;

e biocompatibility;

e availability of techniques, protocols, practices and readers for their
application.

Undoubtedly, enzyme labels are used more widely than any other type of
labels, because a single molecule of enzyme, for example, horseradish
peroxidase, may cause the conversion of 10" molecules of substrate per minute
[10]. The two enzymes most commonly used in immunoassays are alkaline
phosphatase and horseradish peroxidase. Both are quite stable when handled
and stored properly, and both can be stored at 4°C for more than 6 months.
They are commercially available as free enzymes and as various enzyme
conjugates (enzyme-labelled antibodies, antigens, DNA, etc.) and are rela-
tively inexpensive; variety of conjugation techniques are well established [11].
Besides, if it is not convenient to enzyme conjugate the desired detection
reagent, a secondary detection reagent can be used. For example, if a custom-
generated mouse monoclonal antibody is used as the primary detection
reagent, a commercially available horseradish peroxidase-conjugated goat
antimouse antibody can be used as a secondary detection reagent to generate
analytical signal. The incubation temperature, buffer composition and pH,
enzyme stability and requirement for cofactors should all be considered when
selecting an enzyme. There are some differences between these two enzymes
that should be considered when choosing one for an assay.

Horseradish peroxidase is a 44-kDa glycosylated hemoprotein. It consists
of a protoporphyrin IX hemin prosthetic group and 308 amino acids,
including four disulphide bridges and two calcium ions. It contains about
20% carbohydrate by weight. It has six lysine residues available for conju-
gation without any loss of enzyme activity. Horseradish peroxidase is an
oxidoreductase that can be used with a wide variety of hydrogen donors to
reduce hydrogen peroxide. This property has been utilized to generate col-
oured, fluorescent or luminescent derivatives, depending on the substrate
used. It has a high catalytic rate, resulting in amplification of the signal. Due
to its small size, it rarely causes steric hindrance problems with antibody/
antigen complexes bound on a surface. Peroxidase is very inexpensive
compared to alkaline phosphatase. The major disadvantage associated with
peroxidase is that it is incompatible with many preservatives, such as sodium
azide, that are used to reduce microbial contamination in many biological
buffer solutions. Sodium azide, even in low concentrations, inactivates
peroxidase activity. The pH range of HRP activity is 4.0—8.0 [10]. Several
substrates, yielding either soluble or insoluble reaction products, are com-
mercially available for peroxidase.
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Alkaline phosphatase is a 140-kDa dimeric glycoprotein containing many
free amino groups that can be used for conjugation. This enzyme catalyzes the
hydrolysis of phosphate esters of primary alcohols, phenols and amines. The
form used in immunoassays is purified from calf intestine and contains zinc. It
is inhibited by orthophosphate, zinc chelators, borate, carbonate and urea.
Activity is optimal at pH 9.5—10.5 [10]. The larger molecular size of alkaline
phosphatase can cause steric hindrance issues due to closely packed anti-
gen—antibody complexes. This can result in lower activity than expected for
the estimated number of bound enzyme molecules.

Many other enzymes have been tried over the years in immunoassays (eg,
acetate kinase, firefly luciferase, xanthine oxidase), with B-p-galactosidase,
glucose oxidase and glucose 6-phosphate dehydrogenase being the only ones
to find application in commercial products [10].

The main disadvantage of enzymes as labels is not providing possibility for
direct detection, which means necessity for additional steps for signal devel-
opment. While most test systems are based on rapid analyses with the mini-
mum number of steps, enzymes need prolonged incubation with an appropriate
substrate. This way, compared with labels that provide direct detection,
enzyme-based immunoassays usually have some disadvantages [10,12]:

1. Enzyme-based immunoassays are susceptible to interference and changes
in assay conditions during the signal generation stage.

2. Signal generation must be controlled, optimized and kept free from in-
terferences, in much the same way as antibody—antigen incubation.

3. Enzyme—substrate incubation is sensitive to time, temperature and pH, and
inhibitory substances should be absent.

4. Substrate is normally present in excess, except where its high concentration
inhibits enzyme activity, as is the case with horseradish peroxidase and
hydrogen peroxide.

Enzymes can be covalently linked to the antigen or antibody (depending
on the format of the assay) to form a conjugate using a wide range of
chemical techniques [10]. Enzyme labels may give rise to several different
signal sources, depending on the substrate; but non-depending on the detec-
tion principle, enzyme application needs substrate to develop analytical
signal. This means rapid enzyme—based tests could commonly not work in
dry-chemistry format as, for example, lateral-flow immunostrips with nano-
particles as labels. At the same time comparative studies of enzyme and
nanoparticle label showed that complication of the procedure gives gain in
better sensitivity [13,14].

To additionally improve assay sensitivity, the common approach as to
enhance amount of labels bound to each immunoreagent unit (antigen or anti-
body) which allows to enhance amount of enzymes per each analyte is used. For
some enhanced labels, additional steps are prescribed to release enzymes from
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label internal volume before substrate application, such as liposome lysis, for
example. For more details about liposomes (see Section 4.4). Other enhanced
labels do not need any additional steps, such as commercial polyhorseradish
peroxidase products (Thermo Fisher Scientific Inc. (USA), Senova GmbH
(Germany)). Commercially available from Senova polyHRP products are
supermolecular enzyme complexes containing up to 800 molecules of the
enzyme. Enzyme molecules are cross-linked in the manufacture of PolyHRP by
means of bifunctional linkers to form oligomers consisting of 20, 40 or 80
molecules. Preconcentration of enzyme immunocomplexes on the surface of
nanoparticles, for example, magnetic, also allow to combine multiple enzymes
in one label [15].

Parolo et al. [16] studied enhanced labels consisted of gold nanoparticles
modified with horseradish peroxidase. It was shown that all three tested sub-
strates (3,3',5,5'-tetramethylbenzidine, 2,2’-azinobis[ethylbenzothiazoline-6-
sulphonate] and 3,3'-diaminobenzidine with metal enhancer) produced a
darker colour that enhanced the intensity of the previous red colour of the
unmodified gold nanoparticles. In such very simple way it is gaining sensi-
tivity (up to one order of magnitude). Presence of gold nanoparticles offers a
dramatic visual enhancement of analytical signal of insoluble enzymatic cat-
alytic product (red-coloured chromogen). Combining enzyme catalytic
amplification (with 3-amino-9-ethylcarbazole (AEC)/H,0O, substrate solution)
with unique optical properties of gold nanoparticles was capable of detecting
of 0.01-pM target DNA without instrumentation [17].

Among rapid tests, rapid ELISA and flow-through immunoassay use en-
zymes as the main kind of labels; different variants of lateral-flow immunoassay
also use enzyme or enzyme-containing labels. Variety of enzymes and related
substrates provide different kinds of analytical signal evaluation: intensity
of colour, fluorescence, chemiluminescence and electrochemiluminescence
detection.

2.1 Colorimetric Assays

The simplest and most popular signal to measure is colour. Results could be
estimated visually by naked eyes or quantified by different readers. The
readers are kind of standard equipment to immunoassay-related methods.
This method works well with horseradish peroxidase and 3,3',5,5'-tetrame-
thylbenzidine, 2,2'-azinobis(ethylbenzothiazoline-6-sulphonate) or o-phenyl-
enediamine as substrates. Each of these substrates also requires the presence of
hydrogen peroxide. Another popular enzyme is alkaline phosphatase in
combination with p-nitrophenyl phosphate or indoxyl phosphate substrates.
Horseradish peroxidase—based assays are capable of greater sensitivity than
alkaline phosphatase with colorimetric substrates, as the signal intensity
(under identical conditions) is an order of magnitude greater [10].



84 Rapid Immunotests for Clinical, Food and Environmental Applications

Colorimetric (or chromogenic) kind of detection supersedes radioisotopic
labels. In theory, colorimetric assays are capable of sensitivity that is as good
as that for radioimmunoassay, but this is seldom achieved in practice.
Colorimetric assays are primarily limited by the lower and upper limits of
spectrophotometric measurements; colorimetry sensitivity limited sensitivity
of measuring the difference between two large light signals: incident and
transmitted light [18]. Enzyme-based colorimetric immunoassay widely used
for rapid ELISAs (Section 2.2.1), flow-through tests (Section 2.2.2) and
different variations of dipsticks and ELISA-on-a-chip formats.

The signal generation stage involves the addition of substrate in buffer;
during following incubation, the enzyme gradually converts a proportion of
the substrate to its coloured endproduct. For convenient and rapid ELISAs at
the end of the incubation, a stopping reagent is added that stops enzyme
activity, for example by changing the pH [10]. For most of the nonmicrotitre
plate—based methods, it is necessary to control incubation time very care-
fully, because no stopping reagent is usually used. The strength of the colour
depends on the amount of enzyme present, which in a competitive assay is
inversely proportional to the concentration of analyte in the original sample
and directly proportional in a sandwich assay. To have an endpoint assay
that provides reliable and consistent results, it is important that the timing of
the reaction in each and every test be controlled as precisely as possible.
Since enzyme—substrate reactions are kinetic, timing from the start to the
end of the reaction strongly affects the final concentration of product
developed.

Sensitivity of detection was compared for membrane-based competitive
immunoassays using gold particles and horseradish peroxidase as tracers in
flow-through and lateral-flow formats for multianalysis of carbaryl and
endosulphan: 10 times enhancement in the visual detection limit using
horseradish peroxidase label was obtained in the study [19].

For the analyte concentration semiquantification, Fung et al. [20]. used bar-
code principle with increasing number of coloured lines with increasing an-
alyte concentrations. Analyte concentration can be evaluated by simply
counting the number of lines. The dynamic range of the assay was 0—400 uM
for creatinine [20] and 5—100 puM for glucose [21].

As enzyme application anyway required additional steps (comparing with
normal nanoparticle—based lateral-flow strips), it is worth the effort to resort
to various tricks for further sensitivity enhancement. A plastic chip that can
perform immunoassays using an enzyme as signal generator was developed by
incorporating an immunostrip into channels etched on the surfaces of the chip.
To utilize an analytical concept of cross-flow chromatography, the chip con-
sisted of two cross-flow channels in the horizontal and vertical directions. In
the vertical channel, 2-mm wide immunostrip for cardiac troponin I was
placed, which was identical to a conventional rapid test kit except for the
utilization of an enzyme, horseradish peroxidase, as tracer [22].
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To enhance sensitivity of strips, it was combined with an immunomagnetic
separation and preconcentration using magnetic particles, coupled with specific
antibody and enzyme. For detection of Listeria monocytogenes in food matrices,
the immunomagnetic complex was added into sample for separation and pre-
concentration by magnetic nanoparticles (MNPs) containing the enzyme and
directly applied to the assay system to induce an antigen—antibody reaction
without any additional step [23]. The detection concept was demonstrated by
performing an enzyme immunoassay on a microtitre well. Results show that the
analytical performance of magnetic particles, coupled with specific antibody
and enzyme is higher than that of the enzyme-labelled antibody, because higher
amount of enzyme was bound to MNPs with large surface area. Results of the
chromatographic analysis yield a limit of detection of 97 £ 19.5 CFU/mL in 2%
milk sample [22].

2.2 Fluorescence Assays

Fluorescence (photoluminescence) signal measurement allows to reach
sensitivity several orders of magnitude better than colorimetric assays using
the same enzymes in combination with special substrates. There is a greater
relative improvement in sensitivity with alkaline phosphatase than with
horseradish peroxidase, and fluorescence immunoassay that utilizes this
enzyme has a level of sensitivity approaching those based on horseradish
peroxidase. B-galactosidase is also used frequently due to its greater sensi-
tivity when used with a fluorogenic substrate. Additionally an application of
fluorescence as signal registration channel widen the dynamic range of the
assay by allowing very high readings to be accurately measured. Fluorescence
is directly affected by temperature, polarity, pH and the dissolved oxygen
content.

Substrates for fluorescence signal measurements should be converted in the
presence of the enzyme to photoluminescent end products [10]. Stabilized
substrates for all three of the top enzymes are commercially available. The
resulting enzyme—substrate reaction product should have distinctly separate
excitation and emission wavelengths (high Stokes shift). If the Stokes’ shift is
large, it is easier to measure the emitted light without interference from the
incident light. The substrate itself should be nonfluorescent.

The most common substrate used in fluorescence immunoassay is 4-meth-
ylumbelliferyl phosphate with alkaline phosphatase as the enzyme label.
4-methylumbelliferyl phosphate is converted to 4-methylumbelliferone with an
excitation wavelength of 360 nm and an emission wavelength of 440 nm. A
suitable fluorogenic substrate for B-galactosidase is (4-methylumbelliferyl
galactoside), which is converted to 4-methylumbelliferone (this is the same
product that results from the conversion of 4-methylumbelliferyl phosphate, the
substrate used with alkaline phosphatase). For horseradish peroxidase, two
fluorogenic substrates are currently available: 3-(4-hydroxyphenyl) propionic
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acid and hydroxyphenylacetic acid. Both substrates require the addition of
hydrogen peroxide in order to produce a fluorescent product. Currently, highly
sensitive fluorescent methods using 3-(4-hydroxyphenyl) propionic acid is
developed using an excitation wavelength of 320 nm and an emission wave-
length of 404 nm.

Fluorescence is highly affected by temperature, polarity and pH; and for
fluorophores with high lifetime, dissolved oxygen could decrease emission
intensity through quenching of exciting states. Background fluorescence is
naturally present in serum and plasma samples, caused by proteins at shorter
wavelengths, and nicotinamide adenine dinucleotide and bilirubin at longer
wavelengths. The peak fluorescence emission of plasma is around 350 nm
(excitation at around 280 nm), with the weaker (but sometimes more critical)
bilirubin peak at 520 nm. Quenching can occur when molecules in the sample
absorb excitation light from the fluorometer or emitted light from the fluo-
rophore [10].

2.3 Chemiluminescence Assays

Chemiluminescence is the phenomenon of light emission as a result of a
chemical reaction. This means no excitation light (and so no related fluctua-
tions) is involved. Unlike fluorescence measurement, there is no incident light,
and the only signal emanates from the chemiluminescent molecules, which
means the minimum background. Unlike radioactivity measurements, all the
photons from the chemiluminescent compounds can be triggered in a very
short time, much increasing the potential analytical signal. For example, the
final data was acquired within 30 s after the addition of the enzyme substrate,
which was faster than the detection time required when using a colorimetric
substrate with the same tracer enzyme [15]. This explains the possibility to
achieve levels of sensitivity several orders of magnitude better than radio-
isotopic and fluorometric immunoassays.

There are substrates that give rise to chemiluminescent end points for all of
the commonly used enzyme labels, most notably horseradish peroxidase and
alkaline phosphatase. The most usable chemiluminescent substrate for
horseradish peroxidase is luminol, which is commercially available in a sta-
bilized form. It is the most suited for clinical rapid tests. Commercially
available luminol is provided with an enhancer (phenols, naphthols, aromatic
amines or benzothiazoles) that acts as an enzyme protector and allows the
reaction to proceed for several minutes without substantial loss in light output.
pH must be stabilized at about 8.5 to allow both peroxidase activity (optimal at
pH 5.5) and light emission (optimal at pH 12.0) to occur. Polyphenols are a
class of horseradish peroxidase substrates that include pyrogallol, purpur-
ogallin, gallic acid and umbelliferone. All polyphenols are known for their
excellent signal to noise ratio and extremely rapid light decay. Polyphenol and
acridine ester substrates can only be used in conjunction with luminescent
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detectors equipped to handle ‘flash’ reactions [10]. Commercially available
substrate Lumigen TMA-6 is optimized for membrane-based assays. 3-(2'-
spiroadamantane)-4-methyl-4-(3’-phosphoryloxyphenyl-1, 2-dioxetane, diso-
dium salt) is the substrate most commonly used with alkaline phosphatase. It
provides a sensitive and versatile substrate for alkaline phosphatase labels.
Cleavage of the phosphate group produces an unstable anion that decomposes
with the emission of light. The detection limit for alkaline phosphatase is
1 zmol (10721 mol, 602 molecules).

As for other enzyme-based tests, the most popular format for rapid tests
with chemiluminescent detection are rapid ELISA and lateral-flow immuno-
assay. Cho et al. [15] developed an immunochromatographic assay combined
with horseradish peroxidase tracer that produces a light signal measurable on a
simple detector. Cross-flow chromatography, a method previously developed
for colorimetric test, was developed for cardiac troponin I.

A chemiluminescent signal was produced by adding a luminogenic sub-
strate to the tracer enzyme complexed with the analyte on the chip. The
luminescent signal was detected in a dark chamber mounted with a cooled
charge-coupled device and the signal was converted to optical density for
quantification. This system was capable of detecting cardiac troponin I present
in serum at concentrations 30 times lower than those measured using the
conventional rapid test kit with colloidal gold as the tracer [15].

It is difficult to compare sensitivity because of (for objective reason) there
is no systematic comparison of different labels for the similar test systems with
the same immunoreagents.

For cardiac troponin I, detection sensitivity was reported 0.027 ng/mL for
chemiluminescent, 0.1 ng/mL for colorimetric and 0.82 ng/mL for the con-
ventional kit with gold nanoparticles [15,22].

To make lateral-flow immunoassay with chemiluminescent detection one-
step dry-chemistry test the chemiluminescent substrate concept relies on a
delayed-release effect of chemiluminescence substrates (luminol enhancer
and hydrogen peroxide generator) by an asymmetric polysulphone mem-
brane. When the membrane was placed between the nitrocellulose running
membrane and the substrate pad, substrates encapsulated in the substrate pad
were released after about 5 min. In a model study, implementation of the
sensor was validated by measuring the C-reactive protein level in human
serum [24].

Quantitative chemiluminescent—based lateral-flow immunoassay was
developed for the detection of 2,4,6-trinitrotoluene in real samples. To eval-
uate outcomes, a portable imaging device for chemiluminescent signal
measurement based on a thermoelectrically cooled CCD camera was used;
the analysis could be performed directly on-field. A limit of detection of
0.2 pg/mL 2,4,6-trinitrotoluene was obtained, which is five times lower than
with colloidal gold—based lateral-flow immunoassay, developed employing
the same immunoreagents [25].
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In 2015 the smartphone camera was used as light detector, for image
acquisition and data handling via a specific application in combination with a
holder for strip cartridge. This provides a mini-dark box and an aligned optical
interface between the camera and the lateral-flow immunoassay membrane for
acquiring chemiluminescent signals (Fig. 1 from Ref. [26]). The method
provided cortisol detection limit of 0.3 ng/mL [26].

3. DYES AND DYE-BASED LABELS

Coloured or luminescence dyes could be used as direct labels, substituting for
radioisotopes in competitive or sandwich assays. Different series of dye
molecules with desirable properties were synthesized and are commercially
available. A wide range of coupling chemistries has been described in the
literature [11].

aqueous
compartment
surrounded by a

phospholipid
bilayer

FIGURE 1 A liposome. Cross-section of a unilamellar vesicle with an aqueous interior sur-
rounded by a bilayer membrane. In this example the liposome membrane consists of phosphati-
dylglycerol, phosphatidylcholine, cholesterol and biotinylated phosphatidylethanolamine [55].



Labels for Optical Immunotests Chapter | 4 89

3.1 Coloured Organic Molecules and Dye-Based Labels

Single dye molecules have not enough chromophore colour intensity, so
‘multiloaded’ labels were developed. One such label is the so-called ‘colloidal
dyes’

Only a few applications of colloidal dyes as labels for clinical assay were
developed. Blue colloidal dye (D-1) and disperse dye (Dadisperse navy blue
SP) were used as labels for immunochromatographic strips [27—29], red
colloidal dye (R-3) was used for flow-through assay and the results were
similar to those detected by routine ELISA [30]. It was shown that these kinds
of labels are suitable for both quantitative and qualitative detection.

Coloured water-insoluble dye particles—streptavidin complex was used for
the detection of pesticides (simazine and 2,4-dichlorophenoxyacetic acid) by
noninstrumental competitive dot-immunoassay. The detection limit (4 ng/mL)
was lower than the similar assay with horseradish peroxidase label (16 ng/mL),
and the traditional competitive ELISA (12—16 ng/mL) were compared [31].

A colloidal dye dipstick test for multiple antigen detection combines sand-
wich ELISA and dot blotting. Coloured dye particles from a family of
commercially available textile dyes of different colours served as detecting
reagents. Colloidal dye and enzyme-labelled dot blot assays showed similar
detection limits down to a sensitivity of 10 ng/mL and excellent agreement [32].

Another approach to enhance the chromophore colour intensity of dye
molecules is loading them to polylysine of different molecular weights. The
optimized dye chromophore using polylysine with a molecular weight of
189.4 kDa and a molar ratio (mol dye/mol amine group in polylysine) of 1.5
was used for labelling a model antibody in LFIA. The loading of polylysine
with reactive dyes of different colours allowed [33] multiple analyte detection
in a single qualitative or quantitative (by using the tabletop densitometer)
immunochromatographic assay.

A new principle of label creation is by application of nanoparticles con-
taining a precursor of highly coloured compounds. This type of label, which is
based on organic nanoparticles, is loaded with the colourless indigo precursor
5-bromo-4-chloro-3-indolyl acetate and coupled with antibody for LFIA
detection of a model protein as described by [34]. Through hydrolysis, this
precursor produces a blue-coloured compound, 5-bromo-4-chloro-3-hydroxy-
indole, which forms an insoluble blue-coloured precipitate after oxidation, 5,5'-
dibromo-4,4’-dichloro-indigo. For this purpose, a developing reagent composed
of 2-propanol, NaOH and H,O, was added to transform the precursor into the
blue precipitate. Comparison of the proposed label with traditional AuNP
labelling demonstrated better assay performance characteristics of the former
(two times higher signal-to-noise ratio).

Another type of labels multiloaded with dye molecules is liposomes.
Multiple molecules of red dye marker, sulphorhodamine B were loaded into
liposomes to be used as coloured labels [35—38]. It is interesting to mention
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that these coloured liposomes were used for detection without lysis. More
details about multiloaded liposomes and their application is described in
Section 4.4.

3.2 Fluorescent Dyes

The simplest kind of luminescence emitters are single-molecule fluorescent
organic dyes. Historically, fluorophores such as fluorescein, rhodamines and
cyanine dyes have been used as cell and tissue labels in fluorescence micro-
scopy and cell biology. Now several series of fluorescent dyes with improved
fluorescent characteristics (high quantum yield, relatively large Stokes shift
and chemical and photostability) such as Alexa Fluor from Invitrogen and
Molecular Probes, PromoFlor from PromoKine, DyLight Fluor from Dyomics,
ATTO Dyes from ATTO-TEC, Hilyte Fluor from AnaSpec are available.

These dyes have a potential to be applied as fluorescent labels for rapid
tests. It is important to mention that the application of fluorescent labels to
membrane tests is complicated by high light scattering caused by the mem-
brane support. There is also interference of internal fluorescence originating
from proteins (antibody), probe components, analytes like polycyclic aromatic
hydrocarbons and some mycotoxins. Weak points of fluorescent dyes,
compared to the nanoparticles, are low photostability, high quenching by the
environment and concentration quenching [7].

Kim et al. [39] examined several fluorescent dyes including fluorescein
isothiocyanate, rhodamine, Texas Red, Alexa Fluor 488 and Alexa Fluor 647,
and reported the last one as being more stable and giving a higher fluorescence
signal than others. This dye was reported in a highly sensitive LFIA for the
detection of prostate-specific antigen [40], C-reactive protein [41] and human
serum albumin [42] in whole blood without interference from blood com-
pounds. For POC testing, it is important to apply the test directly to whole
blood, because the application of the test to plasma and serum requires blood
pretreatment. A similar test was also developed for albumin detection in urine
[43]. A good correlation between the results of these tests and the ones con-
sisting of more complicated and time-consuming methods was shown. In the
area of environmental assays, a fluorescent dye—based LFIA was developed
for the quantification of microcystins in surface water [39]. Sensitivity and
reproducibility of immobilized-antibody and immobilized-antigen systems
were compared for these low-molecular weight analytes and the superiority of
the last one was shown.

Application of homemade [39] or commercial (;-CHROMA™, Bio-
ditechMed, Korea) laser fluorescent scanners allowed to obtain quantitative
results. Cibitest’s device FLORIDA consists only of an excitation lamp, and
reading can be performed by the naked eye. Embedded Systems Engineering
(Germany) created a miniature confocal optical sensor that can be modified
with a wide variety of fluorescent labels for quantitative results’ evaluation [7].
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The disadvantages of traditional fluorescent chromophores are that they
tend to have poor photostability, brightness and a short Stokes shift. This
causes significant problems when working with samples with a naturally high
background fluorescence. In addition, typically, only a limited number of
fluorophores can be attached to a biomolecule before they begin to interfere
significantly with binding specificity [44]. Consequently, targetting trace
amounts of analytes may be almost impossible without signal amplification.

3.3 Fluorescent Dye—Based Labels

To increase the brightness of the labels, multiple fluorescent dyes can be
coupled to a carrier and then to immunoreagents. This means a high label-to-
antibody ratio and as a consequence, the signal intensity is larger than with
standard conjugation of antibody to label. Another way to enhance the fluo-
rescence intensity is by using particles (eg, polystyrene), loaded with organic
fluorescent dyes. A variety of such microspheres is commercially available,
such as FluoSpheres from Invitrogen. Similarly fluorescent dye-doped silica
nanoparticles can be applied [45,46]. These approaches allow making labels
brighter but do not solve problems with broad emission and small Stokes shift
thus resulting in cross-talk between excitation and emission signals. Rhoda-
mine B sulphonylchloride and other dyes can be covalently bound to and
contained in silica nanoparticles of discrete spherical shape (30—80 nm).
Compared to molecular, organic markers these fluorophore hybrid silica par-
ticles exhibit superior photostability and detection sensitivity. An immuno-
assay method for detecting trace level (down to 0.1 ng/mL) Hepatitis B surface
antigen was successfully developed on this basis [47]. Synthesis approaches
and analytical application of silica nanoparticles multiloaded with different
reporters, including fluorescent dues was systematized by Knopp et al. [44].

High-sensitivity fluorescent (HSF) systems have been described (Sirigen
Ltd) comprising polymer chains which act as ‘molecular antennae’ capable
of collecting and transferring increased energy to standard fluorescent labels.
It has been claimed that this technology increases signal by one to two orders
of magnitude relative to standard fluorescence without increasing back-
ground [48].

Another type of enhanced labels is organic dye crystals. Solubility in
aqueous environment and colloidal stability could be circumvented [49] by
milling (d~500 nm) and suspending a fluorogenic hydrophobic precursor
fluorescein diacetate in sodium dodecylsulphate solution. Negative surface
charge is introduced by the surfactant, rendering the particles colloidally stable
and minimizing leakage of fluorescent molecules into surrounding water. In
the next step, using the layer-by-layer technique, alternatingly charged poly-
mer layers were adsorbed. Microelectrophoresis experiments revealed alter-
nating negative and positive zeta-potentials with deposition of each successive
polyelectrolyte layer, indicating that the alternate electrostatic adsorption of
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polyelectrolytes of opposite charge was successfully achieved. Protein immo-
bilization onto the polyelectrolyte multilayer—coated particles was verified by
the different surface properties of the microparticles with respect to surface
charge under pH conditions above and below the isoelectric point of the
proteins [49].

A high molar ratio of fluorescent molecules present in the microcrystal
core to biomolecules on the particle surface was achieved. The applicability of
the microcrystal-based label system was demonstrated in a model sandwich
immunoassay for mouse immunoglobulin G detection. Following the immu-
noreaction, the fluorescein diacetate core was dissolved by exposure to a 1:1
mixture of dimethyl sulphoxide (to dissolve the particles) and 1IN NaOH
(to convert fluorescein diacetate into highly fluorescent, dianionic fluorescein),
leading to the release of the fluorescent dye molecules into the surrounding
medium. Amplification rates of 70- to 2000-fold (expressed as an increase in
assay sensitivity) of the microcrystal label—based assay compared with the
corresponding immunoassay performed with direct fluorescently labelled an-
tibodies are reported [50]. Depending on the particle diameter, fluorescent dye-
to-protein ratios of up to ~ 10® per affinity reaction are feasible [5].

Instead of sodium dodecylsulphate and multilayers, the adsorption of only
one layer of an amphiphilic polymeric detergent, for example an alkylated
poly(ethylene imine), is sufficient to stabilize the system and to provide an
interface for the antibody attachment [51,52]. Depending on particle size and
analyte concentration, the fluorescence signal was amplified up to 183,000-
fold in comparison to a reference assay using traditional, molecular fluorescein
isothiocyanate labelling. Limits of detection, however, were in the same order
of magnitude throughout [52].

Preparation strategies and biological application of fluorescent organic
nanoparticles are summarized by Suzanne Fery-Forgues [53].

4. LIPOSOMES

Liposomes are vesicles formed by a lipid bilayer with the hydrophobic chains
of the lipids directed towards each other and the polar head groups of the lipids
oriented towards the extravesicular solution and the inner cavity. Liposomes,
first time described by Bangham in 1965 [54], are spherical vesicles composed
of one or more phospholipid bilayers (uni-, oligo- and multilamellar vesicles)
surrounding an aqueous cavity (Fig. 1 from Ref. [55]). The lipid molecules
consist of hydrophilic head groups and hydrophobic tails; in aqueous solutions
they self-organize to increase their solubility in the surrounding medium and
minimize the surface-to-volume ratio. The size of the liposomes ranges from
50 to 800 nm.

Liposomes can be made easily by a variety of techniques from relatively
inexpensive materials in relatively uniform size; their surface composition can
be readily controlled by mixing phospholipids of different types, and the
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loading of markers could be performed during liposome preparation. In the
film method [54], where a mixture of phospholipids and/or other amphiphilics
is dissolved in an organic solvent, the solvent is removed at reduced pressure
and the dry film of lipids is hydrated by adding a buffer with a water-soluble
marker. In the reverse-phase evaporation method, an aqueous solution of
markers is added to a mixture of lipids dissolved in an organic solvent and
mixed till emulsion formation [56,57]. After removal of the organic solvent,
dispersion of large liposomes is formed. In the detergent-dialysis method,
where an aqueous solution of marker is added to a mixture of lipids in an
organic solvent, a lipid film is formed when the organic solvent is removed,
solubilizing the lipids by an appropriate detergent, resulting in lipid/detergent
micelle formation, spontaneously producing liposomes when the detergent is
removed by dialysis [55,58,59]. Markers such as fluorophores, enzymes or
nanoparticles, present in the aqueous phase during the preparation, can be
encapsulated in the liposome.

A variety of phospholipids with different polar head groups available for
conjugation or reducing liposome aggregation, and hydrophobic regions
possessing different chain lengths and saturation, are used to modify the
properties of the resulting liposomes. The uniform, oriented structure of the
lipid bilayer makes liposome surface properties predictable, and this allows
control of the surface charge, the number of reactive groups and the hydro-
philicity of the surface [60]. Different chemically active groups (including
active groups for coupling biomolecules) can easily be incorporated on the
liposome’s surface in this way. It is important to mention that the properties
and the amount of such groups can be varied over a wide range. This enables to
control properties such as the size of the liposomes and the surface density of
covalently bound biomolecules. Geometry and type of liposomes strongly
depend on the preparation process; that is, the chemical composition and
phospholipid concentration, mixing and centrifugation speed, injection pro-
cedure and type of the organic phase [61—63]. Liposomes can maintain their
stability either in dehydrated form or in liquid solution for extended time
periods. They were originally developed to study cell membranes and because
of their ability to carry various water-soluble agents in their aqueous cavity,
liposomes have been used in cosmetics and food industries. Later, liposomes
found their application in drug delivery and clinical diagnostics [64]. Last
decades, most research into applications of liposomes is in the field of drug
delivery [65]. Clinical applications include the use of liposomes in gene
therapy, as a carrier for genes [66].

The structure of liposomes offers the possibility of loading multiple signal-
generating molecules. Molecules can associate with liposomes in several
ways, including encapsulation within the aqueous inner cavity, partitioning
within the lipid tails of the bilayer and covalent and electrostatic interactions
with the polar head groups of the lipids [67]. A wide variety of molecules and
nanoparticles can be encapsulated within liposomes: enzymes, visual/coloured
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and fluorescent dyes, QDs, electrochemical and chemiluminescent markers.
Liposomes are promising for the development of sensitive immunochemical
methods because they can carry a large number of receptor molecules and can
be loaded with appreciable amount of markers due to their large surface area
and internal volume [68]. A large number of markers have been encapsulated
in liposomes, including organic molecules (dyes and fluorophores), enzymes,
enzyme substrates, (small) proteins, RNA, DNA, ions, nanoparticles and
radioactive isotopes [55].

First applications of liposomes to immunodiagnostics have been based on
homogeneous assays which are generally turbidimetric or lytic. For liposomes
loaded with luminescent markers or enzymes, immunochemical techniques
were based on the lysis of liposomes and release of previously loaded markers.
In lytic immunoassays, vesicles prepared with antigen on the surface release
molecules encapsulated inside the aqueous core of the vesicle [69—71]. Other
homogeneous assays use vesicles to enhance the measured turbidity resulting
from the aggregation of antigen-coated latex beads [60,71].

Liposomes were applied in different heterogeneous assay formats, such as
liposome immunosorbent assays [55,72,73], flow-injection immunoanalysis
[74], lateral-flow assay [37], chemiluminescence biosensor [75], aptamer
sandwich assays with fluorescent detection [76], multiplexed assays in
microtitre plates [60,61] or microarrays [77].

Comparison of the signal of biotin enzyme—tagged liposomes to a biotin-
tagged enzyme showed up to 100—1000 times higher signal with the lipo-
somes for different immunosystems and different ways of signal generation
[67]; a 500-fold lower detection limit was found measuring the fluorescence of
lysed dye-encapsulated liposomes versus a single fluorescein-labelled probe
[36]. Liposome advantages such as long-term stability of the encapsulated
signalling molecules and the ease of labelling through the direct incorporation
of hydrophobically modified nucleic acid probes into their lipid bilayers
should be mentioned [36].

However, in most cases, the enhancement was not as significant as would
be expected because of steric hindrance and multivalency. Liposomes have
many biorecognition elements on their surfaces, thus one liposome can
theoretically bind to several targets. Application of liposomes for analysis was
reviewed by Edwards and Baeumner [67].

Lysing of the liposomes after the completion of the immunochemical re-
action is where liposomes can be differentiated from most of the other mul-
tiloading carriers. In the case of lysing, the signal amplification is a result of
liposome destruction with detergents, for example, a drawback of liposomes is
their relative instability, although commercial liposomes are stable for up to
36 months. It is also difficult to dry and then reconstruct the liposomes without
loss of their properties. This makes them hard to adapt to dry chemistry assays,
such as LFIA. However, some examples of lateral-flow tests were described.
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For application in lateral-flow tests, they could be targetted with DNA [67],
RNA [78,79] and antigens [37,80,81].

Liposomes were used for multianalyte detection by multispots format for
cross-reacting analytes [79]. Lateral-flow tests were mainly developed towards
high-molecular weight analytes, but some examples were described for low-
molecular weight molecules, such as aflatoxin B1 [37]. Variation of dyes could
provide different coloured liposome labels: methyl blue gives the liposomes a
blue colour [81] and sulphorhodamine B makes liposomes pink [36], and the
latter could also be used for fluorescent measurement [79,80]. Aequorin is a
photoprotein isolated from luminescent jellyfish in liposomes and it was also
applied as a luminescent label [82].

For visual dyes, the colour intensity may be measured semiquantitatively by
visual examination. However application of readers (eg, QuadScan reflectance
photometer (KGW Enterprises, Inc., Elkhart, IN)) can provide more accurate
quantitative results.

4.1 Markers and Encapsulation Strategies

Assays based on the measurement of dye fluorescence are inherently more
sensitive than the measurement of dye UV absorption [60]. Fluorescent
markers, initially employed as a means to study membrane properties, are
most commonly used because these markers can be measured rather easily and
are very sensitive. Carboxyfluoresceins [83,84], sulphorhodamine B, Cy3 and
calcein [85] are used as markers.

Apart from these small molecules, larger markers can also be entrapped,
including enzymes and nanoparticles. Enzyme examples are alkaline phos-
phatase, horseradish peroxidase and glucose oxidase and cofactor example is
flavin adenine dinucleotide. Larger molecules tend to leak less through the
liposome membrane than smaller molecules [55]. If an enzymatic marker is
used, additional incubation period is necessary for enzymatic conversion of the
substrate, resulting in an instantaneous amplification. Nanoparticles, such as
QDs also could be loaded in liposomes.

If the marker is trapped in the internal volume of the liposome’s aqueous
core, the concentration of the encapsulated content should be as high as
possible, leakage should be minimal and if lysis is needed for results’ evalu-
ation, the contents should be released only on the target site. The encapsulation
of dyes and other small marker molecules inside a vesicle can be achieved
readily by suspending the phospholipid in an aqueous phase containing the
marker. Dye concentrations used in these preparations are in the order of
0.01—1.0 M [60]. For example, liposomes with an external diameter of 57 nm
and a bilayer thickness of 4 nm [86] have an internal volume of 6.2 x 1072°L.
If a 0.1 M solution of dye is encapsulated in this space, in principle it would
lead to about 3700 entrapped dye molecules per vesicle [60].
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The advantage of utilizing liposomes with entrapped fluorescent molecules
is that the fluorescence is self-quenched until disruption by detergent, which
allows an extra degree of control.

While encapsulation in the internal aqueous core is the most popular way
to prepare loaded liposomes, the encapsulated content could diffuse out of the
liposomes during the storage, and with higher concentrations of encapsulated
material the diffusion rate can be faster.

To solve this problem several approaches could be used:

e Making encapsulated content an integral component of the membrane
structure by attaching directly to the lipids forming the bilayer.

e Minimization of encapsulated content leaking by modification of bilayer
properties or covering with additional layer.

e Using of hydrophobic encapsulated content.

The advantage of direct attachment of labels to the liposome surface is
more apparent for enzymes. In these cases it is not possible to achieve high
concentrations of enzyme solutions for encapsulation, hence it would be
typical to have only a handful of entrapped enzymes per liposome.

Heath et al. [87] and Jones et al. [60] described the covalent attachment of
horseradish peroxidase to the outer surface of liposomes. This development
offers the opportunity for the enhancement of ELISA signals and sensitivity
using ligand- and enzyme-conjugated vesicles [60]. In some instances it may
be possible to attach at least as many labels to the surface of a liposome as can
be entrapped within the aqueous core. A large number of enzyme molecules
(>100) can be attached to each liposome surface, while at the same time
maintaining good specificity and binding strength to the plates and in opti-
mized conditions the signals generated by the bifunctional horseradish
peroxidase and biotin-conjugated liposomes were found to be about 100 times
greater than those generated by biotinylated horseradish peroxidase [60]. At
the same time it was found, after conjugation with liposome surface the
enzyme specific activity decreased between 35% and 15% when compared to
native enzyme. In [88] it was shown that about 7800 fluorescent molecules
could be attached to a 57-nm diameter liposome.

Liposomes could be sensitive towards external influences in experimental
conditions and during the storage [89,90]. Semipermeability of liposome
membrane, so essential for medical and pharmaceutical aims, could do a bad
turn in chemical analysis. The possible osmosis of encapsulated content
through the phospholipid bilayer would result in analytical signal decrease,
which is undesirable for immune-label. Leakage of the phospholipid mem-
brane can be halted through the coverage of liposomes with a polymer net
[91,92] or silica cover [93,94]. Silica coverage prevents the aggregation of
liposomes and the leakage of their content, increasing their stability and
facilitating their desiccation and therefore their storage [95].
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Because of amphiphilic nature of phospholipids, liposomes are able to
encapsulate hydrophilic compounds (such as water-soluble QD) within a li-
posome’s internal volume and hydrophobic substances (such as water-
insoluble QD) within the liposome’s membrane. With both liposomes loaded
with hydrophilic and hydrophobic QDs, the luminescent analytical signal was
detected without lysis directly after addition of the labelled conjugate. How-
ever, it was found that in the case of liposomes loaded with water-soluble QDs,
luminescence intensity increased after liposome lysis. It is important to
mention that lysis did not extend the analytical procedure because the buffer,
which was used to redissolve the content of each well in the last procedure
step, contained the surfactant (in this case, 0.1% Tween 20) [95].

4.2 Formats of Liposome Immunoassay

A variety of markers loaded into liposomes in combination with different
variants of immunoassay predicts wide possibilities of application in clinical
assay and also in food and environment control. The main advantage is the
application of the immunoassay format and detection techniques and equip-
ment of the well-known ELISA and LFIA procedures.

Heterogeneous formats. As for all heterogeneous immunoassays, liposome
immunosorbent assays (LISA) always use separation of the specifically bound
liposomes from the free liposomes. LISA can be regarded as modifications of
‘normal’ ELISA. The substitution of the enzyme by a liposome gives the assay
the benefit of a large amount of immediately available marker. Lysis of the
liposomes can be performed with a detergent, such as Triton X-100 or n-octyl-b-
D-glucopyranoside. Both substances effectively and quickly lyse all liposomes.

Competitive LISA with antigen conjugated liposomes. As for similar
ELISA format, a mixture of antigen and antigen-coated liposomes is added to
antibody-coated solid phase and is followed with a washing step to remove
unbound liposomes. The LISA different is an addition of detergent, which
lyses the bound liposomes, and finally either the marker is determined, or in
the case of enzymatic marker a substrate is added and the formed product is
measured. If enzyme is not included into aqueous core, but attached to the
lipid bilayer, the detergent step can be omitted [96].

Noncompetitive sandwich LISA. An antigen is added to an antibody-
coated solid-phase followed with captured antibody—coated liposomes
[60,96,97]. As a last step detergent is added and the marker is released. Vonk
and Wagner [97] used time-resolved fluorescence as a detection method, with
a europium—diethylenetriaminepentaacetic acid complex encapsulated in
liposomes.

Homogeneous immunoassays. Common to all homogeneous assays is the
fact that the components of the assay are mixed in a single vessel and there are
no separation steps. So the specific release of the marker is also measured in
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that vessel. Particular feature of homogeneous liposome immunoassays con-
sists of the detection of a natural lytic agent, such as complement or mellitin.
The biological function of both agents is to destroy foreign cells, the former as
part of normal defence mechanisms and the latter as a component of bee or
snake venom [55]. Thus, natural properties of lytic agents are used for their
detection. The most frequently used markers are the fluorophore carboxy-
fluoresceine and the alkaline phosphatase enzyme AP. A drawback could be
the slow and sometimes incomplete lysis.

Complement is a group of serum proteins [98], which in their natural
environment cause destruction of invading foreign cells [99]. When foreign
cells enter the body they are opsonized by antibodies, which attach themselves
to the cell membrane surface. Complement proteins bind to these antibodies in
a specific order after which the target cells are lysed [55,100]. Because lipo-
somes resemble cells very closely, complement can be used to lyse antibody-
associated liposomes, as was first demonstrated by Kinsky in 1972 [101]. This
way the presence of a lytic agent in a biological sample could interfere with a
liposome immunoassay and this possible complication should be kept in mind
for experiments with liposome planning. If the analyte in the sample ther-
mostable, complement can be inactivated by heating the sample for 30 min at
56°C.

Complement lysis is dependent on the structure of the liposome and can be
relatively fast (for large unilamellar liposomes) or rather slow (for multi-
lamellar liposomes), but in both cases considerably slower and less efficient
than detergent lysis [102,103]. Complement-mediated assays comprise the
largest group of liposome immunoassays; the range of antigens is not limited
in size.

The general formats of all complement-dependent assays are very similar,
and are illustrated in Fig. 2 (from Ref. [55]). In a direct competitive format,
antigen-coated liposomes are mixed with antigen and antibody incubated
mixture (Fig. 2A). Complement addition causes immunospecific lysis of
antibody-bound liposomes. The detection method depends on the properties of
the encapsulated marker.

In noncompetitive, sandwich type assays, antibody-conjugated liposomes
are incubated with antigen and a second unconjugated antibody, which is
directed against a second epitope on the antigen (Fig. 2B) [104,105]. For-
mation of sandwich immunocomplex joining complement and liposomes re-
sults in liposomes lysis.

Mellitin, a natural protein from bee venom, like complement, is able to lyse
the lipid bilayer membrane of liposomes completely, although rather slowly
[106]. Mellitin was introduced for liposome immunoassays by [107]. These
immunoassays use a mellitin-antigen conjugate. Its action depends on the
inhibition of the lytic effect through the binding of an antibody Fig 3 (from
Ref. [55]). For mellitin-based assays, where the lysis by mellitin is inhibited by
antibody binding, the range of antigens is limited for small-sized analytes.
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FIGURE 2 Homogeneous complement liposome immunoassay formats: (A), a competitive and (B),
a noncompetitive format [55]. This picture is from HA.H. Rongen, A. Bult, W.P. Van Bennekom,
Liposomes and immunoassays J. Immunol. Methods., 204:105—133, 1997.

This kind of assay can also be performed using a microtitre plate as solid
phase.

Typical example of complement-based immunoassay is low molecular—
weight trichothecene mycotoxin T-2 detection in a homogeneous competition
inhibition assay based on complement-mediated lysis of liposomes. The T-2
mycotoxin was incorporated into unilamellar liposomes. Carboxyfluorescein,
was entrapped in the liposomes as a release marker, where it was self-
quenched because of high local concentration. A monoclonal antibody specific
for T-2 mycotoxin and a polyclonal anti-mouse secondary antibody since the
anti-T-2 IgG1 does not activate complement were used. In the absence of free
T-2, the liposomes were lysed within 30 min after the addition of complement,
releasing carboxyfluorescein into the surrounding buffer. In the presence of
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FIGURE 3 A homogeneous cytolysin—mediated liposome immunoassay. The antigen and
antibody are incubated together with the antigen-conjugated cytolysin. As a result the conjugate is
either (A), free and able to lyse the added liposomes or (B), bound to an antibody and unable to
lyse the liposomes [55]. This picture is from H.A.H. Rongen, A. Bult, W.P. Van Bennekom, Lipo-
somes and immunoassays J. Immunol. Methods., 204:105—133, 1997.
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free T-2 toxin, the binding of antibodies to the liposomes was reduced, causing
a corresponding decrease in lysis. This assay proved to be sensitive to T-2
toxin levels as low as 2 ng, which is 10-fold more sensitive than the present
enzyme immunoassay using the same antibodies [108]. Similar assay was
developed for low molecular—weight fluoroquinolone antibiotic enrofloxacin
in carp and chicken muscle [109].

5. COLOURED NANOPARTICLES

Coloured reporter systems are the most popular labels for rapid tests.
Sensitivity up to the low picomolar range was reported for such labels, even
by visual inspection. Unlike the previously described kinds of labels, common
properties of nanoparticles are photostability, long shelf life and size-
dependent mobility. Usually, labels with sizes of 15—800 nm allow an un-
obstructed flow through the LFIA membranes [2]. Commonly, conjugation of
nanoparticles with biomolecules is realized by surface modification with
amino or carboxylic groups.

5.1 Colloidal Gold

Colloidal gold is the most popular label for rapid tests and it is also often
referred to as the most stable of all colloids. The first information on colloidal
gold can be found in tracts by Chinese, Arabic and Indian scientists, who
obtained colloidal gold as early as in the fifth and fourth centuries BC and used
it, in particular, for medical purposes (the Chinese ‘gold solution’ and the
Indian ‘liquid gold’) [110]. Despite the centuries-old history, a ‘revolution in
immunochemistry’, [111] associated with the use of gold particles in biolog-
ical research, took place in 1971, when W.P. Faulk and G. M. Taylor published
antibody conjugation with colloidal gold nanoparticles (AuNPs) for direct
electron microscopic visualization of Salmonella surface antigens, represent-
ing the first time that a colloidal gold conjugate served as an immunochemical
marker [110,112].

AuNPs have unique physical properties which are dependent on their size,
shape and the interparticle distance. This simplifies biological application of
this label by removing the necessity of covering the toxic core with inert
material. The functionalization of AuNPs could be achieved by linking various
biofunctional groups such as amphiphilic polymers, silanols, sugars, nucleic
acids and proteins, via the strong affinity of the gold surface with thiol ligands.
AuNPs are low susceptible to aggregation during the preparation of the test
devices. Preparation, properties and analytical and biomedical application of
AuNPs was reviewed by Khlebtsov group [110,113,114], Wang and Ma [115]
and Chun P [116].

The colours of AuNPs, the basis for their application as markers, are due to
the presence of a surface plasmon resonance (or localized surface plasmon
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resonance) absorption band. This absorption band results when the incident
photon frequency is in resonance with the collective excitation of the
conductive electrons of the particle [110]. The colour of AuNPs and their
correspondent wavelength of maximal absorbance strongly depend on the size
and shape of the gold nanoparticles. The brightness of AuNPs depends on their
size which can be controlled easily during manufacturing. The sensitivity of
30-nm particles is 2—4 times better compared to 15-nm particles [117]. Bao
et al. [118] found that 80-nm gold nanospheres are much more sensitive than
the standard fluorescent labels (Cy-3, Cy-5). However, according to Khlebtsov
and Khlebtsov [119], the experimental work with particles exceeding
30—40 nm is difficult because of colloidal stability problems.

Colloidal gold conjugation has become a standard method in immuno-
chromatographic tests in very different areas: POC, then food control and
recently environmental control. One of the most popular AuNP—based formats
is LFIA. It has wide application in the areas of POC, but less for food control
and environmental purposes. Spreading of the colloidal gold—based LFIA is
hampered by the low sensitivity of the label. Nowadays an attempt to use
AuNPs-based LFIA for lead ions detection in water samples has been published
[120]. Also DNA- and aptamer-based lateral-flow dipsticks with AuNP labels
have been reported for detection of DNA [120], adenosine [121] and lead [122].
A variety of readers for AuNP-based LFIA is commercially available. Appli-
cation of AuNP in multiassay is only possible by using separate test zones.

By using of a galvanic replacement reaction between the Ag atoms of
silver nanocubes and Au ions of tetrachloroauric acid particles of different
colours were obtained. Depending on the Ag/Au conversion ratio, the particle
plasmon resonance was tuned from 450 to 700 nm and the suspension colour
changed from yellow to blue. The multiplex capability of yellow, red and blue
particles was illustrated in a dot immunoassay format [123].

Several approaches for signal enhancement have been developed and two
main ones can be marked out in this area (Fig. 4). The first one is modification
of AuNPs without complicating the further assay procedure. In the second
approach, assay sensitivity is improved by incorporating additional steps to the
procedure; LFIA became a multiple-step format in this way.
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FIGURE 4 Strategies for gold nanoparticles signal enhancement.
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5.1.1 Modification of AuNPs

Modification of AuNPs allows increasing sensitivity without additional assay
steps. Core-shell nanoparticles are becoming more popular because of their
brightness. Khlebtsov and Khlebtsov [119] performed theoretical estimations
and showed that the dot extinction of 100 nm silica—gold nanoshells can be
1000 times higher than that for the same number of 15 nm AuNPs.

Multibranched blue gold nanoflowers (diameter about 75 nm) were used to
enhance the detection sensitivity of LFIA because of their high optical
extinction from the tips and the core—tip interactions required for electro-
magnetic field enhancements. Compared with spherical AuNPs, nanoflowers
exhibit large surface-to-volume ratio, which can improve the antibody
amounts of immobilization. The detectable concentration of an analyte (afla-
toxin B1 in rice) was 10 times lower than that of traditional AuNPs-based
LFIA [124]. Liao and Li [125] published an immunodipstick with core—shell
silver—gold nanoparticles which show higher intensities compared to pure
AuNPs. The authors also mentioned the application of core—shell nano-
composites resulting in a strong enhancement of sensitivity of aflatoxin Bl
detection while possessing a reproducibility and stability comparable to
traditional AuNPs.

Application of a detector reagent consisting of nano-Fe,O3 particles as core
and AuNPs as a shell for LFIA detection of aflatoxin B2 allowed Tang et al.
[126] to increase sensitivity threefold compared to conventional AuNPs. Xu
et al. [127] described a sandwich LFIA for detection of proteins by using
AuNPs-decorated silica nanorods as the label with an LOD of 0.01 ng/mL,
which is 50 times lower than that of traditional GNP—based LFIA.

5.1.2 Signal Enhancement Procedures

Signal enhancement step is usually realized after the standard assay procedure.
Two different detection strategies can be used this way: the first one involves
just monitoring the red colour of the AuNPs and (if the sensitivity is not
enough) the second one involves monitoring of signal after an enhancement
procedure [16].

5.1.2.1 Silver and Gold Enhancement

Gold or silver, which can be nucleated on the AuNPs surface, has been widely
used for colorimetric signal amplification. Gold or silver intensification is
chemically based on the fact that gold or silver ions are reduced and deposited
on the AuNP surface [128].

Upon addition of silver-containing enhancement buffer, metallic silver
deposits onto gold nanoparticles, causing an obscuration that can be optically
measured by a CCD camera or scanner or which can be visually detected. The
chemical basis for silver intensification via colloidal gold, known as autome-
tallography, dates back to 1930 and its application as gold tracer linked to an
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antigen—antibody reaction was first demonstrated by Scopsi et al. [129]. Gold
provides a route for the transfer of electrons from the reducing agent in solution
to silver ions bound to the gold surface. This results in specific deposition of
metallic silver at the site of gold labelling, and the silver can then participate
again in the catalytic reaction [130]. The sensitivity of immunogold detection
can be increased about 100-fold by silver enhancement [131]. This approach is
restricted by the need for additional steps as well as the strong requirements for
preceding washing steps for removing interfering ions such as chlorine.

Some examples of silver enhancement applications for different formats
have been published. A multiwell chip was developed for human
immunoglobulin G detection using a CCD camera [132]. Flatbed scanning was
used for detecting a model antigen [133]. Wu et al. [134] used
polydimethylsiloxane—AuNPs composite film as basis together with silver
enhancement for colorimetric detection of cardiac troponin I. The obscuration
due to silver deposition was relative to the amount of antigen because of the
difference in inhibiting-ability between silver enhancement blocked with
bovine serum albumin film on the one hand and antibody—antigen complex on
the other. Cross-flow chromatographic analysis was described in 2010 [130] as
a variant of the LFIA procedure. It is interesting to mention that silver
enhancement could be applied not only for AuNPs, but also to increase
sensitivity of silver nanoparticle—based LFIA [133].

Similar to silver enhancement, gold enhancement can provide signal
amplification by increasing the signal-to-background ratio of the detection
zone by about 25%. Rohrman et al. [135] described LFIA for the sensitive
detection of HIV-1 RNA by using gold enhancement reagents to enlarge
AuNPs and provide intense colorimetric signals. Li et al. [136] developed an
AuNPs-based LFIA for 153 detecting avian influenza and Newcastle disease
viruses. The fabricated strip exhibited a 100-fold increase in sensitivity
compared with commercial LFIA.

AuNPs’ enhancement. In the group of ‘sensitizers’ application of AuNPs
itself as an enhancement reagent could be singled out. In the AuNPs’ appli-
cation-group of ‘sensitizers’, it can be singled out itself. After performing the
normal method, the AuNPs conjugated with primary antibody will be captured
by secondary antibodies on the test line of the strip [137,138]. To keep an
assay in one-step operation it is possible to place ‘sensitizers’ on the additional
conjugate pad [139]. As a result, AuNPs accumulate at the test line and the
sensitivity is higher. Nagatani et al. [137] reported a 50-fold decrease in limit
of detection using this procedure (25 pg/mL and 1.0 ng/mL of human chori-
onic gonadotropin hormone with and without ‘signal enhancement’ proce-
dure). A variant of this approach, however without any additional steps, also
includes two types of bioconjugated AuNPs encapsulated in different pads.
One type being AuNPs conjugated with antibody and blocked with BSA, and
another being AuNPs conjugated with antiBSA antibody. Choi et al. [140]
found that the size of the two conjugates is very critical for the detection limit.
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When 10 nm AuNPs for the first and 40 nm for the second conjugate were
used, the sensitivity increased about a 100-fold compared to the conventional
LFIA. An additional advantage of the AuNP enhancement procedure is that
the same reader can be applied as for normal AuNP—based method. This
approach was first applied for macromolecule detection [139] and later was
broadened for low-molecular weight analyte bisphenol A detection [140].

Enzyme enhancement. Application of AuNPs as a label enhanced with
horseradish peroxidase (HRP) allows an improved optical detection. After
chromogenic substrate application, a darker colour appeared with enhanced
intensity compared to the red colour of the unmodified AuNPs. Parolo et al.
[16] compared three different substrates and found increase in sensitivity up to
one order of magnitude.

Use of the catalytic properties of AuNPs allows their application for
chemiluminescence detection. AuNPs could trigger the reaction between
luminol and AgNOj3, accompanied by light emission. This approach has been
used for human immunoglobulin G detection [141].

A principally other way for AuNP assays with visual detection based on
their distance-dependent properties was introduced for the first time by
Elghanian et al. [142] for polynucleotides detection based on the AuNPs
colour change. When individual AuNPs come into close proximity (the centre-
to-centre distance is usually smaller than 2.5 times the diameter of the AuNP),
the surface plasmons of individual AuNPs combine (so-called interparticle
surface plasmon coupling), which results in a change of colour from red to
purple and blue.

A similar principle was used in homogeneous immunoassay, using human
serum albumin as a model analyte. Binding of antibodies to functionalized
nanoparticles causes a shift of the visible absorption maximum of AulNPs.
Quantification of the analyte could be obtained after competitive inhibition
[143].

The distance-dependent properties were also used for rapid colorimetric
detection of small analytes as for example melamine, dopamine and ascorbic
acid. Because of the presence of three amino-groups, melamine could rapidly
induce aggregation of label-free AuNPs, resulting in a red-to-blue (or purple)
colour change. Li et al. [144] showed that the concentration of melamine in
raw milk can be determined by monitoring with the naked eye or a UV—vis
spectrometer with an LOD of 0.4 mg/L. The method is rather simple and the
whole process takes only 12 min, including sample pretreatment (centrifuga-
tion with trichloroacetic acid, pH adjusting and filtering). Guo et al. [145]
proposed a similar method for milk and infant formula with a detection limit of
1.0 and 4.2 ppm, respectively, by naked eye, and 0.15 ppm and 2.5 ppm,
respectively, with UV—vis-spectroscopy within 30 min (sample preparation
includes ultrasonification with trichloroacetic acid and chloroform, centrifu-
gation and pH adjustment). Comparison of several modifiers showed that the
modification with cysteamine, aimed at weakening the electrostatic repulsion
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force between the AuNPs, increased the signal intensity about a 100-fold
compared to the unmodified AuNPs [146]. A similar approach was used for
the detection of dopamine; the presence of Cu®" ions increases sensitivity
through complexation of two dopamine molecules [147]. Ascorbic acid could
also induce a rapid aggregation of azide- and alkyne-functionalized AuNPs in
the presence of Cu”", thereby resulting in a colour change [148].

This distance-dependent approach was also realized in a solid-based
application, which is more suitable for practical use. Liu and co-workers [121]
first developed a lateral-flow device where AuNPs aggregate upon addition of
a specific target analyte after which they dissociate into well-dispersed AuNPs.
These dispersed AuNPs are modified by a biotin flow along a cellulose-based
membrane and are captured by a coated line of streptavidin on the membrane.
A red colour appearing on the streptavidin line indicates the presence of the
target analyte. Inspired by this work, Zhao et al. [149] have demonstrated the
feasibility of using an AuNP-based dot-sensing platform on paper strips.
DNA-cross-linked AuNP aggregates were spotted on paper, and a red colour
signal was ‘turned on’ in the presence of the target DNA by redispersion of the
AuNP aggregates on paper. New sensor formats, based on colorimetric
detection are reviewed by De la Escosura-Muciz et al. [150].

5.2 Colloidal Carbon

The black colour of carbon nanoparticles can be visually detected with high
sensitivity and was firstly introduced as a label for a rapid immunochemical
test in 1993 by Van Amerongen et al. [151]. Preparation, functionalization and
application of carbon nanoparticles for rapid immunotests were reviewed by
Posthuma-Trumpie et al. in 1993 [151]. Carbon nanoparticles are very inex-
pensive, available in large batches and they are very suitable for quantification
of results using ‘gray pixel’ processing because of their ‘black-on-white’ test
results.

Due to the high extinction of carbon black, the detectable concentrations of
the pure particles are 0.04 ng/mm? (0.02 amol/mm?) by use of a scanner and
0.2 ng/mm? (0.1 amol/mm?) by the naked eye [152]. These authors compared
the detection ability to those obtained with enzymatic labels: alkaline phos-
phatase (AP) using a substrate yielding a chemiluminescent signal (0.02 amol
AP/well), the use of B-galactosidase and a substrate resulted in a fluorescent
signal (0.3 amol B-galactosidase/well) and HRP using a substrate rendering a
coloured signal (5 amol HRP/microtitre well). The sensitivity of LFIA with
carbon black labels was reported to be equal to that of the corresponding ELISA
[153]. It was also shown that carbon black had a remarkably low detection limit
of 0.01 pg/mL compared to 0.1, 1 and 1 mg/mL for silver-coated gold nano-
particles, gold nanoparticles and polystyrene beads, respectively [154,155].

Opposite results were obtained by Collin et al. [156]. A colloidal car-
bon—antibody conjugate was tested as a label for sporidesmin A LFIA, but its
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sensitivity was less (25 ng/mL) than for colloidal gold conjugates (up to
4 ng/mL). Carbon black labelling was applied in the development of LFIA for
detection of human chorionic gonadotropin [157], immunoglobulin E [144],
Schistosoma circulating cathodic antigen [154], Shiga toxin producing
Escherichia coli virulence factors [158], fungal a-amylase [159], carbaryl
[160] and thiabendazole [161] in fruit juices, phytoregulator forchlorfenuron
in fruit samples [162] and also for simultaneous detection of Listeria spp. and
L. monocytogenes [163].

High sensitivity compared to other LFIAs, and even 50 to 100 times more
sensitive than corresponding enzyme-based immunoassays, has been achieved
by utilizing large carbon black nanostrings (a size corresponding to a spherical
particle of about 200 nm in diameter) in combination with sensitive image-
scanner detection [164]. It is interesting to mention that the application of
multiwalled carbon nanotubes as a label for LFIA allows quantitative electrical
detection [165].

5.3 Colloidal Selenium

Rust-coloured colloidal selenium (A max = 540 nm) was employed for
detection of lipoprotein A in plasma. Lipoprotein A—coated colloidal sele-
nium was stable from two months in liquid form up to over eight months in
lyophilized form [166]. But since this first publication there were no further
applications of this label.

5.4 Colloidal Iron Oxide

Fe3;04 nanoparticles are applied as labels mostly because of their magnetic
properties. However, their optical properties could be helpful when used as
coloured labels. The disadvantages of iron oxide particles in comparison with
AuNPs are:

1. The absorption spectrum of iron oxide particles is wide, covering almost
the whole visible range due to the intraband transition.

2. The dark brown colour of Fe;O,4 nanoparticles is apparently not as bright as
that of the AuNPs. Nevertheless, the integral molar absorption coefficient
of Fe304 nanocrystals within the visible light range is rather comparable to
that of the AuNPs. Furthermore, aggregation hardly changes the absorption
properties of iron oxide nanoparticles, where it does change for AuNPs
[167,168].

Fe;04 nanoparticles were used as coloured labels for LFIA in the detection
of the pesticide paraoxon methyl, obtaining a detection limit of 70 ng/mL.
More interestingly, application of Fe304 nanoparticle aggregates demonstrated
that the detection limit could be decreased over 40 times, reaching 1.7 ng/mL.
Visual detection limits were 1000 and 150 ng/mL for nanoparticles and
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aggregates as labels, respectively. The Fe3;O4 nanoparticle aggregates were
prepared by cross-linking surface carbonyl groups containing Fe;O4 nano-
particles with poly-L-lysine [167].

An additional advantage of this label is the possibility to use two analytical
signals (optical and/or magnetic) with one test without additional steps.

6. LUMINESCENT NANOPARTICLES

Reporter systems with luminescent detection are now widely used in research
and clinical diagnostics because they provide high sensitivity and capability
for simultaneous use of multiple labels with different spectral characteristics
(multiplexing). In some cases the sensitivity of luminescent labels is compa-
rable to enzymatic labels, but the assay procedure is essentially simpler. As the
chemical nature of luminescent labels with similar optical properties can be
very different, they are classified in this section according to their principle of
luminescence emission.

In general, emitters can be categorized as down-converting and up-
converting. Down-converting emitters absorb a photon and then emit a photon
with lower energy. This is the more common process and it is exhibited by
fluorescence, phosphorescence and most of the between-molecules energy-
transfer processes. In contrast, up-converting phosphor absorbs two or more
photons with an energy that is lower than the energy of emitted photon.

6.1 Quantum Dots

Another type of labels useful for visual and instrumental detection of rapid test
outcomes are QDs, which are inorganic luminescent semiconductor nano-
crystals, exhibiting size-dependent luminescence emission spectra. Since the
2000s QDs’ applications in immunoassays can be mentioned as the most
expanding area of immunoassay labelling. A myriad of QD-based assays were
described in scientific literature over the past decade, but despite their unique
properties and photophysical advantages, QDs are yet to find acceptance as
standard fluorescent reagents in rapid tests. Application of QDs in immune-
and bioassay was critically reviewed [170—173]. One of the most developing
areas of QD application in assay is Forster fluorescence resonance energy
transfer (FRET) [174] (Section 3.3), but till now it is difficult to classify FRET
as a popular rapid test format.

Various types of QDs were synthesized for different research applications
such as InP, InAs, GaAs, GaN, ZnS and ZnSe, as well as QDs with more heavy
atoms such as CdTe, HgSe or PbSe. However, the most popular core for
bioassay application is CdSe because different-sized CdSe dots emit light
across the whole visible spectrum. Usually, the CdSe core radii vary between 1
and 6 nm, which is known to be smaller than the bulk Bohr excitation radius
(for CdSe it equals to 6 nm). When the radius of the QDs is smaller than the
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bulk exciton Bohr radius, it strongly influences the energy bands under the
quantum confinement. Combined with a decrease in QD radius, this causes a
blue shift in emission. During fabrication, the diameter of the QDs can be
selected to achieve emission in a variety of colours. However, uncovered CdSe
nanocrystals do not have high quantum yields and are not stable enough in
water solutions due to surface-related trap states acting as fast nonradiative de-
exciting channels for photogenerated charge carriers [175,176]. Coating of
core nanocrystallites with higher band gap inorganic materials (shell) has been
shown to improve the photoluminescent quantum yields by passivating the
surface nonradiative recombination sites. Several wide band gap semi-
conductors (ZnS, CdS or ZnSe) can be used as shell material. Zinc sulphide is
the most popular shell material due to its wider band gap (energy difference
between the valence band and the conduction band), thus allowing the efficient
confinement of both the photogenerated electrons and holes in the nano-
crystals’ core. An additional middle shell (CdS or ZnSe) located between the
CdSe core and the ZnS outer shell could be added to reduce the nanocrystals’
internal strain caused by CdS and ZnSe intermediate lattice parameters
compared to those of CdSe and ZnS [7].

QDs’ extinction coefficients are ~10°—10° M ™' cm ™', depending on the
particle size and the excitation wavelength which is about an order of
magnitude higher than organic dyes. The quantum yields of CdSe QDs vary up
to 40%. In comparison to classical organic dyes such as rhodamine 6G and
fluorescein, CdSe nanocrystals show lower quantum yields at room tempera-
ture, but the lower quantum yields are compensated by their larger absorption
cross-sections. Chan and Nie [169] estimated that each CdSe/ZnS QD is about
20 times brighter and 100—200 times more stable than rhodamine 6G.

Opposite to organic fluorescent dyes, QDs have symmetric and narrow
emission bands and their absorption spectrum reaches into the UV area
regardless of their size. So, their spectral characteristics allow simultaneous
excitation of particles with different sizes using a single wavelength
resulting in emission at multiple wavelengths. These characteristics make
them ideal labels for detecting multiple binding events in one spot [170,177].
The weak points of QDs, such as toxicity, water-insolubility and absence of
functional groups available for bioconjugation were overcome by the
introduction of QDs to silica nanoshells [178]. Another way to achieve
water-solubility and biocompatibility is conjugation with a bi-functional
molecule (eg, mercaptoacetic acid) [169]. QDs have been widely applied for
biolabelling in the fields of cell biology, molecular biology, genomics and
medical diagnosis, and are commercially available in free and conjugated
forms (Invitrogen, Evident technologies). Water-soluble CdSe—ZnS nano-
particles, compatible with conjugation methods in aqueous conditions, are
usually prepared using a stepwise procedure. This consists of core CdSe
nanocrystal growth, ZnS coating, capping with an organic layer and finally
size selection precipitation [179].
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Broad excitation and narrow emission bands allow simplifying the use of
QDs for multiassay and also minimize the matrix’s influence. This latter aspect
is especially important for blood sample analysis. Also, the luminescent lifetime
of QDs tend to be in the range of 30—100 ns which is slightly longer than those
of organic dyes (1—5 ns), but much shorter than those of lanthanide probes
(1 ps—1 ms). These excited-state decay rates last much longer than the back-
ground fluorescence and Raman scattering of most sample matrices. One can
therefore use time-gated detection to selectively reduce or remove background
fluorescence [116]. Functionalization of QDs by different bioconjugation and
capping approaches were described by Frasco and Chaniotakis [180]. Appli-
cation of QDs for chemical and biological detection, diagnostics and imaging
was reviewed by Bailey et al. [181], Gill et al. [182], Jin and Hildebrandt [183],
Biju et al. [184] and Kuang et al. [185]. Insights into the analytical potential of
QDs focussing on their utilization in automated flow—based and flow-related
approaches are summarized in a review by Frigerio et al. [186].

CdSe—ZnS core—shell QDs were used as luminescent labels for microtitre
plate assay (fluorescence-linked immunosorbent assay FLISA) towards the
detection of various analytes in different matrices. Examples are sulphame-
thazine [187] and enrofloxacin [188] in chicken muscle tissue; chlorpyrifos in
drinking water [189]; L. monocytogenes cell surface proteins [190]; multiple
detection of dexamethason, gentamicin, clonazepam, medroxyprogesterone
acetate and ceftiofur [191]; simultaneous visual detection of multiple antibi-
otic residues in milk [192]; clenbuterol in pig urine [ 193] and progesterone in
bovine milk [194]. Comparison of the analytical parameters of ELISA and
FLISA showed a fourfold decrease in ICsy (0.4 and 0.1 ng/mL for zear-
ealenone detection with ELISA and FLISA, respectively) [195]. Even a spe-
cific name for QD-based immunoassay was suggested: QLISA [196]. QDs’
luminescence was successfully combined with enzyme chemiluminescent
labels for simultaneous detection of three cancer markers in human serum
[197]. Introduction of QDs into microspheres enhances their brightness and
photostability and widens the bioconjugation possibilities, as was reviewed by
Ma et al. [198]. Similar results were obtained through incorporation of mul-
tiple hydrophobic or hydrophilic QDs into liposomes [61,199].

QDs applied as a label for LFIA was patented for the detection and quan-
tification of one or more analytes [200,201]. According to Web of Science, no
manuscripts were published on LFIA with QDs as a label prior to 2009, only
some preliminary results were reported. Nowadays, QDs as labels for LFIA were
described for trichloropyridinol [202], for the protein biomarker nitrated ceru-
loplasmin [203], for syphilis antigen [204], a-fetoprotein [205], chloramphen-
icol in milk [206], foodborne pathogens [207], test for DNA hybridization
assays and genotyping of single-nucleotide polymorphisms [208].

A QD-based immunochromatographic test was developed for the simul-
taneous detection of several compounds in a complex sample matrix. The
system was designed in a ‘traffic light’ format comprising three lines of
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different colours on a test strip, thereby providing an easy tool with which to
identify an analyte of interest based on the visible colour of the line formed
(qualitative analysis), and to determine the amount of the analytes (antibiotics
ofloxacin, chloramphenicol and streptomycin in milk) present based on the
fluorescence intensity of the lines (quantitative analysis). The visually detected
cut-off values were 80—200 times lower than those achievable with ELISA
using the same antibodies [209].

Comparison of the LFIA’s sensitivity with the same set of immunoreagents
showed that the LOD of naked-eye CdTe QDs test strips (under a portable UV
lamp) was 10 times lower than that of the colloidal gold test strips [204,205].

Similarly, the column gel—based immunotests’ sensitivity for benzo[a]
pyrene detection in water showed a lower detection limit of 5 ng/L when using
HRP or CdSe QDs as a label, but 25 ng/L. when using AuNPs. Assays with
particle labels required only four consecutive working steps, while those based
on HRP required five additions of reagent [13]. Column QD—based immu-
notests with polyethylene frits and sepharose gel were used for zearalenone
detection in wheat [195].

6.2 Up-converting Emitters

UCP utilize a combination of absorber and emitter ions in submicron size
crystals (about 200—400 nm in diameter). The absorber ion (energy donor) is
excited by the energy of an infrared light source (usually a 980-nm diode laser)
and this energy is transferred nonradiatively to the emitter ion (energy
acceptor) which radiates a photon in the visible to near infrared range
(400—800 nm) depending on the ion composition of the crystal. This anti-
Stokes’ photoluminescence is based on the sequential absorption of two low
energy photons. In contrast to conventional two-photon excitation, the
simultaneous absorption of photons is not necessary for up-converting pro-
cesses. It could occur in the microsecond time scale because of the long
lifetime of the metastable excited states [7].

This enables the excitation of UCP by low-energy infrared photons, pro-
duced by a laser with relatively low power. In such conditions the photo-
degradation of biomolecules and the luminescent background are no crucial
factors. This technology is also compatible with optically difficult samples,
such as whole blood. Because up-conversion processes are unique in regard to
the lack of background luminescence from the biochemical assay, there is no
need for time-resolved detection. Since the emission wavelengths differ
distinctly from the excitation wavelength in the anti-Stokes area, the detection
process can be simplified and thus be robust with respect to environmental
sampling conditions [210,211]. Inorganic materials capable of up-conversion
consist of a host lattice embedded with certain rare earth dopant ions. So far,
the most efficient up-converting materials reported have been based on hex-
agonal sodium yttrium fluoride (NaYF,) host lattices. The dopant ions in the
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UCPs are typically trivalent lanthanides which possess multiple, long-lifetime
excited states [212]. Different combinations of rare-earth emitting (erbium,
holmium, thulium) and absorbing (ytterbium, erbium, samarium) ions create
20 or more unique UCP compositions [213]. The optical properties of the UCP
particles are completely unaffected by their environment, since the energy
transformation process occurs within the host crystal [210]. In addition, UCP
have a narrow emission band, long fluorescent lifetime, high chemical stability
and low potential cytotoxicity [214].

A simple way to obtain submicron-sized UCP particles is by bead-milling
commercially available bulk phosphor material (Orasure Technologies, Inc.;
Phosphor Technology Ltd) and fractionating the smaller particles by sedi-
mentation or flow filtration, based on multiple filter membranes with
decreasing pore sizes. In this way, irregular shapes still remain a problem,
especially in heterogeneous bioanalytical assays. Large size distribution and
nonspecific binding of UCP particles can cause a high assay variation in the
analyte’s lower concentration range and thus restrict the analytical detection
limit. To improve homogeneity in both size and shape of UCP particles the
homogeneous precipitation method, followed by a series of fluidized bed
processes, has been used. Over the past years, several new methods of syn-
thesis were reported [212].

One disadvantage of UCP technology is the relatively low quantum effi-
ciency of the up-conversion process. Also, the submicron size of UCP particles
is quite large relative to the typical proteins’ size and can affect the specificity
and the kinetics of assays because of steric restrictions on the beads’ surface.
Phosphors with diameters of 200 nm or less address particle size issues to some
degree [213]. Another disadvantage in using UCP particles as labels is the
nonspecific binding of untreated phosphor particles with biomolecules [211].
Similar to QDs, UCP particles cannot readily conjugate with immunoreagents.
Surface functionalization of UCP particles allows not only broadening of
biochemical compatibility and minimizing of nonspecific binding, but also in-
creases the stability of UCP particles by enhancement of the aqueous dispers-
ability and reducing the tendency for aggregation [212].

Commonly, coating of the phosphor surface with tetraethylorthosilicate to
achieve a thin (5—50 nm) surface layer of silica is performed. Silanization
allows introducing functional groups to the surface of the particles which serve
as binding sites for the attachment of biomolecules such as antibodies, anti-
gens, biotin and others with standard cross-linking chemistries. As a result of
the common silica coating process, the biomolecules’ coupling chemistries are
identical for different phosphor crystals [210]. An alternative way for bio-
conjugation of UCP particles is passive coating with poly(acrylic acids) to
insert carboxylic acid groups onto the surface of phosphor particles, followed
by activation of carboxylated phosphor and coupling of biomolecules [211].

Application of UCP for bioanalytical assay was reviewed in 2014
[215,216]. Various UCP-LFIA strips have been developed for the POC testing,
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combining UCP as a reporter with the LFIA principle and small and robust
optical systems offering accurate quantitative detection. Tests for high-
molecular weight analytes based on a sandwich format were reported for
Schistosoma circulating anodic antigen [217], E. coli [218], Yersinia pestis
[219], respiratory syncytial virus [220], interferon y [221], pathogens Strep-
tococcus pneumonia [222] and Brucella [223], hepatitis B surface antibody
[224] and nucleic acids [225,226]. Simultaneous detection of two biomarkers
in blood samples was realized with LFIA for the diagnosis of mycobacterial
diseases and showed good correlation with ELISA [227]. A competitive assay
format was applied for drugs of abuse detection in saliva samples [219] and
clenbuterol [228].

A reader called UPlink from Orasure Technologies, Inc. (Bethlehem, PA)
has been developed for UCP-based LFIA. The lowest detectable concentration
for the UCP particles was 10—100 emitting particles, depending on their
properties [219]. Also, a standard epifluorescence microscope was adapted for
visualizing antigens in tissue sections or on cell membranes by eye through the
eyepieces [229] using UCP particles.

Several investigations were performed to compare the sensitivity of UCP
particles as labels with other reporter systems as well as the sensitivity of
UCP-LFIA with other immunochemical methods. Hampl et al. [210] indicated
at least a 10-fold increase in sensitivity over conventional LFIA reporter
systems such as colloidal gold or coloured latex beads and also ELISA
microtitre plate assay. Li et al. [222] reported the best sensitivity of the UCP-
LFIA in comparison with the Abbott Axsym AUSAB assay and commercial
ELISA test kits.

The availability of UCP with different compositions possessing unique
narrow-band emission spectra, all which can be excited by the same light
source, allows performing multiple assays. This is not only done by spotting
immunoreagents on multiple separate zones, but also within a single zone.
Application of two UCP labels for simultaneous detection of two analytes was
demonstrated with mouse IgG and ovalbumin (OVA) as targets. The two tar-
gets were colour coded using UCP crystals with different compositions:
thulium oxysulphide phosphor that emits at 480 nm (blue) and erbium oxy-
sulphide phosphor, which emits at 550 nm (green) [210].

The ability of the UPlink instrument to detect up to 12 lines on a single
assay strip was shown and applied in the detection of a range of narcotics
(including amphetamines, methamphetamine, phenylcyclohexylpiperidine and
opiates) with a single multiplexed lateral-flow assay strip [218]. Corstjens
et al. [230] developed multiplex UCP-LFIA for the detection of human anti-
bodies against human immunodeficiency virus with additional capture zones to
detect antibodies against Myobacterium tuberculosis or hepatitis C virus. The
authors noted that further studies are necessary to evaluate the maximum
number of test lines that can be applied to an LFIA strip with special attention
to the effect of high signals in the test lines closest to the sample pad.
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To improve sensitivity of UCP-based immunoassay UCPs as the signal probe
were designed with a core—shell structure which provided a 40-fold enhance-
ment of the luminescence intensity, as reported in [231]. UCPs were covalently
conjugated with the anticarcinoembryonic antigen antibody, magnetic beads
were combined with another anticarcinoembryonic antigen antibody. With the
assistance of a magnet, the as-formed immune sandwich in the presence of CEA
can be readily separated from the assay matrix. The immunosensor showed a
linear dynamic range 0.1—20 ng/mL in a human serum sample [231].

Luminescence quenching can be mentioned as a perspective for applying
UCP as well as other luminescent materials. If a specific antibody is attached
to the UCP surface and analytes compete for binding with the analyte-
luminescence quenching dye conjugate, this will result in an increase of the
luminescent signal of the test zone [232].

6.3 Nanoparticles with Long-Living Emission

In contrast to standard luminescence methods that only use optical filters to
separate the emission from the background light through wavelength differ-
ences, the time-resolved luminescence techniques separate the emission of
interest from the background through lifetime differences. Despite a relatively
low intensity in comparison with conventional luminescence, time-resolved
luminescence detection techniques have potentially higher sensitivity because
of lower background noise. Time resolution—based techniques involve
exciting a long-lived emitter with a short pulse of light followed by a waiting
period to allow the decay of unwanted emission to a low level, before col-
lecting the remaining long-lived signal [233]. The drawback of this technology
is that only a limited number of probes have been discovered which possess
sufficient emission lifetime to differentiate significantly from the typical
background fluorescence. Time-resolved reporters usually have a decay time
of several hundreds of microseconds, optimally >500 ps. This is far more than
that of conventional fluorescent probes or autofluorescent samples, typically
having decay times of <50 ns. So the autofluorescence of blood and serum can
also be completely rejected by the time-resolved luminescence measurements.
Long emission lifetime is also critical for constructing simple and low-cost
instruments for time-resolved measurements [234]. A portable time-resolved
luminescence reader that does not use expensive optical filters, which is a must
for the conventional fluorescence detection technique, was described by Song
and Knotts [233].

The most common labels for time-resolved fluorescence are based on
chelates of the lanthanides (mostly europium) because of their high lumi-
nescence quantum Yyield, large Stokes shift, and the most important reason: a
long lifetime [7].

Fluorescence quenching due to water molecules usually leads to weak
luminescence of lanthanide chelates in aqueous solution. Incorporating these
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chelates into submicron particles is an advantageous way to obtain bright
fluorescence (by multiple loading and decrease of fluorescence quenching by
water molecules), chemical stability and simple bioconjugation possibilities
[235.236]. For example, up to 7 x 10° europium chelate molecules could be
covalently loaded on each silica nanoparticle [237]. This kind of labels is also
commercially available (Molecular Probes Inc., Seradyn Inc.).

The lowest detectable amount reported, was 3.3 x 10’ particles/mm”
[238]. Different lifetime and spectral characteristics of lanthanide chelates
allow their application in the simultaneous detection of two different analytes
in one physical location [237]. The potential of lanthanide time-resolved
luminescence to design sensitive and specific immunoassays, techniques for
labelling biomolecules with lanthanide chelate tags, microtitre plate—based
assays and the application in luminescence microscopy were discussed by
Hagan and Zuchner in 2011 [239]. Application of lanthanide-doped nanop-
robes for biodetection was reviewed by Tu et al. [240] and Chen et al. [241].

Application of these labels was published for different immunoassay for-
mats, both heterogeneous and homogeneous. Comparison of time-resolved
fluoroimmunoassay in microtitre plate format showed no statistically signifi-
cant differences in sensitivity and specificity with commercial ELISAs for
quantitative determination of herpes simplex virus IgG [242]. Avoiding of
enzyme using allows [243] to develop an all-in-one dry-reagent time-resolved
fluorometric immunoassay with Eu(III) chelate labels which requires minimal
liquid handling for the detection of anti-HIV-1 and -2 antibodies. This assay is
envisioned to fill the gap between the rapid point-of-care assays and traditional
ELISA in terms of complexity and turnaround time, without compromising the
performance. Dual-label time-resolved fluoroimmunoassay in microtitre plate
format was described for simultaneous detection of a-fetoprotein and hepatitis
B virus surface antigen [244], clothianidin and diniconazole [245], sulpha-
methazine and sulphaquinoxaline [246] in separate wells. LFIA detection is
described for detection of eosinophils and neutrophils in whole blood [238],
C-reactive protein in serum [233] and ochratoxin A in agro-products [247].

An additional advantage of lanthanide chelates is a high Stokes shift
(>150 nm). This enable elimination of very high background fluorescence
from membranes measured by a conventional fluorescence system due to the
scattering caused by the membrane itself even without application of time-
resolved techniques. The stationary mode of excitation and emission regis-
tration allows quantification with digital camera or even visual evaluation
using a UV source. Chen et al. [248] showed that the detection sensitivity with
the therbium chelate-loaded nanoparticles is more than 100-fold as high as that
with fluorescein isothiocyanate molecules. Xia et al. [249] compared the
sensitivity of LFIA for hepatitis B surface antigen with different labels and
reported a 10-fold higher LFIA sensitivity with europium chelate-loaded silica
nanoparticles than the colloidal gold—based LFIA (0.03 pg/L and 3.51 pg/L,
respectively).
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Time-resolved fluoroimmunoassay protocol using magnetic particles for
the simultaneous determination of a-fetoprotein and the free B-subunit of
human chorionic gonadotropin in human serum [250] and C-peptide and in-
sulin compounds [251] is described with Eu®" and Sm>* chelate labels. The
new approach uses magnetic particles as an immobilization matrix and means
of separation, while the luminescent europium and samarium chelates are used
as probes. The proposed method shows a wide dynamic range, low detection
limit, short analytical time and has potential for multiplex quantification of
biomolecules in a single experiment.

An ultrasensitive time-resolved fluorescence immunoassay for bisphenol A
where AuNPs were modified with specific antibody and thiolated dsDNA-
biotin acting as a signal amplifier. In a competitive reaction, the analyte
competes with immobilized analyte-protein conjugate on the surface of
microtitre plates to bind to the specific antibodies on the surface of the AuNPs.
In the next step, a Eu(Ill)-labelled streptavidin is added to link to the SH-
dsDNA-biotin as a tracer. Fluorescence is amplified via both the AuNPs and
the biotin-streptavidin systems, and its intensity is measured in a time-resolved
fluorescence immunoassay [252].

Rapid and sensitive homogenous time-resolved fluorescence immunoas-
says based on the energy-transfer process of europium cryptate donor to
AlexaFluor647 acceptor was developed for the detection of both singled-
epitope (proteins) and multiepitope (particles) as rapid, simple and sensitive
method that can be used to obtain fast results to allow an effective medical
care. The energy-transfer process is limited to d < 10 nm, making the ho-
mogeneous assay an ideal approach assay for examination of homogenous and
complex samples, since only mutual binding of the donor and acceptor anti-
bodies to the analyte would result in positive signal. Homogenous time-
resolved fluoroimmunoassay was developed for the detection of the bacterial
protective antigen toxin, a serological marker that correlates with bacteraemia
in infected hosts, using two monoclonal specific antibodies that specifically
recognize two different epitopes on the protective antigen molecule. Addi-
tionally, homogenous time-resolved fluoroimmunoassay was developed for the
detection of bacterial spores using polyclonal antispore antibodies [253].

Another type of time-resolved reporters is phosphorescent chelates. Plat-
inum, palladium and ruthenium chelates possess lifetimes of several 100 ps.
Ruthenium complexes excite in the blue range and emit in the red range
(600—700 nm). Application of phosphorescence for time-resolved measure-
ments demands deoxygenating of media because of very effective oxygen
quenching of long-lived triplet states. One way to prevent oxygen quenching is
to encapsulate the phosphorescent molecules in an oxygen-low or oxygen-free
matrix. For example, phosphorescent molecules have been encapsulated inside
polyacrylonitrile, polystyrene and Sephadex particles. In 2008, halogen-
containing polymers and copolymers were found to be excellent encapsulating
matrices for phosphorescent chelates to provide phosphorescent nanoparticles
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with surface functional groups. The sensitivity of LFIA with two kinds of time-
resolved labels (commercial europium chelate loaded nanoparticles and syn-
thesized phosphorescent nanoparticles) was compared by Song and Knotts
[233]. They reported that europium-based labels were capable of detecting
0.2 ng/mL C-reactive protein in serum. Time-resolved phosphorescence from
phosphorescent nanoparticles incorporated in a lateral-flow device was also
measured by an in-house developed time-resolved luminescence reader [233].

7. MAGNETIC NANOPARTICLES

MNPs as carriers and labels have been widely used in biochemical separation
and detection, blood detoxification and drug delivery [254,255]. Application of
MNPs as labels for rapid tests eliminates some disadvantages of optical and
noninstrumental visual detection. As support materials are usually not entirely
transparent for light in visible and near-UV spectral areas, the signal can only
be collected from the top layer of the support. For example, for a nitrocellulose
membrane (the common solid support for LFIA), only the signal coming from
the top 10 pum of the membrane (usually 100 um thick) can be detected [256].
In contrast, all magnetic signals originating from the MNPs within the entire
volume of the membrane can be detected by the use of a highly sensitive
magnetic particle detector. Since none of the generated signal is lost, this
improves the sensitivity of the tests. Furthermore, MNP application is asso-
ciated with a low background noise because extremely low magnetic signals
can be detected for most of the biological samples [256]. Unlike other kinds of
nanoparticles, the signals generated by MNPs do not degrade over time.
Another common feature is that the size of the MNPs largely determines its
flow rate and affects the detection time. The magnetite content of MNPs is
positively correlated to the signal intensity so an increasing magnetite content
displays a stronger signal [256]. With these advantages, MNPs can be a
perspective label for clinical research, environmental and food safety testing.
For results’ interpretation the portable Magnetic Assay Reader (MAR)
(MagnaBioScience, Quantum Design, San Diego) was developed. The ten-
dency to associate in solutions because of their magnetic properties can be
mentioned as a disadvantage [7].

MNPs conjugation with proteins is commonly performed by the synthesis
of iron oxide (either Fe30O4 or y-Fe,03) nanoparticles, silica-coating, surface
modification with amino or carboxylic groups, and conjugation with bio-
molecules [257]. Some examples of magnetic-based LFIA are developed for
clinical applications, such as tests for hCG hormone [257], cardiac troponin I
[258], E. coli [259] human papillomavirus [260] and HIV antibodies [261].
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1. INTRODUCTION

When analysing clinical and environmental samples or food products, it is
usually necessary to detect a number of target analytes that may have similar
or different chemical structures. Hence the development of multiparametric
test systems is a logical step in the evolution of analytical methods in general
and rapid immunotests in particular. This is why high attention is being paid to
the development of multiparametric tests as a next step of development and
substitution for monoparametric tests. The definition of multiplex testing
(microarray) is a testing of multiple analytes in a single test using a single
sample.

The realization of multiple detection is technologically very challenging
because such tests demand full integration for ease of use and need to deliver
a high analytical performance with cost-effective use of materials. This goal
could be separated into two tasks. The first is to develop conditions which
would be optimal for detection of each analyte at targeted level (for quali-
tative tests) or targeted dynamic range (for quantitative methods). In this
case, sample preparation is performed before assay as preliminary step (or
steps), which increases the total assay time and complexity. After sample
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preparation, the probe should be ready for detection of each analyte with
target sensitivity, which means no additional sample dilutions or other
operation. The second task is to develop methods which could incorporate
sample preparation in assay setup. Microfluidic assays provide wide possi-
bilities for this task, where the best developed multiassay setups allow to vary
dilution and buffer composition for detection of different analytes (or groups
of analytes) [1].

The prerequisite for multiparametric tests is that the antibodies must be
highly specific. Each one must recognize only its target substance (or group of
related substances in the case of group detection of, for example, related an-
tibiotics, or aflatoxins.). As labelled specific conjugates are usually applied as
cocktail, they should have negligible nonspecific interaction. Compared with
assay for single analyte, multiparametric assays are usually less sensitive,
partially because of the demands for establishing unified conditions for all
analytes.

Multiplex assays for protein and DNA diagnostics have numerous quality
of patient care and cost advantages. Several examples of multianalyte point-of-
care antigen detection test systems for detection of multiple analytes are
already on market, such as mariPOC (ArcDia International Oy Ltd, Turku,
Finland), which can be useful to detect, for example, eight respiratory viruses
(influenza A and B viruses, respiratory syncytial virus, adenovirus, human
metapneumovirus and parainfluenza type 1, 2 and 3 viruses) from a single
nasopharyngeal swab specimen by a fully automated, random-access immu-
noassay method [2].

The common approaches for multiplexing is to use multiple labels or
(and) multiple test zones (Fig. 1). According to the amount of the label (or
probe) multiplexing immunoassays can be classified into two dominant

FIGURE 1 Multiplexing possibilities of
immunoassay. *Limited possibilities for

multiplexing. Single ’
Single Multiple

label labels

ultiple zones
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modes. The first one is the spatial-resolved mode which utilizes a single
universal probe to tag all analytes. The multiplexity is defined by test ge-
ometry. This strategy is commonly performed on ELISA plates, sensor array
with fluorescent [3—5], chemiluminescent [6,7], electrochemiluminescent
[8,9], colorimetric [10] or surface-enhanced Raman spectroscopy [11]
detection. The second one is the multilabel mode applying multiple probes,
including enzymes [12], radioisotopes [13], fluorescence dyes [ 4], metal ion
chelates [15], nanoparticles [16] and electrochemiluminescent probes [4,5] to
tag different analytes (one per analyte). The signals from different probes can
be distinguished by parameters such as wavelength, mass-to-charge ratio and
potential. [17]. The multiplexity is defined by the label properties, exactly the
difference in these properties, which is possible to detect in the same con-
ditions with the same equipment.

2. DETECTION OF MULTIPLE ANALYTES WITH SEPARATE
TEST ZONES

2.1 Detection With Single Label

The most popular way for multiplexing is an application of separate zones
with one single label. For the parallel detection of several substances,
immunoreagents with different specificities bind to test zones included into
one test. The classical example of such test is lateral flow immunoassay
(LFIA) with multiple zones, or detection of several analytes in separate wells
of single microtitre plate.

2.1.1 Lateral Flow Immunoassay

The common scheme of LFIA with multiple (two) test zones is shown in Fig. 2.
A few different substances can be detected using a single test strip, as shown in
studies on the simultaneous detection of two analytes, such as mytoxoxins
ochratoxin A and zearalenone [18], deoxynivalenol and zearalenone [19,20];
pesticides carbofuran and triazophos [21]; biomarkers cardiac troponin I and
myoglobin [22] and contaminants cyromazine and melamine [23].

For three analytes detection (pesticides imidacloprid, chlorpyrifos-methyl
and isocarbophos) lateral strips with three test zones (conjugated with
ovalbumin haptens) and one control zone was described [24]. Similarly, four
test lines (haptens conjugated with bovine serum albumin) and one control
line were located on the strip membrane for simultaneous determination of
major Fusarium toxins, namely zearalenone, sum of T-2 and HT-2 toxins,
deoxynivalenol and sum of fumonisins in wheat, oats and maize [25]. For
simultaneous determination of four macrolide antibiotics (erythromycin,
spiramycin, tilmicosin and tylosin) in raw milk, three antigens were immo-
bilized as three test lines on the single-test strip [26]. In a nucleic acid LFIA,
membrane technologies were used to detect simultaneously five specific
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FIGURE 2 Scheme of lateral flow immunoassay with two test zones for simultaneous detection
of two analytes.

nucleic-acid sequences of virulence factors of shiga toxin, produced by
Escherichia coli [27].

The geometrical dimensions of the strip do not allow a large number of
lines in the test zone, so it is practically difficult to apply more than five test
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lines on a single test strip and to obtain high quality analytical performance. To
broaden LFIA multiassay possibilities, several test strips can be used indi-
vidually or integrated into one cassette [27]. Alternatively, tests with special
geometries combining different test strips have been proposed [28].

Multiplex detection can also be conducted by formulating multiplex design
prototypes. Li et al. [29] fabricated a multiplex immunodisc sandwich LFIA
by using AuNPs coated with a specific antibody to simultaneously and
specifically detect whole-cell antigens of Pseudomonas aeruginosa and
Staphylococcus aureus, with a detection range of 500—5000 CFU per mL. To
optimise the multiplex design, they formulated several prototypes, such as the
‘fork’ and ‘peace-sign’, and found that the latter with a triangular centre piece
can provide more effective LFIA performance than the other prototypes [30].
These approaches require a larger sample volume and more consumable
materials, which increases the cost per analysis [27]. Also device and proce-
dure could be more complicated.

A fundamental breakthrough was published by Taranova et al. [31],
reporting a lateral flow microarray for the simultaneous detection of multiple
analytes that combines multispot immunochip technology and immunochro-
matography. The test zone of the nitrocellulose support comprises a micro-
array spotted with up to 32 antigens that can capture AuNPs-labelled
antibodies after lateral flow. The method was applied to the determination of
drugs of abuse (and their metabolites) in urine, specifically of morphine,
amphetamine, methamphetamine and benzoylecgonine. The detection limits
(2—20 ng/mL for drugs of abuse) were comparable to those of conventional
single-analyte strip methods.

Besides AuNPs, other labels were used for LFIA multisport assay. Near
infrared (NIR) dyes avoid the issues of the visual range such as background
from support materials and biological fluids. Compared to fluorescent dyes in
the ultraviolet and visible spectrum, NIR dyes offer superb analytical
sensitivity, with detection of proteins in the low pg/mL range. NIR dye was
used in duplex assays to simultaneously measure interleukin-6 from 0 to
100 pg/mL (0—4.5 pmol/L) and C-reactive protein from 50 to 2500 ng/mL
(0.4—20 nmol/L) on a single test strip [32].

A multiantigen printing immunoassay strip was developed to compare the
antibody responses to recombinant proteins of L. infantum with the potential
for the detection of canine visceral leishmaniasis. So for this strip the goal was
not exact analytical determination, but to further characterize antibody
responses to select those L. infantum recombinant proteins with a greater
capacity to be utilized for the serodiagnosis of canine visceral leishmaniasis.
Authors used set of 12 recombinant L. infantum antigens as test lines on the
membrane of immunochromatographic strip and horseradish peroxidase
(HRP) was used as label [33].

To increase LFIA multiplexing, LFIA technology could be combined with
more complicated qualitative techniques. Fine example of such technique is
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the Lateral Flow Integrated Blood Barcode Chip (LF-IBBC), introduced by
Wang et al. [34]. The LF-IBBC represents blood protein assay chip, comprised
of a microfluidic layer fabricated from a hydrophilic polymer that is bonded to
a glass microscope slide. Before analysis, the chip fluidic chambers were filled
with the appropriate reagents (washing buffer, luminescent label and cover
Ab). To operate the chip, a few microlitres of whole blood were added into last
chamber, and a filter paper was inserted into the outlet slot. The capillarity of
the filter paper, coupled with the hydrophilic nature of the fluidic channel
surfaces, sequentially draws the blood and other reagents through the chip,
with the blood drawn first; each step of a standard ELISA is automatically and
sequentially executed. During the flow-through process, serum biomarker
proteins are selectively captured onto specific stripes within the antibody
barcodes [34].

2.1.2 Assay on Microtitre Plates and Planar Supports

A simple in situ multiplexed planar waveguide device that can simultaneously
detect chloramphenicol, streptomycin and desfuroylceftiofur in raw dairy milk,
without sample preparation, has been developed [35]. Samples are simply mixed
with infrared dye DyLight 650 antibody prior to an aliquot being passed through
the detection cartridge for 5 min before reading on a field-deployable portable
instrument. Multiplexed calibration curves were produced in both buffer and
raw milk. A SnapEsi reader with single use disposable cartridge, from MBio
Diagnostics Inc, was used for multiplexing three different antimicrobial
measurements in raw milk samples without the need for any sample preparation.
The detection principle is based on the measurement of far-red fluorescence.
Laser light is coupled to an injection-moulded plastic waveguide via an
integrated lens moulded as part of the waveguide. This light propagates down
the length of the waveguide under total internal reflection forming a uniform
illumination field. At an interface between a liquid medium and the waveguide
surface, an evanescent field is produced which penetrates into the liquid
medium. This field decays rapidly and so, only fluorescent dyes held in close
proximity to the surface will undergo excitation [36]. Immunochemical reagents
were accurately immobilized to the surface using nano-spotting technology, thus
providing multiplexing capability, while their binding partners were fluo-
rescently labelled and used within the liquid medium [35].

As solid support, agarose-modified glass slides with several physically
isolated subarrays were used for detection of six mycotoxins (aflatoxin B1,
aflatoxin M1, deoxynivalenol, ochratoxin A, T-2 toxin and zearalenone) with
cyanine dye Cy3 as a label [5].

Microtitre plate—based format provides wide possibilities for development
of several immunoreagent zones for multiplexing. The simplest way to obtain
multiplexing is a combination of ELISA with array analysis. This way,
immunoreagents for each analyte are immobilized in separate wells (lines).
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A lot of assays have been developed with HRP label. Rapid ELISA for
simultaneous detection of multiple analytes presents typical example of
detection in separate zones with single label. A variant of the ELISA with
kinetic regime of signal evaluation allows Urusov et al. [37] to reduce assay
time of simultaneous detection of three mycotoxins (aflatoxin B1, ochratoxin
A and zearalenone) to 25 min. The use of biotin with an extended spacer
together with a streptavidin—polyperoxidase conjugate provided high signal
levels, despite that these interactions occurred under nonequilibrium condi-
tions. The proposed kinetic ELISA was accomplished with the use of several
additional reagents and steps, thereby enabling the effective incorporation of
the label in the complexes to be detected:

1. The biotin—streptavidin interaction was exploited for the detection of
primary antibodies, as this complex has a higher binding constant
(10" M™") compared with the interaction between primary antibodies and
antispecies antibodies.

2. Specific primary antibodies were modified with a biotin ester containing a
14-atom spacer.

3. The streptavidin moiety was modified with a polymer that enabled the
coupling of several peroxidase molecules [37].

As an alternative for enzyme, DNAzyme-based ELISA, termed DLISA,
was developed as an enzyme-free method, combining a catalytic and molec-
ular beacon system with a cation exchange reaction for ultrasensitive multiplex
fluorescent immunosorbent assay [38].

Different modifications of microtitre plates and related supports have been
established. To achieve the multiplexed detection of four pathogens (E. coli
O157:H7, Yersinia enterocolitica, Salmonella typhimurium and Listeria
monocytogenes), a polystyrene 96-well microtitre plate format has been
designed, in which each main well contains four subwells with separately
immobilized antibodies specific for each bacteria. After sample applications, a
mixture of peroxidase-labelled polyclonal antibodies against the four bacteria
was added and the peroxidase activity of the bound polyclonal labelled
antibodies in each well was measured by an enhanced luminol-based chemi-
luminescent cocktail [39].

A specially designed 16-well slide containing a miniaturized array of test
spots was developed for human prostate-specific antigen together with low
cost optical device for reading colorimetric and fluorescent immunodiagnostic
test results. Arrays are illuminated with either LEDs or lasers, while
transmitted or emitted light is captured through a long-pass filter, allowing two
different types of optical measurement to be performed within the same
device. This device was used to read results from an array of antibodies
conjugated with either an enzymatic or fluorescent tag resulting in a coloured
or fluorescent readout [40].
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Multiplex antibody microarray method to simultaneously capture and
detect E. coli O157:H7 and Salmonella enterica serovar typhimurium (S.
typhimurium), as well as a biomolecule (chicken immunoglobulin G or IgG
employed as a proteinaceous toxin analogue) in a single sample was developed
using 96-well microplate as solid support. Microarrayed spots of captured
antibodies against the targeted analytes were printed within individual wells of
96-multiwell microtitre plates, and a sandwich assay with fluorescein- or Cy3-
labelled reporter antibodies was used for detection. Multiplex detection of the
two bacteria and the IgG in buffer and in culture-enriched ground beef filtrate
was established with a total assay (including detection) time of c. 2.5 h [41].

Original multiassay design with separate spots immobilized within the
nitrocellulose/cellulose acetate membrane of a 96-well filtering microtitre
plate bottom was developed to detect auto-antibodies directly in patient sera.
Microarrays with 12 different probes were used for detection of captured auto-
antibodies using a staining approach based on alkaline phosphatase labelling.
In real samples, nine proteins from the 12 were shown to generate specific
signal and five antigens were shown to have interaction with more than 10% of
the positive sera from cancer patients [42].

2.1.3 Flow-Through Tests

This group of methods includes two kinds of setup geometries and thus tests
performances. The first one is membrane-based flow-through methods. One or
more test zones as spots of specific antibodies and optionally control zone as
spot of antienzyme antibody are placed on the surface of 2D porous support.
As alabel, HRP [43,44] was commonly used, but Burmistrova et al. [45] found
the alkaline-conjugates to be less prone to matrix interferences.

Two variants of zone location were described.

1. Location of each zone (including the control zone) into separate well [46]
(Fig. 3A) on a single membrane with parallel application of portions of
single sample into each well. Test device for simultaneous multitoxin
analysis (deoxynivalenol and other trichotecenes) included membrane
coated with different antitoxin antibodies fixed to each well, and below the
membrane a cellulose layer support was attached as a filter pad. Test
sequence for individual wells was performed in the following order:
sample solution, enzyme-labelled antigen solution and chromogenic
substrate solution. Excess liquid is absorbed by a filter pad below the
membrane. In the presence of analyte, colour development is suppressed,
while negative samples give maximum colour development.

2. Location of several zones side by side in single membrane area with
application of one sample portion to interact with all zones (Fig. 3B)
[43,45]. This variant was developed for detection of mycotoxins in food
and feed, namely, aflatoxin B1, zearalenone, deoxynivalenol, ochratoxin
A and fumonisin B1 in cereal samples [47]; ochratoxin A, zearalenone
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FIGURE 3 (A) Prototype of an 8-well immunofiltration test device for simultaneous multitoxin
analysis (Reproduced from E. Schneider, V. Curtui, C. Seidler, R. Dietrich, E. Usleber, E. Martl-
bauer. Rapid methods for deoxynivalenol and other trichothecenes, Toxicol. Lett. 153 (2004)
113—121.). (B) Test with several zones side by side in single membrane area. (C) Test for detection
of five toxins at five different levels (Reproduced from Q.H. He, Y. Xu, D. Wang, M. Kang, Z.B.
Huang, Y.P. Li, Simultaneous multiresidue determination of mycotoxins in cereal samples by
polyvinylidene fluoride membrane based dot immunoassay. Food Chem. 134 (2012) 507—512.).

and fumonisin B1 in cereal grains and silage [45]; ochratoxin A, aflatoxin
B1, deoxynivalenol and zearalenone in peanut cake, maize and cassava
flour [44]; aflatoxin B1 and ochratoxin A in chili samples [43], and also
for detection of the pesticides, carbaryl and endosulphan [48]. This
variant was adapted also to detect analytes at different concentration
levels (Fig. 4) [45].

As an intermediate variant, He et al. [47] developed test for detection of
five mycotoxins (aflatoxin B1, zearalenone, deoxynivalenol, ochratoxin A and
fumonisin B1) at five different levels. To circumvent the problem of cross-
contamination and to facilitate the rapid screening of a batch of samples in a
single test device, reaction zones were separated by rubber fence and scotch
tape (Fig. 3C).

It is important to mention that this assay format is very prone to matrix
influence, because application of liquid sample takes place immediately on the
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FIGURE4 (A) Membrane containing three detection test spots (antianalyte antibody coated) and
control spot (antialkaline phosphatase antibody coated) and membrane images for multiple ana-
lytes detection. (B) Membranes for two analytes detection at two cut-off levels.

immunoreagent spots. This means all impurities presented in sample could
influence the immunoassay outcomes. The limitation of the volume of washing
buffers, related with restricted volume of absorbent, additionally complicates
the situation. The problem could be partially solved by the application of
sample purification, for example with solid phase clean up [49], or by
changing absorbent pads during assay procedure, which was not fixed to the
reaction membrane [50]. Between steps, it was possible to wash with a stream
of washing buffer from a wash bottle [51].

As alternative for binding of specific antibodies to the test zones, format
with bounded analyte protein conjugates was used for detection of five
mycotoxins [47]. This allows to use commercial labelled with enzyme sec-
ondary antibody and analytical signal source.

The second group of flow-through tests, developed for multiassay, is
multiplex flow-through microcolumns. One or more test layers with bound
specific antibodies and optionally control layer with bound antibody specific to
the label (or it component) are placed and fixed inside the transparent plastic
column. To prepare solid support for test and control layers, specific antibodies
were attached to the sepharose gel or polyethelene porous frits. These tests
allow scientists to use different variants of microcolumn setups with different
amount of test layers and possibilities to use separate clean-up columns for
sample purification. A variant of microcolumn setup for simultaneous detec-
tion of two analytes: separate clean-up column and flow-through detection
column are presented in Fig. 5.

As labels, enzymes HRP [52—54] or liposomes loaded with fluorescence
QDs [54] were used. An application of microcolumn multiparametric tests
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with peroxidase label was described for detection of mycotoxins aflatoxin B1
and ochratoxin A in spices [52]; 2,4,6-trichlorophenol and ochratoxin A in red
wine [53]; groups of sulphonamides and quinolones in milk [54]; mycotoxins
ochratoxin A, fumonisin B1, deoxynivalenol and zearalenone detection at cut-
off values of 3, 1250, 1000 and 200 ng/kg, respectively, in peanut cake, maize
and cassava flour [44]. Evaluation of results could be performed visually or
using multilayer reader from Senova immunoassay systems (Germany).
Multiplex column assay with liposomes loaded with fluorescence QD labels
was developed for groups of sulphonamides and quinolones in milk [54], and
qualitative LODs were as low as 1 and 0.5 ng/mL for the sulphonamides and
quinolones, respectively, which is approximately a 10-fold improvement
compared to the use of HRP as a label. For multiplex determination of four
mycotoxins in cereals, the achieved QD label cut-off values were 500, 100, 2
and 100 mg/kg for deoxynivalenol, zearalenone, aflatoxin B1 and T2-toxin,
respectively. For simplification of multiassay results’ evaluation, the conju-
gates with QDs of different colours were used [55].
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2.1.4 Microfluidic Multiplex Inmunoassays

This group includes more advanced settings and methods, but progress in
various fields of science and technology makes lab-on-chip technologies closer
to demands for rapid tests in the terms of simplicity of application, but pro-
vided with better analytical features and multiplexity, robustness, low-cost and
ease of use. A large number of microfluidic multiplex immunoassays have
been developed, many targeted at low-resource settings [55—57]. ‘Lab-on-a-
chip’ have garnered a great deal of attention because of the possibility of
miniaturization and automation. The most popular target for these research is
blood multiassay, especially microfluidic systems providing complete sample-
to-result process [1,58—60].

However, examples of fully integrated systems including a sample prepa-
ration step, especially with the capabilities of handling real samples such as
whole blood, have been rare [61]. It is mainly because of the complexity and
the cost issues in the fluidic control of multiple reagents.

Multianalyte detection from whole blood has been achieved for antibody
detection [61], for differentiating between infections that cause similar clinical
symptoms [1]. Multianalyte all-in-one microfluidic detection presents special
challenges, because the preferred diagnostic targets for each pathogen often
require different sample preparation steps and assay formats that may be
difficult to implement in a single device [1].

Interesting kind of platform is ‘lab-on-a-disc’. A range of biological assays
such as immunoassays [62], cell lysis and homogenization [63] and DNA
analysis [64] have been demonstrated on a centrifugal microfluidic platform. A
fully integrated portable device that can perform not only immunoassay but
also multiple kinds of biochemical analysis simultaneously on a disc starting
from whole blood has been reported by Lee et al. [60]. Microchip for whole
blood assay allows to separate plasma and to use it for assay both undiluted
and diluted, when it is necessary [1].

Not only new constructions, but also new materials sensitive to physical (or
chemical) conditions make progress in chip development. The use of a novel
photosensitive material in a ‘one-step’ fabrication process allowed authors
[65] the rapid fabrication of microfluidic components and interconnection port
simultaneously for multiantibiotic competitive immunoassay. Prefilled
microfluidic cartridges were used as binary response rapid tests for the
simultaneous detection of three antibiotic families (sulphonamides, fluo-
roquinolones and tetracyclines) in raw milk.

2.2 Detection With Multiple Labels

Additional information about different contaminants could be obtained by using
multicoloured labels for binding in different bands of the test zones [27]. It also
could make evaluation of results easier. The presence or the absence of binding
in each of the zones can be monitored visually or by a portable detector.
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An interesting ‘traffic light” LFIA was developed for the simultaneous
detection of several compounds. The system comprises three lines of different
colours on a test strip, related to three different test zones for detection of three
different analytes and visualized with QDs of three different luminescence
colours (luminescence maximum wavelengths at 525, 585 and 625 nm; Fig. 6).
Test allowed to identify an analyte of interest based on the visible colour of the
line formed (qualitative analysis), and to determine the amount of the analytes
present based on the luminescence intensity of the lines (quantitative analysis).
The test system exhibited high sensitivity, with limits of detection for oflox-
acin, chloramphenicol and streptomycin of 0.3, 0.12 and 0.2 ng/mL, respec-
tively. These values are 80—200 times lower than those achievable with
traditional ELISA using the same antibodies. Using the ‘traffic light’ assay,
antibiotics could be detected in milk samples within 10 min without any
sample preparation [66].

Multicolour QD-based immunofluorescence assay were developed on
microtitre plate for quantitative and visual detection of another set of antibi-
otics (streptomycin, tetracycline and penicillin G) in milk. Specific antibodies
were conjugated to QDs with different emission wavelengths (QD520 nm,
QD565 nm and QD610 nm) to serve as detection probes [67]. Additionally

(A) 56
N
33
$ 2500 2
A A DSIHLS
(B) s 6 4

FIGURE 6 Principle of the competitive detection of three analytes using ‘traffic light’ immu-
nochromatographic test: 1 — test zone for analyte 1 (streptomycin); 2 — test zone for analyte 2
(chloramphenicol); 3 — test zone for analyte 3 (ofloxacin); 4-6 — labelled with QD antibody,
specific for analytes 1-3; 7 — control line). (A) Test strip before the assay, (B) assay results for the
sample containing streptomycin, (C) assay results for the sample containing chloramphenicol and
ofloxacin. The picture from B.B. Dzantiev, N.A. Byzova, A.E. Urusov, A.V. Zherdev, Immuno-
chromatographic methods in food analysis, Trends Anal. Chem. 55 (2014) 81—93.
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with quantitative detection using luminescence microplate reader, visual
detection was also suggested. The QD520 nm, QD565 nm and QD610 nm
could present hunter green, chartreuse and vermillion fluorescence colours,
respectively, under excitation with blue light. Based on this, the three different
antibiotics could be determined by different fluorescence colours of QDs, and
the quantities of each kind of antibiotic could be determined based on the
different shades of each colour image (using provided colour cards). Similar
microtitre plate format with multicolour QDs as label was used for simulta-
neous quantitative detection of five mycotoxins (deoxynivalenol, zearalenone,
aflatoxin B1, T2-toxin and fumonisin B1) in one plate [68].
Microcolumn-based format has also been used for developing of the tests
with multicolour QDs for detection of four mycotoxins in cereals and the
achieved QD labels cut-off values were 500, 100, 2 and 100 mg/kg for deox-
ynivalenol, zearalenone, aflatoxin B1 and T2-toxin, respectively [68]. Similar
approach (but as label, liposomes multiloaded with quantum dots were used) for
groups of sulphonamides and quinolones [54] was far more sensitive than HRP-
based immunoassays. Its qualitative limits of detection were as low as 1 and
0.5 ng/mL for the sulphonamides and quinolones, respectively, which is
approximately a 10-fold improvement com-pared to the use of HRP as a label.

3. DETECTION OF MULTIPLE ANALYTES WITHIN SINGLE
TEST ZONE

For using one test zone for detection of several analytes, it is necessary to use
labels that could provide separable signals in the same conditions. For com-
mon analytical methods, different approaches such as chemometric could be
used for signal separation, but for rapid tests and test techniques in general, it
is more convenient to have signals separated without additional efforts.
Different kinds of signals, including optical and electrochemical, could be
used for multiplex assay in single test zone.

Among optical signals, the simplest one is colorimetric instrumental or
visual detection, which is used for evaluation of presence (concentration) of
two or more analytes within single test zone. As a fine example, multiplexed
dot immunoassay with multicolour nanoparticles was reported by Panfilova
et al. [69]. Ag nanocubes, Au/Ag alloy nanoparticles and Au/Ag nanocages
were prepared by a galvanic replacement reaction between the Ag atoms of
silver nanocubes and Au ions of tetrachloroauric acid. Depending on the
Ag/Au ratio, the particle plasmon resonance was tuned from 450 to 700 nm
and the suspension colour changed from yellow to blue. The particles of
yellow, red and blue suspensions were functionalized with chicken, rat and
mouse immunogamma globulin (IgG) molecular probes, respectively. The
multiplex capability of the assay was illustrated by a proof-of-concept
experiment involving simultaneous one-step determination of target molecules
(rabbit antichicken, antirat and antimouse antibodies) with a mixture of
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fabricated conjugates. Under naked eye examination, no cross-coloured spots
or nonspecific bioconjugate adsorption were observed, and the low detection
limit was about 20 fmol [69].

Luminescence provides more possibilities because of both variability of
signal nature (spectral or time resolution) and different mechanisms of signal
generation.

An application of luminophores with excitation by single light source and
luminescence in different spectral areas is the most suitable for multiplex rapid
tests. QDs’ wide absorbance spectra and narrow luminescence peaks make
them very attractive signal source for such application. LFIA for simultaneous
detection of two analytes (cardiac markers alpha fetoprotein and carcinoem-
bryonic antigen) with specific antibodies for two analytes attached into single
test line was proposed by Wang et al. [70]; scheme is presented in Fig. 7. After
dropping of solution to analyse onto the sample pad, it migrates towards the
other end of the strip carrying along antialpha fetoprotein antibody conjugated
with QDs A max = 546 nm and anticarcinoembryonic antigen antibody con-
jugated with QDs A max = 620 nm. To evaluate analytes’ concentration, the
luminescence intensity of test line and control line on a single strip were both
measured and the ratio of the signals was used to offset the background
factors.

Similar LFIA format with luminescent label used yellow green and dark
red fluorescent polymer microspheres for quantifying chronic wound
biomarkers, interleukin 6 and tumour necrosis factor, using strip with single
test line. It was found that two kinds of microspheres were completely spec-
trophotometrically distinguishable from each other on the ESE Quant Lateral
flow reader [71].

Similar approach was published for microtitre plate format [68]. For the
double-analyte multiplex, two different specific antibodies were co-immobi-
lized in one single well (Fig. 8). Mycotoxins zearalenone and aflatoxin Bl
were simultaneously determined, provided their conjugates were labelled with
QDs which are luminescent in different parts of the spectrum, by scanning the
assay outcome at two different wavelengths using microtitre plate reader. The
same format was used with silanized liposomes loaded with luminescent QDs
(orange and green). Using this label, allowed to increase sensitivity: the IC50
for zearalenone was four times lower than for the QD-based assay (0.17 ng/L
vs 0.71 ng/L). For AfB1, the IC50 were decreased five times (0.09 ng/L vs
0.55 ng/L) [72].

Interestingly, some labels and techniques give possibility for both spectral
and time resolution. Lanthanide ions have luminescence spectra with well-
defined peaks for each ion, which could be used for spectral selection of
lanthanide label signals from the single test zone. But the technique based on
multiple lanthanides with distinguishable lifetime as the probes demands
resolution of the analytical signals from different analytes in separate time
windows typically employs [73—75] a highly sensitive direct dual-labelled
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FIGURE 7 Scheme of lateral flow immunoassay with single test zone for simultaneous detection
of two analytes.

time-resolved fluoroimmunoassay to detect parathion and imidacloprid in
food and environmental matrices [73], clothianidin and diniconazole in food
samples [74], human serum thyroid-stimulating hormone and thyroxin [75].
Europium (Eu®") and samarium (Sm>") were used as fluorescent labels by
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FIGURE 8 Multiplex Competitive ELISA for detection of two analytes in single well. Left:
presence of analytes; right: absence of analytes.

coupling separately with specific to different analytes antibody, thus to
resolve the signals from different analytes in different time windows. Time-
resolution phenomenon has also been investigated and utilized in chem-
iluminescence analysis [17].

Chemiluminescence gives signals which are possible to resolve both
spectrally and temporally. For simultaneous detection in one sport immuno-
complexes formation, labelled with two enzymes: alkaline phosphatase and
HRP, time-resolved strategy was described by Han et al. [17]. The strategy was
performed based on the distinction of the kinetic characteristics of different
chemiluminescence reaction systems, which allowed detection of multiple
analytes in different time windows. HRP and alkaline phosphatase were
adopted as the signal probes to tag the two antigens due to their very different
chemiluminescence kinetic characteristics. After the competitive immuno-
reactions, the two chemiluminescence signals were simultaneously triggered
by adding the chemiluminescence co-reactants. Then the signals for analytes
(clenbuterol and ractopamine) were in turn detected after 0.6 s and 25 min of
the reaction triggering. Due to the distinguishable detection time windows for
HRP and alkaline phosphatase, the cross-talk resulting from the mixed
chemiluminescence reaction systems was effectively avoided [17].

Another interesting principle to obtain signals separately from alkaline
phosphatase and HRP in one spot was suggested by Chong et al. [76]. In the
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proposed assay fluorescein was formed from the reaction of fluorescein
diphosphate and immunocomplex conjugated with alkaline phosphatase.
Resorufin was formed from the reaction between Amplex Red and H,O; in the
presence of immunocomplex conjugated with HRP. When 1,1’-oxalyldiimi-
dazole chemiluminescence reagents (H,O, in isopropyl alcohol, 1,1’
oxalyldiimidazole in ethyl acetate) were injected in a test tube or strip-well
containing fluorescein and resorufin formed from above two reactions, a
chemiluminescence emission spectrum having two peaks (518 nm for fluo-
rescein and 602 nm for resorufin) was observed. The peaks can be indepen-
dently quantified with an appropriate statistical tool capable of deconvoluting
multiple emission peaks. But the principle opens perspectives for application
as rapid tests also, if signals could be fixed and processed with simple reader.

A sandwich-format electrochemical immunosensor for simultaneous
determination of three cancer biomarkers using the carbon—gold nano-
composite as immunoprobes was introduced. The nanocomposite was used to
fabricate three electrochemical immunoprobes through adsorbing thionin,
2,3-diaminophenazine and Cd2+, and fixing three kind of antibodies,
respectively. The ionic liquid reduced graphene oxide with superior con-
ductivity was used as biosensor platforms for immobilization of proteins. The
AuNPs decorated on the nanocomposite provided extra binding sites for the
three antibodies for detection of three tumour markers — carcinoembryonic
antigen, prostatespecific antigen and a-fetoprotein, respectively. Three
separate signals can be detected directly in a single run through square wave
voltammetry. The voltammetric peaks near —0.05 V, —0.35 V and —0.65 V
comes from the thionin, 2,3-diaminophenazine and Cd2+, respectively, which
represent the existence of carcinoembryonic antigen, prostatespecific antigen
and o-fetoprotein, respectively. The SWV peak currents of the thionin, 2,3-
diaminophenazine and Cd*" increased with the increment of concentrations
of tumour markers in solutions [77].

4. MICROCARRIER-BASED MULTIPLEX TECHNOLOGIES

For multiplex immunoassay realization, it is necessary to distinguish different
binding events in parallel. The most common and versatile approach is the
planar array, in which the probe molecules are immobilized on a substrate and
encoded by the coordinate of their positions (Section 2.1). In alternative
approach, the reactions are carried out on individual microcarriers — each
carrier having a particular recognition molecule bound to its surface (Fig. 9).
This method allows uniquely encoded microcarriers to be mixed and subjected
to an assay simultaneously. Those microcarriers that show a favourable re-
action between the attached molecule and the target analyte — which can be
registered, for example, by a resulting fluorescent signal — can then have their
codes read, thereby revealing the identity of the molecule that produced the
favourable reaction [78]. As encoded elements for suspension arrays,
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fluorescent molecules; vibrational signatures; quantum dots; discrete metallic
layers; photonic crystals; shape or radio frequency have been described in
scientific literature. In comparison with the planar arrays, suspension arrays
show high flexibility, fast reaction, and good repeatability for detecting. In
addition, suspension arrays consume less analyte sample and cost. Among a
number of different suspension arrays, the spectrum-encoded suspension ar-
rays are well used due to their simplicity in both encoding and detection [79].
Fluorescent dyes and quantum dots are the main spectrum-encoding elements,
and the beads encoded by fluorescence have been applied to genotyping,
proteomics and diagnostics by Luminex (Austin TX), Becton Dickinson
Biosciences (San Jose, CA) and DiaSorin (Saluggia, Italy).

Most of the practically used suspension arrays are composed of polymer
microspheres internally doped with one or more fluorescent dyes. Polystyrene
microspheres become swollen when suspended in an organic solvent, allowing
the dye molecules to diffuse into them, but when the microspheres are
transferred to an aqueous solution they shrink and the dye molecules become
entrapped. By trapping dyes with different emission spectra at different con-
centrations (and thus intensities), microspheres with unique spectral codes are
obtained. For multiplexed detection, a reporter dye is required and the region
of the spectrum that is occupied by its emission profile is not available for
encoding. Luminex supplies microspheres that are encoded with organic dyes
as part of their XMAP liquid array technology. They encode 5.5-um micro-
spheres with two dyes at 10 different concentrations to produce up to 100
different sets of microspheres. Each set is matched to an own probe molecule
that confers specificity on the microspheres in multiplexed assays [80].

One of the most popular microcarrier-based technologies with wide pos-
sibilities for multiplexing is flow cytometry — a technology that measures
intrinsic and evoked optical signals from single cells or cell-sized particles in a
moving fluid stream. The idea of using flow cytometers to perform
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immunoassays dates from the late 1970s [81]. Following developments have
given this technology the potential to evolve into an efficient, relatively
inexpensive and flexible tool for both researchers and clinicians. In this
technology, a fluidics system takes a suspension of single microbeads and
passes them single file through the flow cell where the particles produce op-
tical signals, which are either an intrinsic property of the analyte or consist of a
chromophore tagged to an analyte. The combination of conventional immu-
noassays with microbeads led to a new wave of instrumentation that covers the
best of both worlds of enzyme-linked immunoassays and flow cytometry. In
the past 30 years, suspension arrays have become the gold standard for
immunophenotyping, including clinical diagnosis of AIDS (enumerating T-
cell subsets) and certain cancers [82]. A good critical review devoted to
multiplexed microbead immunoassays by flow cytometry was published by
Krishhan et al. [83], and Wilson et al. [80].

The most popular label for the microbead array is fluorescent; for excita-
tion, laser with the wavelength different from the laser wavelength for
microcarriers identification is used. Other variants of detection are the subject
of development now. Multiplex chemiluminescent mycotoxin immunoassay
suspension array system was developed by combining the silica photonic
crystal microspheres-encoding technique and a chemiluminescent immuno-
assay method. The microspheres were used as a carrier and encoded by their
reflectance peak positions, which overcome the potential interference with
detection luminescence. Aflatoxin B1, fumonisin B1 and ochratoxin A artifi-
cial antigens were immobilized on the surfaces of microspheres. Horseradish
peroxidase was used as a labelling enzyme in the enzyme-catalysed chem-
iluminescence system [84].

Microcarrier-based multiplex technologies was integrated with bio-
functionalized QDs to develop a competitive microbead immunoassay using
luminescent QD labels for simultaneous detection of two analytes, the cya-
nobacterial toxin microcystin-LR and the polycyclic aromatic hydrocarbon
compound benzo[a]pyrene. The assay was carried out in two steps: the
competitive reaction of multiple targets using their exclusive sensing elements
of QD/antibody detection probes and antigen-coated microsphere, and the
subsequent flow cytometric analysis. The fluorescence of the QD-encoded
microsphere was thus found to be inversely proportional to target analyte
concentration. Under optimized conditions, the proposed assay performed well
within 30 min for the identification and quantitative analysis of the two ana-
lytes [85].

Magnetic carriers provide additional possibilities for operating and pre-
concentration. Magnetic nano- and microparticles are widely used in modern
assay because of the possibility to integrate magnetic beads modified with
immunoreagents (usually antibody) for immunoseparation. Magnetic field
allows easy operation with movement and location of magnetic beads to reach
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very high preconcentration factors. These provided magnetic particles appli-
cation for multiplex assay.

A fine example of an optomagnetic immunoassay technology is based on
nanoparticles that are magnetically actuated and optically detected in a sta-
tionary sample fluid. The dynamic control of nanoparticles by magnetic field
impacts the key immunoassay process steps, giving speed, assay control and
seamless integration of the total test. The optomagnetic technology enables
high-sensitivity one-step assays of drugs of abuse and cardiac marker troponin
I in blood serum/plasma and whole saliva. At the first step, the reaction
microchamber was filled with liquid sample, which redispersed magnetic
nanoparticles covered with specific antibodies. In the presence of analyte,
nanoparticles captured analyte in solution and bound to the sensing surface
covered with antibody through sandwich immunocomplex formation. Free and
weakly bound nanoparticles were removed from the sensing surface by
magnetic forces. Light reflects from the sensor surface with an intensity that
depends on the concentration of nanoparticles at the sensor surface, by the
mechanism of frustrated total internal reflection [86].

Magnetic nanobeads were used for immunoseparation with QDs as fluo-
rescent labels for rapid, sensitive and simultaneous detection of three major
pathogenic bacteria, S. typhimurium, E. coli O157:H7 and L. monocytogenes,
in food products. Both streptavidin-conjugated magnetic nanobeads and QDs
(530-, 580-, and 620-nm emission wavelength) were separately coated with
biotinylated anti-Salmonella, anti-E. coli and anti-Listeria antibodies. First,
magnetic nanobeads were mixed with a food sample to capture the three target
bacteria. After being magnetically separated from the sample, the magnetic
nanobeads-cell conjugates were mixed with the QDs to form the triple
immunocomplexes, and unattached QDs were removed. The fluorescence in-
tensity of the immunocomplexes was measured at wavelengths of 530, 580 and
620 nm to determine the populations of S. typhimurium, E. coli O157:H7 and
L. monocytogenes, respectively [87].

5. HOMOGENEOUS MULTIPLEX ASSAY

Contrary to the methods described earlier, fluorescence polarization immu-
noassay (FPIA) is a homogeneous method; it functions without attachment of
immunoreagents to solid surfaces. In this format, the analyte is labelled with a
fluorophore, usually fluorescein. Free analyte and labelled analyte (tracer)
compete for specific antibody-binding sites in solution. The analytical signal is
the value of fluorescence polarization of the fluorescein label, which corre-
sponds to the rate of its rotation in solution. Free tracer is a small mobile
molecule with a high rate of rotation. Tracer bound to antibody has a lower
rate of rotation and, consequently, a higher fluorescence polarization value.
Therefore the polarization value is inversely proportional to the amount of free
analyte present in the sample [51].
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The analytical signal in FPIA is measured like a mean characteristic of
the solution (namely the fluorescence polarization value). Therefore it cannot
be used for simultaneous detection of several individual analytes in a single
tube. FPIA only allows detecting a signal, related to the presence of one or
more compounds without discrimination. In this respect FPIA was used for
urine screening for multiple drugs of abuse: cocaine metabolite, amphet-
amine and several barbiturates [88]; five organophosphorus pesticides in
vegetable and environmental water samples [89]; multiple (fluoro)quinolone
antibiotics in food samples [90]; sulphamerazine, sulphamethazine and sul-
phadiazine in honey and chicken muscle [91] and zearalenone and ochratoxin
A in grain [92].

Capillary electrophoretic immunoassay allows combining separation of
analytes from each other and from sample matrix, with high specificity of
antibodies and sensitive detection such as laser-induced fluorescence detection
[93,94]. Separation of the unbound fluorescent tracer and the antibody—tracer
complex occurs as a result of the electrophoretic forces. Laser-induced fluo-
rescence detection allows obtaining peak areas proportional to the fluorescein
labelled analyte concentrations [51]. With cheap compact equipment, simple
sample preparation, minimum handling steps and fast separation process,
capillary electrophoresis with fluorescent labels become to be close to rapid
test definition; laser excitation provides high sensitivity.

The advantage of capillary electrophoretic immunoassay is the integration
of the separation step in this technique. Thus, a simultaneous multicomponent
analysis is possible due to the high resolving power of capillary electropho-
resis. Standard or sample is added to a mixture of specific antibodies and
tracers. This approach was applied in the clinical assay area for detection of
some drugs and drugs of abuse. Simultaneous determination of methotrexate
and vancomycin was described [95]. Multianalyte capillary electrophoretic
immunoassay was developed for methadone, opiates, benzoylecgonine
(cocaine metabolite) and amphetamines [96,97]. For morphine and phency-
clidine determination in urine samples, cyanine dyes were used as fluorescent
labels: morphine was derivatized with Cy5, phencyclidine with Cy5.5 [98].

An integrated microchip electrophoresis system with online immuno-
reaction and laser-induced fluorescence detection has been developed for
simultaneous determination of phenobarbital, phenytoin, carbamazepine and
theophylline in human serum. The multiplexed immunoreactions between
multiple antibody-immobilized glass beads with analytes and respective
fluorescently labelled antigens were performed in a sample reservoir. After
online incubation, the immunoreaction solution was injected into a one-way
separation channel, and free fluorescently labelled antigens were separated and
detected in the separation channel. With the help of glass beads, the immu-
nocomplex cannot move into the separation channel, which simplifies the
separation of fluorescently labelled antigens [99].
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Another homogemeous assay that could be multiplexed is Forster reso-
nance energy transfer (FRET), allowing to detect simultaneously several
immunocomplex formation using either multiple donors or multiple acceptors.
Possibility to use multiple energy donors was demonstrated by Zeng et al.
[100] with red and green QDs. As energy acceptor, gold nanorods with
plasmon absorption peaks matched with QDs’ luminescence peaks. The sys-
tem was used for multiple detections of Hepatitis B surface antigen and
Hepatitis B antigen. Multiple energy acceptors application was shown also
with an example of QDs; Tb®>" complex with long-lived luminescence was
used as energy donor [101].
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1. INTRODUCTION

This chapter presents two perspective directions for development of modern
rapid tests. The first is development of bifunctional solid support, combining
functions of substrate for immunoreagent binding, as well as development of
active signal transducer and modifier. The later allows to use new principles of
signal generation and enhancement. A bright example of such bifunctional
platforms is photonic crystal fibres (PCFs). An exploitation of PCF as a sen-
sitive element of biosensor allows one to get an instant optical response to the
change of analysed medium’s refractive index, absorption, luminescence and
scattering coefficients of the medium. Such systems in perspective could be
efficient solutions for clinical and food control rapid tests development due to
their high sensitivity, small size and low-cost instrumentation. The diversity of
unusual features of PCF leads to an increase of possibilities for new and
improved sensors.

The second direction is development of enhanced labels. Selected examples
of nanostructures multiloaded with quantum dots (QDs) to illustrate novel
concepts and promising labels combined with the ability of QDs to produce
luminescent, electrochemical or electrochemiluminescent (ECL) signals and the

Comprehensive Analytical Chemistry, Vol. 72. http://dx.doi.org/10.1016/bs.coac.2016.03.010
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high carrier capacity of different carriers are presented. Approaches described
include multiple QD-containing nanocomposites with organic (dendrimers and
layer-by-layer (LBL) hollow microcapsules) and inorganic (carbon nanotubes
and silica nanoparticles) carriers and also carriers of combined nature.

2. PHOTONIC CRYSTAL FIBRES FOR BIOSENSING

Bifunctional platforms, which play roles of solid support for immunoreagent
binding, and also act as ¢ signal transducer, are promising tools for biosensing
development. The most popular example of such setting is electrodes with
immobilised immunoreagents, acting as a conductor of electrons [1,2]. To
realize rapid electrochemical tests, there are several demands to be satisfied
such as high sensitivity, multitarget detection and integration of electro-
chemical immunosensors with greater capabilities for out-of-lab application.
Considerable efforts have been devoted towards the way to immobilize the
recognition layer onto electrodes and the way to amplify the electrochemical
signal of the binding event between the antibody and its antigen [3]. Another
interesting type is application of photonic crystal waveguides (PCW) and
PCFs for optical signal transfer and modulation. The use of photonic crystals
for optical sensing purposes is an open research field.

A photonic crystal has a periodic dielectric structure with a periodicity of
the order of a wavelength, characterized by the presence of a photonic band
gap [4]. Photonic crystals can be classified on the basis of dielectric constant
periodicity. In 1D crystals the refractive index periodically varies in one spatial
direction. Such photonic crystals consist of parallel layers of different mate-
rials with different refractive indices and can manifest their properties in the
only direction, perpendicular to the layers. Similarly, 2D- and 3D-photonic
crystals are the structures where the dielectric constant varies along two or
three directions, respectively. 2D-photonic crystals can be modelled by rods of
dielectric in air or holes of air in dielectric material, they have the refractive
index that periodically changes in two spatial directions, and they can also
manifest their properties in two spatial directions. In 3D- photonic crystals the
refractive index periodically changes in three spatial directions, and hence they
are able to exhibit their properties in three coordinates; they can be represented
as arrays of spatial bodies (spheres, cubes and so on), arranged in a 3D-crystal
lattice [5].

Obtained experimental data demonstrates ability for use of PCWs as a
‘smart’ optical element, which gives optical response to the change of injected
medium parameters. Optical waveguiding biosensors have a number of ad-
vantages over mechanical and electrical biosensors. One of the main advantages
is that these biochemical sensors do not modify neither destruct the measured
compounds on its surface or in the surrounding environment. They are sensitive
and accurate due to the high value achievable for the signal-to-noise ratio and
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are immune to any electromagnetic interferences. In this kind of sensing sys-
tems, the optical path is well defined by the technological fabrication process.
Optical waveguiding sensors are fast response devices, to be used in real-time
measurements with multiplexed capability [4]. So-called point sensors (or
physical sensors) are being used for detecting or monitoring (and even for
controlling) a myriad of parameters such as temperature, strain, vibrations,
pressure, refractive index, humidity, and so on.

Among variability of optical waveguides 2D-photonic crystals, namely
photonic crystal fibres, are the most promising for rapid tests development
geometry, because of the ease to operate, small sample volume and relatively
simple read out. PCFs, also known as microstructured or holey optical fibres,
are considered a major breakthrough in optical fibre technology. PCFs are
characterized by a pattern of microscopic voids in the transverse plane that
runs all over the waveguide [6]. Due to their holey structure PCFs have unique
guiding mechanisms and optical modal properties that are not possible to
achieve with conventional optical fibres [7].

Standard ‘step index’ optical fibres guide light by total internal reflection,
which operates only if the core has a higher refractive index than the encircling
cladding. There are a few types of PCFs and the dominant two are PCF with a
solid core and hollow core (Fig. 1) PCFs [8]. Rays of light in the core, striking
the interface with the cladding, are completely reflected. In 1991, the idea
emerged that light could be trapped inside a hollow fibre core by creating a
periodic wavelength-scale lattice of microscopic holes in the cladding glass —
a ‘photonic crystal’ [9]. To understand how this might work, consider that all
wavelength-scale periodic structures exhibit ranges of angle and colour (‘stop
bands’) where incident light is strongly reflected. This is the origin of the
colour in butterfly wings, peacock feathers and holograms. In photonic band
gap materials, however, these stop bands broaden to block propagation in
every direction, resulting in the suppression of all optical vibrations within the
range of wavelengths spanned by the photonic band gap. Appropriately
designed, the holey photonic crystal cladding, running along the entire length
of the fibre, can prevent the escape of light from a hollow core. Thus, it
becomes possible to escape the straitjacket of total internal reflection and trap
light in a hollow fibre core surrounded by glass [9]. The idea of using a
photonic band gap to trap light in a hollow core was intriguing for different
applications, including biosensor development.

The waveguide effect in a PCW is implemented owing to internal reflection
from the ‘air—glass’ periodic structure and creation of a photonic band gap.
Fig. 2 presents the transmission spectrum of a hollow core PCF. The possi-
bility of radiation propagation along the waveguide is determined by the ra-
diation spectral composition. Optical radiation with frequencies that lie within
the band gap cannot pass through the structural cladding of the waveguide; the
radiation reflects from it and propagates along the PCF hollow core. Thus, the
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FIGURE 1 Photonic crystal fibre with hollow core.
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FIGURE 2 Transmission spectrum of a hollow core photonic crystal fibre.
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transmission spectrum is characterized by the presence of strongly pronounced
maximums and minimums corresponding to photonic band gaps of the clad-
ding. So the PCF transmission spectrum is determined by the geometric
structure of the waveguide cladding. In the case of filling of PCF hollow core
with some medium, transmission spectrum becomes sensitive to the medium
properties.

The composition of the material the PCF is made of is not the key feature
that defines its unique properties. Geometry, mainly the design of the array of
voids that form the waveguide and the use of functional materials inside the
PCF voids (including postprocessing modification) play a more important role.
A PCF can be made of different materials, as for example, pure silica, chal-
cogenide, doped and multicomponent glasses, or polymers [7].

The design of the PCF microstructure makes possible light guidance by
photonic band gap effects or by the modified total internal reflection effect
[6]. On the other hand, the infiltration of materials in the PCF or its post-
processing can give additional functionalities to a photonic fibre. Due to all
these features, PCFs offer outstanding potential for the development of
sensors. Their basic advantages include the electromagnetic noise immunity
(as in many fibre-optical sensors), high sensitivity, reliability, reproducibility,
wide dynamic range of measurements, the possibility of spectral and spatial
multiplexing of sensitive elements, located in one or a few waveguides, short
time of response to the variation in the measured quantity, small outer
dimensions, the possibility to combine waveguide principles and micro-
fluidistics [5].

PCFs are sensitive to the medium inside the PCFs, and therefore, they are
good candidates to develop biochemical sensors [10]. The holey structure of
PCFs offers an additional degree of freedom in the design of optical detection
systems as they can be infiltrated with liquids or nanomaterials [7]. The PCF
could play the role of liquid chamber. As the voids of a PCF have microscopic
dimensions, the amount of liquid sample needed to carry out the sensing task is
minimal, on nanolitre levels. For PCF with ~300 um hollow core diameter,
10—15 pLL volume is required for filling up PCF sample of 50 mm length,
while exploitation of standard photometric cuvette with 10-mm thickness re-
quires 2—3 mL of analysed liquid for one measurement [8].

As there is a strict dependence of PCF transmission properties on spectral
properties of the medium, filling up the internal channels of the fibre, that
change the optical parameters of the medium, such as refractive index, scat-
tering and absorption coefficients, induces predictable transformation of PCF
transmission spectrum. A value of the refractive index inside a hollow core
determines wavelengths of intensive transmission of the optical radiation
through the fibre [11]. Transmission bands shift to shorter wavelengths
simultaneously with increase of refractive index value. Decreasing of the
transmission maxima height within entire visible range is the consequence of
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the presence of scattering particle. The presence of the absorbers determines
the attenuation of transmission maxima within the certain wavelengths or
wavelength range [5,8,12—14].

The possible classes of PCF-based sensors are presented on Fig. 3. Active
PCF sensors use sensitivity of the PCF properties (transmission spectra) to the
properties (refractive index) of the media inside PCF. This kind of sensors
fully utilizes unique PCF optical properties. Passive sensors use PCF structure
as capillary (or multicapillary) to contain sample and to guide light. Geometry
properties of PCF allow to obtain several centimetres optical pathway with
microlitre volume of sample. Optical properties of PCFs allow researchers to
enhance optical signal (eg, luminescence). Homogeneous sensors are sensitive
to parameters of media inside PCF, producing changing of properties (eg,
transmission spectra) as result of presence of target compound. For hetero-
geneous sensors, internal surface of PCF plays (like for other heterogeneous
methods) the role of modified solid support, and it is also utilized as signal
transducer.

The guided light can interact directly with the solutions present in the voids
of the PCF in a long section of the fibre, even metres. This gives rise to a
strong light—matter interaction, hence to high sensitivity [7]. The complexity
of the setups to infiltrate solutions in the PCFs is an issue that must be
minimized; otherwise it will be difficult to find practical applications of PCFs
for sensing. On this regard, PCF sensors can benefit from the advances in
micro- and optofluidics and nanotechnology. A water-core microstructure fibre
design allows nearly ideal guidance for aqueous sensing applications. The total
internal reflection by a microstructured silica—air cladding provides robust
confinement of light in a fluid-filled core, if the average cladding index is
sufficiently below the index of water [15]. The use of PCF in optical sensing
has generated much interest and promising for test application, in particular
because the fibre microstructure obviates the need for complex postprocessing
[16]. There are two different ways to achieve light guidance in liquid-filled
hollow core PCF, depending on how the structure is initially filled: selective
core filling while leaving the cladding holes air-filled and complete filling of
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FIGURE 3 Classification of photonic crystal fibre—based biosensors.
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the PCF structure, this is possible when the entire holey structure is homo-
geneously filled up along its length with a filling medium whose refractive
index is lower than that of the PCF material.

For absorption-based sensors, PCFs with hollow core maximize light—
matter interactions over much longer path-lengths than in conventional sample
cells, offering an ideal environment for optical spectroscopy. Interestingly, the
different types of PCF available allow the probing both of bulk solution
samples and of molecules close to the internal fibre surfaces. For the first case,
for example, spectra of radiation, passed through the PCF samples after filling
the channels with sample could be sensitive to analyte concentration and so
could show different changing, such as reduction of the peaks in transmittance
spectra (short wavelength peak in the presence of riboflavin) [5] or peak shifts.
For the last case surface modification through biotin—avidin interaction [17],
immobilization of double-stranded DNA on the surface [18,19], or modifica-
tion with antibodies [20—22] are described.

For luminescence-based sensors, in a pioneering experiment, Jensen et al.
used light guidance in the glass cladding structure of a liquid-filled PCF
hollow core to detect Cy5-labelled DNA molecules in submicrolitre volumes
of aqueous solution [23]. Soon thereafter, Cordeiro et al. presented a PCF with
a novel microstructured core design which enhanced the evanescent field
overlap with infiltrated liquid samples [16,24]. Due to the high degree of
achievable selectivity and sensitivity, fluorescence-based sensing has become a
widely used methodology in (bio)analytical chemistry. There has been great
interest in using PCF for fluorescence studies, where long interaction lengths
can be achieved even for very small sample volumes. In pioneering studies,
Konorov et al. [13] measured the fluorescence of thiacarbocyanine dye infil-
trated into the cladding holes of a hollow core PCF. Using a solvent whose
refractive index exceeded that of silica glass (dimethyl sulphoxide), an array of
fluid waveguide channels was formed, in which light was guided by total
internal reflection [16]. Using a suspended-core PCF made of a high refractive
index lead-silicate glass, Ruan et al. enhanced the fluorescence detection
sensitivity, allowing the detection of QD-labelled antibody (commercially
available CdTe—ZnS QD-labelled goat F(ab’)2 antimouse IgG conjugate)
down to the 1 nM level using near infrared light [25].

It was found that surface-enhanced Raman scattering (SERS) labels
immobilized in the air channels of suspended-core PCF impart quantitative
capacity to SERS-based PCF optofluidic sensing platform. The long optical
path-length PCF integrated with SERS-active nanotags holds significant
promise for sensitive quantitative chem/biomeasurements with the added
benefit of small sampling volume [26]. So far, Raman spectroscopy with iso-
lated nanoparticles in the PCF voids has been demonstrated. Such an approach
allows the detection of trace amounts of molecules in liquids. The incorporation
of metal dimers and trimers (clusters of two or three nanoparticles) inside the
voids of PCFs may further increase the detection sensitivity, probably, down to
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the single-molecule level. Dimers and trimers lead to the creation of hot spots of
a strong electric field in the gap between the nanoparticles which can be used to
enhance the Raman scattering [27]. The feasibility of using hollow core PCF in
conjunction with Raman spectroscopy has been explored for real-time moni-
toring of heparin concentration in serum. By nonselectively filling PCF,
an enhancement of Raman signal (>90 times) was obtained from various
heparin—serum mixtures filled PCFs compared to its bulk counterpart (cuvette).
Promising for PCF-based tests development, the enhancement factor was
directly proportional to the sample volume in the core region, which is ulti-
mately related to the PCF length. The enhancement factor linearly increased
with the PCF length in the range of 3—8 cm, and tends to saturate for higher
values of PCF length [28].

3. NANOSTRUCTURES MULTILOADED WITH QDs

Luminescent QDs have shown great potential because of their unique
advantages: nanoscale size similar to proteins and smaller than most of other
nanoparticles with substantial emission, broad excitation spectra for multi-
colour imaging, robust, narrow-band luminescence and versatility in surface
modification. Firstly used for bioimaging, they later became useful tools for
immunoassay in the traditional microtitre plate format (fluorescent-linked
immunoassay, FLISA) and after in sensors and rapid tests Chapter 3, “Formats
of rapid immunotests — current-day formats, perspectives, pros and cons” by
Goryacheva [89], Section 3.6.1. The interest to this kind of labels for analytical
applications could be even wider because the related toxicity (the main
restriction of QDs application for in vivo imaging) is not so critical for in vitro
goals.

Numerous labels instead of single one involved in each molecular recog-
nition event could amplify significantly the analytical signal output [29].
Because of relatively small size (comparing with other nanoparticles and
luminescence nanostructures), physical and chemical stability and variation of
surface properties, QD presents an ideal example of the label for multiplexing of
different ways. The combination of association of numerous QDs into one label
with a highly sensitive detection of each QD enables to detect analytes at low
concentrations. One advantage of enhanced labels is the possibility to use the
same signal-generation and signal-transduction settings as for the single one.

To be a suitable label for bioimaging and immunoassay, the obtained
nanostructures should be water soluble. So if the support material is not water
soluble, the label production process should not only include decoration of the
carrier with QDs, but also a hydrophylization step. To improve the labels’
properties, such as amount of loaded QDs; stability; water solubility and
simplicity for bioconjugation, labels with enhanced complexity (several types
of QDs, multiple biofunctionality, additional magnetic properties) is expected
to open new opportunities in immunochemical applications.



Prospective Materials for Rapid Tests Chapter |6 171

3.1 Carbon Nanotubes

High attention for carbon nanostructures related with variety of properties and
applications. Carbon nanoparticles — which are amorphous — are used, for
example, as black-coloured labels for lateral flow immunoassay (Chapter 3:
Formats of rapid immunotests — current-day formats, perspectives, pros and
cons by Goryacheva [89], Section 3.5.2) [30]. Carbon nanosystems with defined
structures, such as carbon nanosheets, graphenes, carbon nanotubes (CNTs) are
used based on properties of their electronic structures and energetic parameters
(fluorescence resonance energy transfer (FRET)-based application, for example,
Chapter 2, “Rapid tests progress through the years” by Goryacheva [90], Section
2.3.3.) and geometry.

Carbon nanotubes (CNTs), because of unique mechanical, physical and
chemical properties, show great potential applications in various fields, including
molecular electronics, medical chemistry and biomedical engineering [31,32].
CNTs can be functionalized to achieve improved properties and functions, such
as good biocompatibility and biomolecular recognition capabilities [33]. CNTs
exhibit some advantages as matrix to synthesize nanohybrids. First, CNTs have a
large surface area to load nanoparticles of one or different properties in a one-
dimensional direction, preventing aggregation. Furthermore, they can be further
decorated with biomolecules, polymers and so on. [34]. CNTs are widely used
in preconcentration systems [35], as labels in electrochemical systems [36].
A general review of the use of CNTs as detection labels has been published by
Scida et al. [37].

Recently, many works have reported the synthesis of CNT—QD nano-
hybrids through covalent or noncovalent approaches (Fig. 4) and their
potential as candidates for multifunctional architectures, involving in vivo or
in vitro fluorescent nanoprobes [38]. Both single- [39] and multiwalled [38]
full-length and shortened by acidic oxidation [40] CNTs were used for
nanostructures creation by variety of possibilities. Oxidation of carbon
nanotubes also results in formation of carboxyl groups on the nanotube
sidewalls as well as the ends [40]. The possibilities of following function-
alization of obtained COOH groups are discussed in detail by [39]. Also, the
COOH group itself makes the CNTs water soluble. Another way to make
CNT water soluble is their modification with polar compounds, for example,
dendrimers [41].

It has been widely reported that the QDs emission could be strongly sup-
pressed when they are attached to carbon nanostructures, which may be
attributed to the FRET from QD to CNT [32]. For electrochemical application
CNTs have an opposite effect: Ding et al. [42] and Jie et al. [43] reported that
carbon nanotubes could enhance QDs ECL by reducing the injection barrier of
electrons to QDs. Moreover, a single CNT can encapsulate dozens of QDs
(as the signal source) to produce amplification of an ECL signal [44]. On the
other hand, the more porous structure of the composite material could facilitate
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the diffusion of reagents and result in ECL occurring not only at the surface but
also in the bulk of the nanomaterial [42].

The amount, density and single/multiple colour of QDs functionalized onto
the carbon nanotube’s surface can be varied by the synthesis conditions.
Functionalization of nanotubes with luminescent QDs can be accomplished
through different principles and procedures by both chemical bond formation
and electrostatic interaction [45—47]. An application of QDs as electro-
chemical label does not need ideal structures of QDs, as, for example, lumi-
nescent labels require. This gives possibility to create electrochemically active
labels multiloaded with QDs via simple one-pot methods. For example, for
synthesis of ZnO QDs dotted carbon nanotubes carboxyl functionalized CNTs
were simply mixed with zinc acetate complex with ethylene glycol. Obtained
structures were used as sensitive ECL label [48].

The more QDs attached to the CNT surface, the higher analytical signal
can be expected theoretically. To increase the amount of QDs on the CNT
surface, different approaches, such as dendrimer or LBL formation, were used.
Modification with dendrimers can be either covalent or noncovalent; and it
generally employs polyamidoamine (PAMAM) dendrimers [49].

CNTs could be the base for multifunctional nanohybrids with different
properties synthesized using the LBL technique. Nanohybrid CNT with
superparamagnetic iron oxide nanoparticles and CdTe QDs were synthesized
via an electrostatic LBL assembly in combination with covalent connection
strategy. CNT were covered with poly(allylamine hydrochloride), then super-
paramagnetic iron oxide nanoparticles and QDs (both with activated carboxylic
groups) were bound by covalent coupling to the polymer’s amino groups on the
CNTs’ surface [33].

Simultaneous attaching of two different-coloured QDs on nanotubes could
simplify detection in the case of complex matrices by multicolour fluorescence
imaging. It can be anticipated that the QDs with different luminescence colour
decorated on one single CNT can be conjugated with various biological
molecules and drugs (DNA, antibodies, siRNA, etc.). Therefore, the obtained
multicolour-enhanced nanoprobes could be extended to more sophisticated
bioapplications such as multicolour coding, multiplexed assays and multi-
targeted biomedical treatment by using carbon nanotubes as an internalization
vehicle for carrying not only luminescent probes but also functional bio-
materials [47]. Multicolour nanoprobes were prepared also by electrostatically
assembling differently sized CdTe QDs on polyethylenimine-functionalized
multiwalled CNT.

Structures described earlier still have limited analytical application. For
detection of quenching of QDs’ luminescence caused by CNTs, FRET was
used. CNTs and QDs, their surfaces functionalized with oligonucleotide
DNA or antibody, can be assembled into nanohybrid structures upon the
addition of a target complementary oligonucleotide (DNA hybridization in
the presence of target complementary oligonucleotides) or antigen (sandwich
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type immunocomplex formation in the presence of target analyte). The
method is achieved with a detection limit of 0.2 pM DNA molecules and
0.01 nM antigen molecules. To simultaneously detect three target DNA
molecules, three kinds of QDs with different emission wavelengths at 510,
555 and 600 nm were used [32].

QD luminescence suppressed by FRET through strong interaction between
QD-single-stranded DNA and CNT recovered in the presence of target DNA
due to decreasing the interactions between the QDs and CNTs. The recovered
emission of QDs was linearly proportional to the concentration of the target in
the range of 0.01—20 uM with a detection limit of 9.39 nM. Moreover, even a
single-base mismatched target with the same concentration of target DNA can
only recover a limited low luminescence of QDs, illustrating the good anti-
interference performance of this QD/DNA/CNT system [50].

Completing the description of the CNT-QD nanocomposites as producing
signal labels it is important to note the various types of CNT—QD interactions,
such as charge, energy or electrons transfer which may affect the final signal in
both directions: the rise and the reduction. This opens good perspectives for
the further improvement of the analytical signal, but also requires a detailed
study of the processes and the influence of assay conditions for each case.

3.2 LBL Microcapsules

The LBL technique is based on the sequential absorption of substances with
different properties. The Layer-by-layer (LBL) technique is simple and cheap,
which is extensively used in a wide variety of materials, such as polyions,
metals, ceramics, nanoparticles and biological molecules. Most often these
substances are synthetic or natural polycations and polyanions [51], but other
compatible systems, such as streptavidin—biotin [52] could be used. The LBL
technique allows to easily regulate the size and properties of obtained struc-
tures by an amount of layers, external charge and density of included labels.

In the common case electrostatic attraction between consecutively depos-
ited, oppositely charged molecules leads to the formation of a stable film
assembly. Strong electrostatic interaction between polycations and polyanions,
which is the driving force for the deposition of subsequent shell layers cause
an overcharge of the external layer. Firstly this strategy was used for formation
of the multilayer films on flat macroscopic surfaces. Later, this technique was
applied to obtain multilayers around charged colloidal particles [53]. The LBL
technique of multilayer formation can use latex colloids, calcium carbonate
and silica as capsule cores. The colloidal template can be removed in the
dissolution step (CaCOs in acid or EDTA solution) in order to leave an empty
LBL shell. The alternative approach is the direct formation of the poly-
electrolyte shell without template on the emulsion droplets. If such droplets
contain hydrophobic substances, this is the way for introducing them into
microcapsules. For encapsulation of hydrophilic compounds, their complexes
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with the oppositely charged polyelectrolyte can be used as a key for their
further encapsulation by the LBL technique [54].

The main general features of the LBL technique for preparation of
QD-loaded microcapsules are [54]: (1) it is a facile self-assembly method
avoiding complicated chemical reaction to form QD composite associates; (2)
the QDs’ loading, composition, density and distribution in the LBL structure
can easily be controlled by the number of sequential absorption cycles and the
kind of layer-formative material (eg, the nature of polymer); (3) QDs can be
incorporated both in template and LBL-formed structures (Fig. 5 from [29]).

The size of the LBL assembly is determined by the size of the template and
is in the range of 0.2—3 pm [55,56]. If preparing without template, size of
LBL associate mostly depends on the amount of layers and the nature of
polyelectrolyte. Size, topology of microspheres and also external coating can
be selected to meet the requirements for their further application. Antibody
attached to the outer wall of capsules can specifically bind with the targetting
analyte or attach to the targeting place [54].

The number of deposited QDs was evaluated on the basis of the concentration
change of the QD suspension before and after the coating step. For CdS QDs
depositing on nanosized polystyrene particles based on streptavidin—biotin
association, the amount of QDs on each bead was estimated 6.7 x 10* after
attachment of the first layer of biotin-coated QDs and 9.2 x 10* after the fourth
streptavidin layer [56].

To obtain a high QD loading, CaCOj3 nanoparticles were used as cores for
LBL association of QDs by the electrostatic adsorption technique. Then tem-
plates were dissolved in ethylenediaminetetraacetic acid. QDs were present both
in the shell and the hollow core of the LBL structure. Obtained label was further
used for low-abundance protein detection. The colour of the synthesized
structures was more intense after removal of the CaCO;3; template possibly
because most of the QD could adequately show their native colour [57].

It was found that certain parameters of the LBL structure could influence
QD emission and the resulting luminescence signal. Encapsulation of QD into
poly-L-lysine/poly-D-glutamic polyelectrolyte capsules did not affect their
spectra as long as capsule shells were terminated with a poly-L-lysine layer. A
slight decrease of the fluorescence intensity was observed in the opposite case
due to the presence of electron withdrawing carboxylic groups on the surface.
Comparison of the QDs’ fluorescence properties incorporated into LBL
structures formed by synthetic and natural polyelectrolytes did not show any
significant difference. In the same time it was found that encapsulation of QD
within internal layers of biocompatible electrolytes reduced their cytotoxicity.
On the contrary, the capsules prepared with synthetic polyelectrolytes did not
show such an effect [54]. Generalova et al. [55] showed that addition of bovine
serum albumin (BSA) as an external coating for the LBL structure resulted in
an increased fluorescence intensity of polymer particles with QD. These re-
sults likely can be explained in terms of complex formation between BSA and
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poly(sodium styrene sulphonate) resulting in more effective passivation of
surface of QD, situated in the poly(sodium styrene sulphonate) layer.

Analytical signals such as photoluminescence, or ECL, or anodic-stripping
voltammetry peak current are depending on the additive effect of all QDs in
the label. Theoretically, the amount of QDs contributing to the analytical
signal, increases with an increasing number of QD layers. Both optical density
in the range of exciton peak and voltammetric response are gradually
increasing as the number of QD layers increases, indicating the attachment of
more and more QDs [56]. Similarly, the deposition of QDs in two layers
appeared to increase the fluorescence intensity more than three times as
compared to the fluorescence of a structure with QDs in one layer [55].
However too many layers might cause instability of the LBL associate due to
the electrostatic adsorption capacity [57]. It was shown that the anodic-
stripping voltammetry peak current significantly increased with an increasing
number of QD-containing layers up to five layers, and then slightly decreased
for the following additional layers. Authors [57] speculated that during LBL-
structure preparation (centrifugation and washing process) QD may partially
be detached from the LBL structure. In order to show a dramatic signal
amplification, the detection with a single CdS QD and with an LBL associate
with four layers was compared. A 17-fold electrochemical signal enhancement
with the LBL label along with the detection of a 100 times smaller target
analyte concentration (10 pM and 100 fM, respectively) was observed [56].

On the contrary: if the analytical signal generation is the result of inter-
action of a single QD, resulted in changes of its properties, no dramatic effect
would occur. For example, sensitivity of Cu®" detection on the base of the
fluorescence quenching of QDs covered with BSA was comparable for the
single QD (10 nM) and the QD-loaded LBL associate (15 nM) [55].

Although in biomedical research, the application of LBL-designed struc-
tures with QDs is based on enhanced luminescence; impressive analytical
applications are mostly electrochemical in nature while a variety of principles
of signal generation/amplification is used. Cai et al. [58] described an elec-
trochemical sensor based on porous calcium carbonate microspheres covered
with LBL structures containing QDs. The haem centre of haemoglobin loaded
in the pores behaves as a peroxidase, reducing peroxide in the analysed so-
lution to water. CdTe QDs helped to realize a fast and effective direct electron
transfer between the haem centre of the haemoglobin molecules and the
macroscopic electrode. Xiang et al. [56] and Zhang et al. [57] used QD-loaded
LBL structures as labels for electrochemical immunoassay. QD-loaded LBL
were used for detection of model protein IgG1 on the base of anodic-stripping
voltammetric detection of Cd”, which was released under acidic conditions
from the CdS QDs [51]. QDs as electrogenerated chemiluminescent labels
were applied for thrombin detection at subpicomolar level using CdTe QD
attached on the surface of polystyrene microbeads by the LBL technique based
on the strong streptavidin—biotin association [52].
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The LBL technique provides good perspectives for analytical applications
because of possible variations in size and charge permeability, stability of
obtained structures, distance between QDs and external surface.

3.3 Dendrimers

Dendrimers are regular tree-like highly branched macromolecules, which are
receiving considerable attention for applications in chemical and biological
areas owing to their numerous terminal groups that can be functionalized and
conjugated with nanoparticles and molecules of interest. They are highly
ordered, regularly branched and present essentially as monodisperse single
compounds which develop a more globular conformation as its generation
increases [59,60]. The most popular material for dendrimer is PAMAM.
PAMAM dendrimers are water-soluble polycations, and they can be proton-
ated in aqueous solution at termini (primary amines) and at branch points
(tertiary amines) with the extent of protonation depending on the solution pH
[61]. The amino groups on the nonmodified PAMAM can be easily bio-
conjugated or modified. PAMAM dendrimers of different generation are
commercially available, both nonmodified (only amino groups) and modified
with hydroxy-, carboxy- and trimethoxysilyl-groups.

For conjugation with QDs, dendrimers of third, fourth or fifth generation
(G3, G4 and G95, respectively) containing 32, 64 and 128 primary amino-
groups, correspondingly, are usually used. According to Divsar and Ju [62],
CdS QDs nanocomposites prepared using two generations of dendrimers
displayed similar fluorescence properties. Modification of QDs with PAMAM
allows to change charge: the zeta potential of PAMAM dendrimer-conjugated
QDs was slightly positive (42.76 mV), although the zeta potential of QDs was
negative (—19.3 mV) [60].

Decoration of dendrimers with QDs can be controlled by different
methods, such as: photoluminescence, absorbance [60,62], high-resolution
electron microscopy, Fourier transform infrared (FTIR) and zeta (%) potential
measurement [59]. Pure dendrimers were positively charged with a zeta po-
tential of +-8 mV due to the amino groups. After loading of negatively charged
CdSe/ZnS QDs on dendrimers, the zeta-potential shifted to —4 mV [63].

The ratio of QD/dendrimer is of importance. Some applications only use
covering of a single QD with dendrimers to improve signal stability, to allow
cell penetration, to optimize charge or to introduce groups for conjugation.
Different ratios of PAMAM dendrimer to QD are reported. Akin et al. [64].
used 1 to 28 PAMAM G5 to each QD. This is a way to obtain high water
solubility and positive charge of the QD surface. According to Divsar and Ju
[62], each QD was stabilized by about three G4 or one G5 dendrimer. Other
applications need more complex nanocomposites, consisting of multiple QDs.
For this purpose, dendrimer nanoclusters were prepared by cross-linking
PAMAM dendrimers with homobifunctional amine-reactive agents, such as
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N-hydroxysuccinimide functionalized polyethylene glycol (NHS-PEG-NHS)
(Fig. 6 from [29]). The presence of a PEG spacer arm helped to maintain the
high water solubility of the formed dendrimer clusters. The nanocluster size
can be regulated by changing the molar ratio between the PAMAM dendrimer
and the cross-linker [65]. A molar ratio of 50:1 [NH,]/[NHS] was found
appropriate to obtain nanoclusters with an average diameter of about 150 nm.
After cross-linking G5 dendrimers to larger nanoclusters, their labelling with
large numbers of QDs could be easily realized [40]. Another example of
creating label with multiple QDs is the individual dendrimers’ covalent
conjugation to the MNPs with carboxyl groups, which were then cross-linked
to larger dendrimer composite by NHS—PEG—NHS. Finally, the CdSe—CdS
QDs were assembled upon the dendrimer composites by covalent conjugation
Fig. 7 from [66].

While it is easy to synthesize QDs in water phase and attach them to
dendrimers, the synthesis of highly fluorescent QDs is generally performed in
organic solvents. As for biosensing applications, QDs have to be conjugated to
biological molecules. This requires the transfer of QDs into aqueous solutions
which is quite challenging. PAMAM dendrimers with amino moieties are
found to solubilize QDs in aqueous solvents through ligand-exchange re-
actions. An efficient phase-transfer reaction of QDs is possible, because of the
electrostatic stabilizing feature of multiple positive groups of PAMAM den-
drimers [64].

As other ‘hosts’, dendrimers can be a carrier for multifunctional hybrid
structures. For example, by incorporating magnetic nanoparticles, super-
structures with highly intense ECL, fluorescence and magnetic properties can
be obtained. Furthermore, nanocomposites with excellent magnetic properties
can be easily labelled, separated and immobilized [66]. Also dendrimers can
tremendously increase the capacity for loading QDs on ‘inert’ carriers, such as
CNTs, as there are a lot of terminal amino groups on the surface of the
dendrimer based on which high density composites can be synthesized.
Furthermore, the density of QDs on the synthesized composites can be easily
controlled by varying the ratio of nanoparticle/CNT [67].

If chemical process is one of the steps, the signal generation uniformity of
QDs’ localization on the dendrimer surface is important for fast and easy
availability for reagents. This also favours the electron transfer in the ECL
reactions. For application with electron transfer processes, the amine func-
tional groups in the dendrimers facilitate the generation of radicals and
accelerate the electron-transfer process during the ECL reaction [63]. For
applications as luminescent label, the significant point of dendrimers is that no
luminescence quenching is reported.

For ECL applications QDs—PAMAM dendrimers can be obtained by one-
pot synthesis in methanol through formation of ion pairs PAMAM-Me*" and
then S*~ addition. The CdS QDs—dendrimer nanocomposite synthesized with
dendrimers of different generations (PAMAM G4 and GS5) showed similar
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FIGURE 7 Schematic representation for the preparation of the magnetic nanoparticles (MNPs)/
PAMAM dendrimer of fifth-generation ((NH,);,5)/CdSe/CdS QDs nanostructure. From G. Jie,
J. Yuan, J. Zhang, Quantum dots-based multifunctional dendritic superstructure for amplified
electrochemiluminescence detection of ATP, Biosens. Bioelectron. 31 (2012) 69—76.

fluorescence properties (A(fl) = 495 nm); their maximum absorption peaks
occurred at 326 and 279 nm, respectively, exhibiting average particle sizes of
QDs to be 1.66 and 1.30 nm [62]. Tang et al. [68] used this approach to obtain
composites of dendrimer with CdS, ZnS and PbS Fig. 8 form [68]. These
dendrimer—QD composites were used for a novel multiplexed stripping vol-
tammetric immunoassay for simultaneous detection of three biomarkers (CA
125, CA 15-3, and CA 19-9). Yamamoto et al. [69] studied factors affecting
CdS QDs formations in nth-generation dendrimers and found that setting the
Cd*" ion/dendrimer ratio to be less than 2" enabled most of the nucleation to
occur inside the dendrimers, which led to stable dendrimer-encapsulated CdS
QDs. It was demonstrated that higher-generation dendrimers can confine
smaller QDs because they have denser surfaces.

For analytical purposes, nanocomposites PAMAM-CdSe QDs were used
for detection of nitroaromatic compounds as quenchers of QDs’ fluorescence
[70]. A dendrimer/CdSe/ZnS QD nanocluster was fabricated and used as an
ECL probe for assays of cancer cells. In comparison with the single QDs, a
13-fold enhancement in ECL signal was observed using the dendrimer—QDs
nanostructure [64]. ECL of the nanocomposites dendrimer/QD/magnetic
nanoparticle was efficiently quenched by gold nanoparticles, based on which a
novel strategy for signal-on ECL detection of adenosine-5'-triphosphate ATP
was developed [69]. An LBL assembly of QD/dendrimer multilayer systems
was used as energy donor for sensitive detection of DNA hybridization by
FRET with a detection limit as low as 100 fM [71].

Stripping voltammetric analysis is an analytical technique for QD-based
electrochemical immunoassay that involves (1) preconcentration of a metal
onto a solid electrode surface or into Hg (liquid) at negative potentials and (2)
selective oxidation of each metal species during an anodic potential sweep.
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Metal ions, such as cadmium, copper, zinc and lead, can be stripped from the
corresponding QDs under harsh conditions. The stripped metal ions can exhibit
specific voltammetric characteristics at different applied potentials. Compared
with conventional multienzyme labels, the metal sulphide QD-based tags are
controlled to interact with the primary antibodies-functionalized magnetic
beads and produce the corresponding current responses by the anodic stripping
voltammetry. More importantly, the QD-encapsulated PAMAM not only con-
tains a large number of QDs, but also favours the dissolution of QD during the
stripping voltammetric measurement [68].

Dendrimers are uniformed ‘building bricks’ for creating nanostructures;
their use is not complicated with quenching processes; they contain amino
groups that can interact directly with the QD surface. But till now the den-
drimer application for multiple QDs labels creation is less developed
comparing to other multiloaded with QDs nanostructures.

3.4 Silica Nanoparticles

Encapsulation of hydrophobic QDs into a silica shell is a well-known approach to
make QDs water soluble. The first studies were mainly devoted to cover a single
QD with a SiO; shell [72], while the later ones focussed on SiO, beads with
multiple fluorescent QDs inside in order to achieve a noticeable signal
enhancement in ultrasensitive bioanalysis or to obtain multifunctional labels [73].

Silica coating has the following advantages compared to alternative coating
strategies [73,74]: silica is inert in both aqueous and nonaqueous solvents, so
the silica shell can dramatically reduce the release of harmful ions [75] and
can decrease environmental interferences on the QDs’ brightness. In addition,
silica coating is optically transparent, and different functional groups (amines,
carboxyls or methacrylate) can be easily introduced to the silica shell [76].
Moreover, silica coating reduces nonspecific adsorption on the QDs.

To encapsulate several QDs into silica beads two main methods are used
for the preparation of functionalized silica nanoparticles: the Stober and
reverse microemulsion process. In both ‘bottom-up’ approaches, the particles
are formed by self-assembly. Up to now both hydrophobic and hydrophilic
QDs can be encapsulated by these approaches. The first method is a sol—gel
process (so-called Stober method) where QDs act as seeds for silica growth in
an ethanol/water mixture [73,77]. The typical procedure of encapsulation of
multiple hydrophobic QDs into SiO; beads includes three stages [74,78,79]:
silanization of the QDs by exchange of initial hydrophobic ligands with partly
hydrolysed tetraethyl orthosilicate (TEOS); condensation of the TEOS mole-
cules attached to the QDs’ surface with partially hydrolysed 3-mercaptopro-
pyltrimethoxysilane (MPS) and formation of hydrophilic seeds; growth of a
Si0; shell around several seeds by Stober synthesis (Fig. 9 from [29]).

For encapsulation of hydrophilic QDs by this approach, at first the initial
hydrophilic ligands are partly or completely exchanged to MPS molecules
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with subsequent assembly of the silanized QDs into seeds. Then the seeds are
encapsulated into SiO, beads by Stober synthesis. In both cases the particles
before the Stober process were precoated with a silanizing agent (such as MPS
or 3-aminopropyltrimethoxysilane (APTES)) to enhance the compatibility of
nanoparticles with silica for growth of a uniform shell in the last stage [80].

It was shown that the quantity of QDs per bead, fluorescence intensity as
well as SiO, shell thickness could be sufficiently varied by changing the
following process parameters: QDs’ and other reagents’ amount and TEOS/
QDs ratio [73,79]. It was found that QDs comprising SiO, nanocomposites
with very different morphology (fibre-like, sheet-like, pearl-like, with solid or
hollow sphere) could be obtained when varying the conditions during the
ligand-exchange and seed-formation processes. It was proved that the photo-
luminescence efficiency of QDs in SiO; beads and so the brightness of the
label itself was extremely sensitive to the incorporation conditions: in the case
of both hydrophobic and hydrophilic QDs, only slow ligand exchange in the
beginning provided well-ordered arrangement of TEOS or MPS on a QD
surface and thus proper passivation of the surface and retention of initial
quantum yield [73].

Despite the good results obtained with the Stober method, it has some
serious disadvantages such as the high requirements on purity of the reagents,
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FIGURE 9 Quantum dots encapsulation into silica nanoparticles using Stober synthesis: (A)
traditional method and (B) in the presence of trioctylphosphine oxide (TEOS, tetraethy] orthosilicate;
MPS, mercaptopropyltrimethoxysilane). From LY. Goryacheva, E.S. Speranskaya, V.V. Goftman,
D. Tang, S. De Saeger, Synthesis and bioanalytical applications of nanostructures multiloaded with
quantum dots, Trends Anal. Chem. 66 (2015) 53—62.
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the difficulty and multiplicity of the preparation steps [81]. Another major
limitation of the conventional Stdber process is that it is inherently incom-
patible with proteins when used in the bioassay. The most likely reason is the
fact that the highconcentration alcohol used and the basic pH of the reaction
tend to lead to partial or even full denaturation of the protein. In comparison
with the Stober approach, the second approach based on the reverse micro-
emulsion method (RMM, also known as ‘water-in-oil” microemulsion systems)
is considered more advantageous because it is less complicated, very ‘robust’
against many reaction conditions and because the particle size and size
dispersion can be better controlled [82]. In RMM, the micelles are used to
confine the seed particles and to control the deposition of silica within the
micelle [80,83]. In a typical synthesis, the nonionic surfactant (eg, Synperonic
NP-5) and organic solution of QDs were dispersed in the continuous phase (eg,
cyclohexane) followed by addition of TEOS and ammonia (Fig. 10 from [29]).
It was proved that the original hydrophobic ligands of QDs were replaced by
TEOS molecules and the QDs transferred into the hydrophilic interior of the
micelles [81]. TEOS molecules underwent hydrolysis and condensation in the
water phase and the QDs acted as nucleation centres. As a result, single or
multi-QDs encapsulated into SiO, were obtained.

It was found that the size, monodispersity, multiplicity of QDs per silica
particle and overall quality of the resulting QDs silica particles were governed
by reaction conditions such as time, temperature, concentration of reagents
and speed of stirring [81,83]. Particularly, with increasing QDs’ concentration
within a certain range the number of QDs per silica bead increases [83], but at
too high QDs’ concentration, the micellar system becomes unstable, resulting
in an aggregation of the QD/silica nuclei [84]. The use of QDs with a thicker
shell of wider band gap semiconductor allowed to sufficiently retain the initial
brightness.

For further bioapplications, the surface of the biolabel should be deco-
rated by functional groups such as carboxy-, thiol- or amino-. The SiO,
surface can be modified through a sol—gel process by the use of different
silanizing agents capable of hydrolysis and subsequent condensation with the
existing SiO; network: carboxyethylsilanetriol sodium to introduce COOH
groups, MPS for thiol groups, APTES and [3-(2-aminoethylamino) propyl]
trimethoxysilane for NH;. To decrease nonspecific sorption of SiO, beads,
the same approach can be used to introduce PEG-chains into outer shelling
using 2-[methoxy(polyethyleneoxy)propyl]-trimethoxysilane [73].

In the mid-2000s labels with both supermagnetic and fluorescent func-
tionalities (bifunctional nanocomposites — BNPs) attracted intense attention
due to their great potential [60,83,85]. As a rule, for preparation of such labels,
iron oxides (Fe3O4 or Fe,O3) are used as magnetic nanoparticles (MNPs), QDs
(or organic dyes) — as fluorescent particles. Highly luminescent QDs serve as
luminescent markers, while (MNPs) can be easily manipulated under the
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external magnetic field [85]. One of the approaches for BNPs’ synthesis is
coating of nanoparticles with silica [83].

In the first studies, BNPs were prepared by simultaneous encapsulation of
fluorescent QDs and MINPs inside SiO, beads by RMM [86]. It was shown that
such BNPs had decreased fluorescence brightness compared to initial QDs
[87]. Then the subsequent experiments elucidated that the photoluminescent
properties of BNPs were very sensitive to the distance between the magnetic
and fluorescent nanocrystals in BNPs and that BNPs’ fluorescence brightness
could be sufficiently improved by suppression of interaction between the two
particle types [85]. QDs and MNPs can be spatially separated by a SiO, shell
[88]. Different types of BNPs embedded into SiO, beads and their use in some
bioapplications are shown in Table 1. In addition there is a lot of research
devoted only to BNPs preparation using silica encapsulation without real
application in bioanalysis [85—87]. It is important to mention the possible
variations in size and charge, the possibility to dry and dissolve without a shift
of properties, high stability against changing of external conditions and pos-
sibility to precisely vary the composition of active groups on the surface.

Application of QD-multiloaded labels is only at the beginning and is not
restricted only to the area of synthesis of labels. It is clear that challenges will
arise from the conjugation side. Also the enhancement of the label size will need
more attention from surface chemistry to prevent nonspecific interactions.
Surmounting these obstacles, multiloaded labels have bright possibilities. This

TABLE 1 Types of Silica-Based Bifunctional Nanocomposites-Containing
Magnetic Nanoparticles (Orange Dot (Light Grey in Print Versions)) and
Quantum Dots (Red Dot (Dark Grey in Print Versions))

Type of
Bifunctional
Nanocomposites Application in Bioanalysis

Lung cancer cells detection in pleural effusion

Immunofluorescence assay on microplate for detection of
antibodies in solution by binding with secondary antibodies
labelled with BNPs

Cell-membrane labelling

The investigation of cellular uptake of BNPS covered with
thermosensitive polymer for further cytosolic drug-delivery
research
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gives perspectives for application of QD-loaded labels not only in few examples
of assays (current-day situation), but also in a dramatically wider perspective,
with validation on real samples, to be produced and commercially available in
the future.

Despite historic achievements in the field of label-free bioassays, labelling
techniques will continue to play a leading role in this field. Nanostuctures
multiloaded with QDs offer very elegant ways of interfacing biomolecular
recognition events with inherent signal amplification. The characteristics such
as variability of QDs’ amount, their distribution inside the nanostructures,
density and composition of functional groups on the surface (with the
exception of dendrimer-based structures), size and stability, availability of
QDs for external substances (for example energy acceptors), possibility of
controlling and tailoring their properties in a very predictable and precise
manner meet the needs of analytical applications. Next to high variability of
QDs’ signal-causing characteristics (composition, size, and so on), this pro-
vides wide possibilities to optimize the labels’ properties and allows to obtain
high sensitivity. Because association in structure does not appreciably change
the properties of the QDs, the same readers as for single QDs can be applied.
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Development of immunoassays and rapid tests began with natural components,
and decades of progress resulted in a variety of effective tools meeting modern
requirements. The following specifications can be considered ‘ideal’ for rapid
tests:

e Sample-based testing, ie, making the test applicable to process samples
without their preparation. This is especially true for liquid samples, such as
serum, urine, saliva, environmental water, milk, juice, etc.

e Exclusion of washing, separation and other handling steps, for example,
microfluidic or lateral flow immunoassays. It provides not only an op-
portunity to use untrained personnel and the lack of uncertainty as a result
of handling steps, but also simplify the documentation of the results.

e Fast test processing (rapid binding kinetics and quick measurement), which
is important for clinical assays and for perishable goods as well as special
tasks such as roadside screening for drugs of abuse in saliva for traffic
safety. To shorten the time of analysis, capturing antibody can be attached
to a developed surface (micro-heterogeneous systems, nanostructures) to
ensure rapid transfer of molecules or conjugates to be captured.

e Small sample volumes, which is more important for clinical assays,
especially in pediatrics.

e Sensitivity (relevant detection limits) and specificity (the use of high-
specific antibodies) of analysis.

e Reproducibility (ratiometric or related measurement for correction of
medium interferences).

e Robustness (stability of outcomes is independent from individual user or

environment).

Flexibility (universal format for many analytes).

Multiplexity (simultaneous measurement of several analytes).

Stability (long-term storage).

Absence of toxic solvents or substances to avoid problems with utilization

in distant locations.

e Possibility to document assay outcomes and assay conditions.

Comprehensive Analytical Chemistry, Vol. 72. http://dx.doi.org/10.1016/bs.coac.2016.03.011
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Components and principles of modern immunotests use a variety of
combinatorial strategies to ensure the best performance:

e Lateral flow immunoassay is a combination of chromatography (separation
of components of a sample based on differences in their movement through
a sorbent) and immunochemical reactions.

e Electrodes and photon crystal fibres combine a solid support for immu-
noreagents binding and signal processing.

e Lab on chip is a combination of microfluidic system (in ideal case —
sample clean-up, dilution, mixing with reagents and incubation (if neces-
sary)) and immunochemical method.

It is interesting to note that together with simplification (easy-to-use, out-
of-lab decentralization) strategy of rapid tests progress, the opposite direction
develops as well. This involves the use of rapid tests in complex test systems in
laboratories. For example, rapid tests can serve as components of highly spec-
ified platforms with advanced-facilitative technologies in the form of readers,
specifically designed sample processing devices and cartridge approaches with
onboard functionality — essentially creating laboratory analysers with the rapid
immunotests, such as lateral flow strips, at their core. Besides, applications in
the developed world have taken advantage of the improved performance to
gradually transform rapid tests into a true laboratory-based system.

Transition from qualitative to quantitative assay resulted in improvement of
sensitivity. For example, the limit of detection for lateral flow immunoassay
has increased by 3—50 times. These gains were achieved by more sensitive
detection of weak staining via alternative methods of label detection, by
measuring the magnitude of signal decreases rather than signal disappearance
in the test zones of competitive systems [1,2].

Common advantages of immunochemical methods include the possibility
to adapt once optimized set of immunoreagents for different tests and methods
or to develop a new format, principle or setting for detection of one analyte
and then apply it to other substances. Usually, new formats of rapid tests are
first developed for the clinical area (point-of-care testing) and then applied to
the food and feed control areas and finally to the field of environmental
control. The immunoassay format changes in parallel: from mostly sandwich
format for high-molecular-weight analytes of clinical interest to a competitive
format for mostly low-weight analytes in ecological monitoring [3].

Most publications about rapid tests and commercial rapid tests are related
to the clinical area. The development of rapid tests for food safety and quality
control is a relatively new field of research. There have been several reviews of
recent progress in the area of food analysis [1,4,5]. Most of them described
research related to the development of systems capable of detecting a group of
food contaminants or a particular compound, and discussed factors related to
increasing the speed and sensitivity of the proposed assays. Significantly,
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fewer amount of publications concerning rapid tests for ecotoxicological items
could be found [6—8].

A very promising direction, particularly for health-related assays, is
application of cell phones as component of rapid tests. If equipped with a
reader platform, cell phones can solve a series of tasks, including reading the
signal, processing and quantifying it, sending the outcomes to centralized
laboratory or physician’s office for expert interpretation, documenting and
keeping data or signalling the alarm. Application of smartphones as signal
readers and processors makes it easier to transfer assays out of laboratories.
Current status of wireless telecommunication technologies exhibits a prom-
ising potential to be utilized for different applications even in the least
developed parts of the world. With more than 5 billion subscriptions world-
wide, the cell phone, as an ubiquitous platform, can be utilized for imaging,
sensing, processing and communicating rapid tests outcomes; first of all
health-related data in field settings using already embedded digital compo-
nents [9,10]. But the first part of assay — signal production as a result of
immunoassay itself — is still an operator’s liability. So the main efforts should
be focused on stability, reproducibility and simplicity of the immunochemical
parts of assay, including sampling, sample preparation and assay realization.
This demands increasing the accuracy of chemical steps. For some points,
inclusion of calibrators or positive and negative controls for the application of
ratiometric or associated signal evaluation methods is important.

Considering the breadth of the field that the rapid tests may offer, their
coverage in this book is by no means complete.

ACKNOWLEDGEMENT

The work was supported by Russian Science Foundation (project 14-13-00229).

REFERENCES

[1] B.B. Dzantiev, N.A. Byzova, A.E. Urusov, A.V. Zherdev, Immunochromatographic methods
in food analysis, Trends Anal. Chem. 55 (2014) 81—93.

[2] D. Pyo, J. Yoo, New trends in fluorescence immunochromatography, J. Immunoassay
Immunochem. 33 (2012) 203—222.

[3] LY. Goryacheva, P. Lenain, S. De Saeger, Nanosized labels for rapid immunotests: new
trends and developments, Trends Anal. Chem. 46 (2013) 30—46.

[4] C.M. Maragos, M. Busman, Rapid and advanced tools for mycotoxin analysis: a review,
Food Addit. Contam. Part A Chem. 27 (2010) 688—700.

[5] LY. Goryacheva, S. de Saeger, S.A. Eremin, C. van Peteghem, Immunochemical methods
for rapid mycotoxin detection: evolution from single to multiple analyte screening: a review,
Food Addit. Contam. A 24 (2007) 1169—1183.

[6] Y.R. Guo, S.Y. Liu, WJ. Gui, G.N. Zhu, Gold immunochromatographic assay for simul-
taneous detection of carbofuran and triazophos in water samples, Anal. Biochem. 389
(2009) 32—39.


http://refhub.elsevier.com/S0166-526X(16)30042-3/sref1
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref1
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref1
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref2
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref2
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref2
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref3
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref3
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref3
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref4
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref4
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref4
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref5
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref5
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref5
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref5
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref6
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref6
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref6
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref6

198 Rapid Immunotests for Clinical, Food and Environmental Applications

[7]

[8]

[9]

[10]

S. Girotti, S. Eremin, A. Montoya, M.J. Moreno, P. Caputo, M.D. Elia, L. Ripani, F.S. Romolo,
E. Maiolini, Development of a chemiluminescent ELISA and a colloidal gold-based LFIA for
TNT detection, Anal. Bioanal. Chem. 396 (2010) 687—695.

Y.M. Kim, S.W. Oh, S.Y. Jeong, D.J. Pyo, E.Y. Choi, Development of an ultrarapid one-step
fluorescence immunochromatographic assay system for the quantification of microcystins,
Environ. Sci. Technol. 37 (2003) 1899—1904.

O. Mudanyali, S. Dimitrov, U. Sikora, S. Padmanabhan, I. Navruz, A. Ozcan, Integrated
rapid-diagnostic-test reader platform on a cellphone, Lab Chip 12 (2012) 2678—2686.
D.S. Lee, B.G. Jeon, C. Ihm, J.K. Park, M.Y. Jung, A simple and smart telemedicine device
for developing regions: a pocket-sized colorimetric reader, Lab Chip 11 (2011) 120—126.


http://refhub.elsevier.com/S0166-526X(16)30042-3/sref7
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref7
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref7
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref7
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref8
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref8
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref8
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref8
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref9
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref9
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref9
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref10
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref10
http://refhub.elsevier.com/S0166-526X(16)30042-3/sref10

Index

‘Note: Page numbers followed by “f” indicate figures and “t” indicate tables.’

A

ABO blood group system, 8
Absorption-based sensors, 169
Acridine ester substrates, 86—87
AEC. See 3-Amino-9-ethylcarbazole (AEC)
Aequorin, 95
Agglutination, 7
ABO blood group system, 8
antigens, 8—9
bacteria-killing phenomenon, 9—10
bacteriolysis, 9
clumping reaction, 8
coagglutination, 13
complement fixation test, 9—10
antibodies detection, 11
clinical diagnostic laboratories, 11
criteria, 11
diagnosing infections, 10
patient’s serum, 10
steps, 10
syphilis diagnosis and infectious
diseases, 10
degree of, 12
haemagglutination, 11
inhibition assay, 11—12
inhibition method, 61
latex agglutination test, 12
latex particles agglutination, 12—13
reactions, 8
sample pretreatment methods, 12
typhoid fever test, 7—8
variants, 9
Alexine, 9—10
Alkaline phosphatase (AP), 36, 82, 105
3-Amino-9-ethylcarbazole (AEC), 83
3-Aminopropyltrimethoxysilane (APTES),
183—185
Analyte, 15
Analyte—protein conjugate, 51
Antibody, 5—6, 51
antibody-coated tubes, 15—16
Antigens, 5—6, 8—9, 3536

antigen-coated liposomes, 98
determinant, 5—6

Anti—Treponema pallidum antibodies, 11—12

AP. See Alkaline phosphatase (AP)

APTES. See 3-Aminopropyltrimethoxysilane

(APTES)
Ascorbic acid, 104—105
Atomic absorption spectrophotometry, 26
AuNPs. See Gold nanoparticles (AuNPs)
Autometallography, 102—103

B

Bacteria-killing phenomenon, 9—10
Bacteriolysis, 9
Barcode principle, 84
Bifunctional nanocomposites e (BNPs),
185—187
Biological components, 1—2
Biomolecules, 111
Biosensing, PCFs for, 164
absorption-based sensors, 169
‘air—glass’ periodic structure,
165—167
bifunctional platforms, 164
classification—based biosensors, 168f
with hollow core, 166f
passive sensors, 168
PCF microstructure, 167
photonic crystal, 164
Raman spectroscopy, 169—170
standard ‘step index’ optical fibres, 165
Biotin enzyme—tagged liposomes, 94
Blood-bank screening for virological
diseases, 23
Blue colloidal dye, 89
BNPs. See Bifunctional nanocomposites e
(BNPs)
Bottom-up approaches, 183
Bovine serum albumin (BSA), 175—177
5-Bromo-4-chloro-3-hydroxyindole, 89
BSA. See Bovine serum albumin (BSA)



200 Index

C
4c isotope, 16—17
Calcein, 95
Capillary electrophoretic immunoassay, 154
Capsicum spp. spices, 59
Carbon
black labelling, 105—106
nanoparticles, 105
nanosystems, 171
Carbon nanotubes (CNTs), 171
analytical application, 173—174
CNT-QD nanocomposites, 174
functionalization of nanotubes, 173
multiloaded with quantum dots, 172f
QD
luminescence, 174
emission, 171—173
Carboxyfluoresceins, 95
CdS QDs—dendrimer nanocomposite,
179—181
CdSe—ZnS core—shell QDs, 109
Chemiluminescence, 149
molecules, 86
signal, 87
substrate concept, 87
Chemiluminescence assays, 86. See also
Fluorescence assays
chemiluminescent signal, 87
chemiluminescent substrate concept, 87
detection sensitivity, 87
immunochromatographic assay, 87
polyphenols, 86—87
quantitative chemiluminescent—based
LFIA, 87
smartphone camera, 88
Chromogenic kind of detection. See
Colorimetric kind of detection
Cibitest’s device FLORIDA, 90
Clumping reaction, 8
CNTs. See Carbon nanotubes (CNTs)
Coagglutination, 13
Cold antigen, 14—15
Colloidal
carbon, 105—106
carbon—antibody conjugate, 105—106
dyes, 89
dye dipstick test, 89
iron oxide, 106—107
selenium, 106
template, 174—175
Colloidal gold, 100
AuNPs, 100—101

conjugation, 101
galvanic replacement reaction, 101
modification of AuNPs, 102
particles, 26
signal enhancement, 101, 101f
procedures, 102—105
Colorimetric assays, 83
barcode principle, 84
enzyme-based colorimetric immunoassay,
84
MNPs, 85
plastic chip, 84
sensitivity of detection, 84
signal generation stage, 84
Colorimetric kind of detection, 84
Colour intensity, 95
Coloured dyes, 88
Coloured nanoparticles, 100. See also
Luminescent nanoparticles; Magnetic
nanoparticles (MNP)
colloidal carbon, 105—106
colloidal gold, 100—105
colloidal iron oxide, 106—107
colloidal selenium, 106
Coloured organic molecules, 89—90
Coloured reporter systems, 100
‘Column gel—based immunotests’ sensitivity,
110
Column tests, 58—60
Commercial laser fluorescent scanners, 90
Competitive format, 40
of LFIA, 51
Competitive inhibition, 49
Competitive LISA with antigen conjugated
liposomes, 97
Complement
complement-dependent assays, 98
complement-mediated assays, 98
lysis, 98
proteins, 98
system, 9
Complement fixation test, 9—10
antibodies detection, 11
clinical diagnostic laboratories, 11
criteria, 11
diagnosing infections, 10
patient’s serum, 10
steps, 10
syphilis diagnosis and infectious diseases,
10
Compliment system, 1—2
Counter-immunoelectrophoresis, 7



Coupling enzyme, 21
Cross-flow chromatography, 87, 103
Cy3, 95

D
Dadisperse navy blue SP. See Disperse dye
Dendrimers, 178
creating nanostructures, 183
metal-sulphide QD-loaded dendrimer, 182f
multilabel based on dendrimer-covered
quantum dots, 180f
nanocomposites, 179
PAMAM-CdSe QDs, 181
with QDs, 178
QDs—PAMAM dendrimers, 179—181
ratio of QD/dendrimer, 178—179
stripping voltammetric analysis, 181—183
Direct competitive ELISA, 37
Direct sandwich ELISA, 38—39
Disperse dye, 89
Distance-dependent
approach, 105
properties, 104—105
DLISA. See DNAzyme-based ELISA
(DLISA)
DNA blotting technique, 25
DNAzyme-based ELISA (DLISA), 139
Dopamine detection, 104—105
Double antibody sandwich, 49
Double immunodiffusion, 7
Double-analyte multiplex, 147
Down-converting emitters, 107
Dry chemistry one-step tests, 1—2
Dual-label time-resolved fluoroimmunoassay,
114
Dyes and dye-based labels, 88
coloured organic molecules and, 89—90
fluorescent dyes, 90—91
dye—based labels, 91—92

E

early pregnancy test (ept), 2—3

ECL. See Electrochemiluminescent (ECL)

EIA. See Enzyme immunoassay (EIA)

Electrochemiluminescent (ECL), 164

Electroendoosmosis, 7

ELISA. See Enzyme-linked immunosorbent
assay (ELISA)

Embedded Systems Engineering, 90

Emitters, 107

Encapsulation strategies, 95—97

Index 201

Energy-transfer process, 115
Enzyme immunoassay (EIA), 20. See also
Radioimmunoassay (RIA)
adoption, 22
analytical and clinical investigations, 23—24
application, 20—22
blood-bank screening for virological
diseases, 23
competitive EIA formats, 21
coupling enzyme, 21
ELISA technique, 20
ELISA-devoted articles, 21
labelling of antigen, 20
main dates of microplate application
evolution, 24t
microtitre plates, 22—23
multiwell plates, 22—23
sensitivity, 21—22
Enzyme-based colorimetric immunoassay, 84
Enzyme-linked immunosorbent assay
(ELISA), 20, 36, 55
ELISA-devoted articles, 21
Enzyme(s), 81
alkaline phosphatase, 82
analytical signal evaluation, 83
chemiluminescence assays, 86—88
colorimetric assays, 83
barcode principle, 84
enzyme-based colorimetric
immunoassay, 84
MNPs, 85
plastic chip, 84
sensitivity of detection, 84
signal generation stage, 84
disadvantage, 82
enhancement, 104
fluorescence assays, 85—86
gold nanoparticles, 83
horseradish peroxidase, 81—82
immunoassays, 82
immunochromatography, 48
labels, 81—82
molecules, 82—83
Epitope, 5—6
ept. See early pregnancy test (ept)
Equipment-related techniques, 1
Error proof test, 2—3
Europium (Eu’"), 147—149

F

Fe304 nanoparticles, 106
First time quantitative precipitation test, 6—7



202 Index

‘Flash’ reactions, 86—87

Flatbed scanning, 103

FLISA. See Fluorescence-linked

immunosorbent assay (FLISA);
Fluorescent-linked immunoassay
(FLISA)

Flow-through immunoassay, 55
high-molecular-weight analytes, 56
with labelled analyte, 56f
low molecular weight analytes, 55
membrane sections, 57—58
methanol-based extraction, 58
modifications, 57

Flow-through tests, 140
microcolumn multiparametric tests,

142—143
for multiassay, 142
mycotoxins, 141
variant of microcolumn setup, 143f
Fluorescence polarization (FP), 64
Fluorescence polarization immunoassay
(FPIA), 64, 65f, 153
advantages, 66
outcomes, 66—67
for small molecules, 65—66
Fluorescence resonance energy transfer
(FRET), 67, 171
competitive Forster, 68f
nanoparticle-based structures, 70
noncompetitive sandwich Forster, 68f
QDs, 70

Syva’s Advance immunochemistry system,

69
Fluorescence-linked immunosorbent assay
(FLISA), 109
Fluorescent-linked immunoassay (FLISA),
170
Fluorescent/fluorescence
assays, 85—86
dyes, 90—91
dye—based labels, 91—92
fluorescent labels, 36
markers, 95
organic nanoparticles, 92
quenching, 113—114
signal measurement, 85
Fluorogenic substrates, 85—86
Fluorophores, 90—91
FluoSpheres from Invitrogen, 91
Forster resonance energy transfer (FRET),
107, 155
Fourier transform infrared (FTIR), 178

FP. See Fluorescence polarization (FP)

FPIA. See Fluorescence polarization
immunoassay (FPIA)

Free analyte, 153

Free tracer, 153

Free-labelled antibody, 51

FRET. See Fluorescence resonance energy
transfer (FRET); Forster resonance
energy transfer (FRET)

FTIR. See Fourier transform infrared (FTIR)

Fusarium toxins, 135—136

G

B-Galactosidase, 85, 105

Galvanic replacement reaction, 101

Gel electrophoresis, 25

Gold enhancement, 102—105

Gold nanoparticles (AuNPs), 70, 83, 100.

See also Silica nanoparticles

colours, 100—101
functionalization, 100
modification, 101—102

Gray pixel processing, 105

Gruber—Durham reaction, 7

H

Haemagglutination, 11
inhibition assay, 11—12
HCG. See Human chorionic gonadotropin
(HCG)
Hepatitis B surface antigen, 91
Heterogeneous
assay formats, 94
formats, 97
radioimmunosorbent techniques, 21
Heterogeneous rapid tests, 34, 36. See also
Homogeneous immunoassays
column tests, 58—60
membrane-based tests, 43—58
rapid ELISA tests, 36—43
High-molecular-weight analytes, 38
High-sensitivity fluorescent systems (HSF
systems), 91
Holey optical fibres. See Photonic crystal
fibres (PCFs)
Homemade laser fluorescent scanners, 90
Homogeneous immunoassays, 60—61,
97—98. See also Heterogeneous rapid
tests
FPIA, 64—67
FRET, 67—70



latex agglutination, 61—64
metal nanoparticles agglutination, 61—64
Homogeneous multiplex assay, 153—155
Homogeneous rapid tests, 34
Hormone analysis, 17
Horseradish peroxidase (HRP), 21, 36,
81—83, 85—86, 104, 137
Hot antigen, 14—15
HRP. See Horseradish peroxidase (HRP)
HSF systems. See High-sensitivity fluorescent
systems (HSF systems)
Human chorionic gonadotropin (HCG), 21
Human pregnancy test, 26
3-(4-Hydroxyphenyl) propionic acid,
85—86
Hydroxyphenylacetic acid, 85—86

|
1 insulin, 16—17
"Linsulin, 13—14, 16—17
"3'labelled insulin, 13—14
IgG. See Immunogamma globulin (IgG);
Immunoglobulin G (IgG)
Immune system, 1—2
Immunoaffinity columns, 45
Immunoanalytical methods, prehistory of,
5—6
Immunoassays, 2, 39
development, 195—196
Immunochemical
binding, 61
methods, 196
reagents, 138
treponemal tests, 11—12
Immunochromatographic strips. See Lateral
flow immunoassays (LFIA)
Immunochromatography, 25—26, 34, 45
assay, 87
test systems for, 35f
tests, 54—55
Immunocomplex-labelled antibody, 51
Immunofiltration assay (IFA). See
Flow-through immunoassay
Immunogamma globulin (IgG), 146—147
Immunoglobulin G (IgG), 21
Immunoradiometric technique, 15
Immunoreagents, 45
Inorganic (metal)colloidal particles, 26
Inorganic nanoparticles, 80
Intact formalin-killed Staphylococcus aureus
cells, 12—13
Interparticle surface plasmon coupling, 104

Index 203

Lab on chip, 196
Label-free bioassay, 188
Labelled analyte, 153
Labelled antibody, formats with, 36—37
Labelled antigen, format with, 37—38
Lanthanide chelates, 114
Lanthanide ions, 147—149
Laser-induced fluorescence detection, 154
Lateral flow immunoassays (LFIA), 12,
25-26, 44—45, 80, 135, 196
analytical characteristics improvement,
5253
areas of application, 54
atomic absorption spectrophotometry, 26
AuNPs, 137
competitive assay realization, 51—52
competitive formats of LFIA, 51
detection limits of human placental
lactogen assays, 27t
enzyme immunochromatography, 48
examples, 48
formats, 49
Fusarium toxins, 135—136
human pregnancy test, 26
immunoreagents, 45
LF-IBBC, 138
multiantigen printing immunoassay strip,
137
multiplex detection, 137
noncompetitive assay, 49—51
noncompetitive sandwich, 50f
principles, 26, 45
process, 45—46
quantitative, 54—55
quantitative detection, 55
quantitative evaluation, 47
sol particles, 26
strip, 46f
system for multianalyte testing, 47—48
test construction, 46
with two test zones, 136f
Lateral Flow Integrated Blood Barcode Chip
(LF-IBBC), 138
Lateral-flow tests, 94—95
Latex agglutination, 61
agglutination and agglutination inhibition,
63f
light scattering, 63—64
metal nanoparticles, 64
noncompetitive sandwich latex
immunoagglutination assay, 62f



204 Index

Latex agglutination (Continued )
slide test, 61—62
test, 12
Latex particles agglutination, 12—13
Layer-by-layer (LBL), 164
microcapsules, 174
for analytical applications, 178
analytical signals, 177
QD encapsulation, 175—177
QD-loaded LBL, 177
QD-loaded microcapsules, 175
quantum dots loading into layer-by-layer
structures, 176f
LBL. See Layer-by-layer (LBL)
LF-IBBC. See Lateral Flow Integrated Blood
Barcode Chip (LF-IBBC)
LFIA. See Lateral flow immunoassays (LFIA)
Light scattering, 63—64
Limit of detection (LOD), 54
Liposome immunosorbent assays (LISA), 97
Liposomes, 88f, 89—90, 92
advantages, 94
application of, 94
colour intensity, 95
encapsulation strategies, 95—97
geometry and type, 93
heterogeneous assay formats, 94
immunoassay formats, 97
competitive LISA with antigen
conjugated liposomes, 97
complement lysis, 98
complement proteins, 98
complement-dependent assays, 98
heterogeneous formats, 97
homogeneous complement liposome
immunoassay formats, 99f
homogeneous cytolysin—mediated
liposome immunoassay, 99f
homogeneous immunoassays, 97—98
mellitin, 98—99
noncompetitive sandwich LISA, 97
T-2 mycotoxin, 99—100
to immunodiagnostics, 94
lateral-flow tests, 94—95
lysing, 94—95
markers, 92—93, 95—97
structure, 93—94
Liposomes, 142—143
LISA. See Liposome immunosorbent assays
(LISA)
LOD. See Limit of detection (LOD)
Low molecular weight analytes, 36

Lumigen TMA-6, 86—87
Luminescence
dyes. See Coloured dyes
luminescence-based sensors, 169
quenching, 113
Luminescent nanoparticles, 107. See also
Coloured nanoparticles; Magnetic
nanoparticles (MNP)
emitters, 107
nanoparticles with long-living emission,
113—116
QD, 107—-110
up-converting emitters, 110—113
Luminol, 86—87
Luminophores, 147
Lysing, 94—95

M

Magnetic nano-and microparticles, 152—153
Magnetic nanobeads, 153
Magnetic nanoparticles (MNP), 85, 116,
181f, 185—187. See also Coloured
nanoparticles; Silica nanoparticles;
Luminescent nanoparticles
Markers, 92—93, 95—97
Mellitin, 98—99
Membrane-based tests, 43
advantages, 44
flow-through immunoassay, 55—58
LFIA, 44-55
3-Mercaptopropyltrimethoxysilane (MPS),
183
Metal nanoparticle agglutination, 61
agglutination and agglutination inhibition,
63f
light scattering, 63—64
noncompetitive sandwich latex
immunoagglutination assay, 62f
slide test, 61—62
Metal nanoparticles, 64
Methanol-based extraction, 58
4-Methylumbelliferone, 85—86
4-Methylumbelliferyl galactoside, 85—86
4-Methylumbelliferyl phosphate, 85—86
Microcarrier-based multiplex technologies,
150—-151
magnetic nano-and microparticles,
152—153
magnetic nanobeads, 153
microbead array, 152
optomagnetic immunoassay technology,
153



suspension arrays, 151
Microcolumn multiparametric tests, 142—143
Microcolumn-based format, 146
Microcrystal-based label system, 92
Microelectrophoresis experiments, 91—92
Microfluidic
assays, 133—134
multiplex immunoassays, 144
Microspheres, 152
Microstructured fibres. See Photonic crystal
fibres (PCFs)
Microtitre plates, 22—23
microtitre plate—based format, 138—139
DLISA, 139
multiassay design, 140
multiplex antibody microarray method,
140
and planar supports, assay on, 138
MNP. See Magnetic nanoparticles (MNP)
MPS. See 3-Mercaptopropyltrimethoxysilane
(MPS)
Multianalyte testing, system for, 47—48
Multiantigen printing immunoassay strip, 137
Multibranched blue gold nanoflowers, 102
Multicolour QD-based immunofluorescence
assay, 145—146
Multilabel mode, 134
Multiloaded labels, 89
Multiple analytes detection
detection with multiple labels, 144—146
detection with single label, 135
assay on microtitre plates and planar
supports, 138—140
flow-through tests, 140—143
LFIA, 135—138
microfluidic multiplex immunoassays,
144
within single test zone, 146
Ag/Au ratio, 146—147
chemiluminescence, 149
double-analyte multiplex, 147
LFIA, 148f
luminophores, 147
multiplex competitive ELISA, 149f
nanocomposite, 150
Multiple labels, detection with, 144—146.
See also Single label, detection with
Multiplex
chemiluminescent mycotoxin
immunoassay suspension array
system, 152
detection, 137

Index 205

immunoassay realization, 150—151
UCP-LFIA, 112
Multiplexity, 134
Multiwell plates, 22—23
Mycotoxins, 147

N
N-hydroxysuccinimide functionalized
polyethylene glycol (NHS-PEG-NHS),
178—179
Nano-Fe,03 particles, 102
Nanocomposite, 150
Nanoparticle-based structures, 70
Nanoparticles, 95
with long-living emission, 113
dual-label time-resolved
fluoroimmunoassay, 114
fluorescence quenching, 113—114
homogenous time-resolved fluorescence
immunoassays, 115
lanthanide chelates, 114
phosphorescent chelates, 115—116
time-resolved fluorescence labels, 113
time-resolved fluoroimmunoassay
protocol, 115
ultrasensitive time-resolved fluorescence
immunoassay, 115
Nanostructures multiloaded with QDs, 170
CNTs, 171—-174
dendrimers, 178—183
LBL microcapsules, 174—178
silica nanoparticles, 183—188
Nanotechnology, 2
Near infrared dyes (NIR dyes), 137
Nephelometers, 7
NHS-PEG-NHS. See N-hydroxysuccinimide
functionalized polyethylene glycol
(NHS-PEG-NHS)
NIR dyes. See Near infrared dyes (NIR dyes)
Noncompetitive assay, 49—51
Noncompetitive inhibition, 49
Noncompetitive sandwich
LIFA, 50f
LISA, 97
Northern blotting, 25

o

Optical immunotests, labels for
coloured nanoparticles, 100—107
dyes and dye-based labels, 88—92
enzymes, 81—88



206 Index

Optical immunotests, labels for (Continued)
liposomes, 92—100
luminescent nanoparticles, 107—116
MNP, 116
Optical waveguiding biosensors,
164—165
Optimal labels, 80
Optomagnetic immunoassay technology, 153
Organic dye crystals, 91—92
Ouchterlony gel diffusion. See Double
immunodiffusion
Ovalbumin (OVA), 112
Oxygen quenching, 115—116

P

PAMAM. See Polyamidoamine (PAMAM)

Passive sensors, 168

PCFs. See Photonic crystal fibres (PCFs)

PCW. See Photonic crystal waveguides
(PCW)

Peroxidase, 81—82

Phagocytosis, 5—6

Phospholipids, 97

Phosphorescent chelates, 115—116

Photoluminescence signal measurement. See
Fluorescent/fluorescence—signal
measurement

Photonic crystal, 164

Photonic crystal fibres (PCFs), 163

for biosensing, 164

absorption-based sensors, 169
‘air—glass’ periodic structure, 165—167
bifunctional platforms, 164
classification—based biosensors, 168f
with hollow core, 166f
passive sensors, 168
PCF microstructure, 167
photonic crystal, 164
Raman spectroscopy, 169—170
standard ‘step index’ optical fibres, 165

Photonic crystal waveguides (PCW), 164

POC testing. See Point-of-care testing (POC
testing)

Point-of-care testing (POC testing), 90, 101,
111-112, 196

Polyamidoamine (PAMAM), 173

dendrimers, 178

Polynucleotides detection, 104

Polyphenols, 86—87

Polystyrene microspheres, 151

Positive/negative information, 54—55

Precipitate detection, 6

Precipitation, 6—7
Precipitin test, 6

Q

QD. See Quantum dots (QD)
Qualitative analysis, 109—110, 145
Quantitative analysis, 109—110, 145
Quantitative chemiluminescent—based
lateral-flow immunoassay, 87
Quantum dots (QD), 42—43, 70, 80, 107, 164
applications, 107—108
broad excitation and narrow emission
bands, 109
CdSe—ZnS core—shell, 109
‘column gel—based immunotests’
sensitivity, 110
encapsulation into silica nanoparticles
reverse microemulsion method, 186f
Stober method, 184f
extinction coefficients, 108
LFIA, 109
nanostructures multiloaded with, 170
CNTs, 171174
dendrimers, 178—183
LBL microcapsules, 174—178
silica nanoparticles, 183—188
QD-based immunochromatographic test,
109—110
weak points, 108

R
Radioactive iodine (*'T), 14—15
Radioactive labels, 16
Radioimmunoassay (RIA), 13. See also
Enzyme immunoassay (EIA)
13!-labelled insulin, 13—14
application, 17, 18t—19t
disadvantages, 17—19
heterogeneous format antibody, 15
hormone analysis, 17
immunoradiometric technique, 15
insulin secretory physiology, 14
outlook, 19—20
of plasma insulin, 14
principle, 14—15
radioactive labels, 16
role of, 14
solid-phase RIA, 15—16
specific activity of labelled compound,
16—17
Radiolabelled antihuman IgE antibody, 15



Raman spectroscopy, 169—170
Rapid ELISA tests, 36
competitive direct ELISA, 39f
competitive indirect ELISA, 38f
enzyme-based ELISA, 42—43
format with labelled antigen, 37—38
formats with labelled antibody, 36—37
high-molecular-weight analytes, 38
noncompetitive sandwich ELISA, 41f, 43f
principles, 37f
sandwich indirect format, 39—40
standard ELISA protocol, 40—41
Rapid immunotests, 2
formats
heterogeneous rapid tests, 34, 36—60
homogeneous immunoassays, 60—70
homogeneous rapid tests, 34
rapid test technologies, 33
test systems for
immunochromatographic assays, 35f
Rapid multiplex immunotests
homogeneous multiplex assay, 153—155
microcarrier-based multiplex technologies,
150—153
multiparametric test systems development,
133
multiple analytes detection with separate
test zones
detection with multiple labels, 144—146
detection with single label, 135—144
multiple analytes detection within single
test zone, 146—150
multiplex assays for protein, 134
multiplexing possibilities of immunoassay,
135f
Rapid tests, 5, 40—41
agglutination, 7—13
antibodies, 5—6
development, 195—196
EIA, 2024
LFIA, 25—26
nanostructures multiloaded with QDs, 170
CNTs, 171—174
dendrimers, 178—183
LBL microcapsules, 174—178
silica nanoparticles, 183—188
PCFs, 163
for biosensing, 164—170
precipitation, 6—7
RIA, 13-20
western blotting, 25
Red colloidal dye, 89

Index 207

Reverse microemulsion method (RMM),
184—185
quantum dots encapsulation into silica
nanoparticles, 186f
Rheumatoid factor test, 12
RIA. See Radioimmunoassay (RIA)
Rice test, 5
RMM. See Reverse microemulsion method
(RMM)
Rust-coloured colloidal selenium, 106

S
Samarium (Sm>*), 147—149
Sample preparation, 133—134
Sample pretreatment methods, 12
Sample-based testing, 195
Sandwich ELISAs, 38—39
Sandwich format of LFIA, 49
Sandwich indirect format, 39—40
Scattering intensity, 64
Semipermeability of liposome membrane, 96
Sensitivity of detection, 84
Sensitizers, 103—104
SERS. See Surface-enhanced Raman
scattering (SERS)
Serum samples, 61—62
Sheep red blood cells, 10
Sheep—antirabbit IgG, 21
Signal
amplification, 94—95
enhancement, 101, 101f
procedures, 102
silver and gold enhancement, 102—105
generation stage, 84
Silanization, 111
Silica
coating, 183
coverage, 96
Silica nanoparticles, 183
bifunctional nanocomposites-containing
magnetic nanoparticles, 187t
BNPs, 187
fluorescence intensity, 184
label-free bioassay, 188
quantum dots encapsulation into
reverse microemulsion method, 186f
Stober method, 184f
SiO, surface, 185
Stober method, 183—185
Silver enhancement, 102—105
Single label, detection with, 135



208 Index

Single label, detection with (Continued)
assay on microtitre plates and planar
supports, 138—140
flow-through tests, 140—143
LFIA, 135—138
microfluidic multiplex immunoassays, 144
Slide test, 61—62
Smartphone camera, 88
Sodium azide, 81—82
Sodium yttrium fluoride (NaYFy), 110—111
Sol particles, 26
Sol—gel process, 183
Solid particle immunoassay (SPIA), 64
Solid-phase RIA, 15—16
Southern blotting, 25
Spatial-resolved mode, 134
Spectroscopic ruler, 67
SPIA. See Solid particle immunoassay (SPIA)
Stober method, 183—185
quantum dots encapsulation into, 184f
Stokes shift, 85
Streptavidin complex, 89
Stripping voltammetric analysis, 181—183
Submicron-sized UCP particles, 111
Sulphorhodamine B, 95
Surface-enhanced Raman scattering (SERS),
169—170
Suspension arrays, 151
Syva’s Advance fluorometric instrument
system, 69
Syva’s Advance immunochemistry system,
69

T

T-2 mycotoxin, 99—100

Tetraethyl orthosilicate (TEOS), 183

3,3',5,5 -Tetramethylbenzidine (TMB), 48

3D-photonic crystals, 164

Time resolution—based techniques, 113

Time-resolved fluorescence labels, 113

Time-resolved fluoroimmunoassay protocol,
115

TMB. See 3,3',5,5°-Tetramethylbenzidine
(TMB)

2.,4,6-Trinitrotoluene, 87

Tritium, 16—17
2D-photonic crystals, 164
Typhoid fever test, 7—8

U
UCP. See Up-converting phosphors (UCP)
Ultrasensitive time-resolved fluorescence
immunoassay, 115
Up-converting emitters, 107, 110
availability, 112
disadvantage, 111
excitation, 110—111
luminescence quenching, 113
multiplex UCP-LFIA, 112
sensitivity of UCP-based immunoassay,
113
silanization, 111
submicron-sized UCP particles, 111
UCP-LFIA strips, 111—112
UPlink, 112
Up-converting phosphors (UCP), 80
UPlink, 112

\Y

Visual detection, 44

w

Wampole test, 2—3

Water-in-oil microemulsion systems. See
Reverse microemulsion method (RMM)

‘Water-insoluble QD, 97

Water-soluble QD, 97

Western blotting, 25

Y

Y-shaped proteins, 5—6
Yes/No information. See Positive/negative
information

y4

Zeta potential ({ potential), 178



	Advisory Board
	Rapid Immunotests for Clinical, Food and Environmental Applications
	Copyright
	Series Editor's Preface
	Preface
	1. Introduction
	7. Conclusion and Outlook
	Acknowledgement
	References

	Index

