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Preface

Over the past decade, the development and applications of immunoassays have
continued to grow exponentially. This book focuses on some of the latest advances in
immunoassay technology, which include new materials and methods. The book
contains nine invited chapters that are divided into three sections. In the first section,
the basics for producing recombinant antibodies, the use of polyacrylonitrile fibre as a
solid surface, and the nature of interference in immunoassays are summarized. The
second section begins with a chapter on the basic concepts of different types of
immunosensors, some of which allow label-free detection of specific analytes. This is
followed by chapters on piezoelectric immunosensors and surface plasmon resonance
biosensors. A chapter on using nanopores as a label-free biosensing platform and its
potential for immunosensing is also included in the second section. The third section
starts with a chapter that describes different platforms for carrying out multiplexed
immunoassays. This is followed by a chapter on the advantages and limitations of
multiplexed bead immunoassays.

The Editors express their thanks and appreciation to the authors for their contributions
to this book project. Moreover, they are thankful to the Editorial Office at InTech for
their support. They are also grateful to the love and support from their families, and
acknowledge the assistance from their co-workers. Last but not least, they wish to
thank all their former teachers and mentors for sharing their knowledge and
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Recombinant Antibodies and
Non-Antibody Scaffolds for Immunoassays

Bhupal Ban and Diane A. Blake

Department of Biochemistry and Molecular Biology,

Tulane University School of Medicine, New Orleans, Louisiana,
USA

1. Introduction

The measurement of trace amounts of physiologically active small molecules (for example,
lipids, drugs, other synthetic chemicals and metals) is critical for both clinical and
environmental analyses. Most small molecules can be analyzed using highly sophisticated
analytical techniques, including high pressure liquid chromatography (HPLC), gas
chromatography (GC), and inductively coupled plasma atomic emission spectroscopy
(ICPAES). However, these methods require extensive purification, experienced technicians,
and expensive instruments and reagents. Immunoassays offer an alternative to these
instrument-intensive methods. Immunoassays rely on an antibody (Ab), or mixture of
antibodies, for recognition of the molecule being analyzed (the analyte). Immunoassays are
frequently applied to the analysis of both low molecular ligands and macromolecular drugs,
and are also applied in such important areas as the quantitation of biomarkers that indicate
disease progression and immunogenicity of therapeutic drug candidates. The performance
of immunoassays is critically dependent on the binding properties of the antibody used in the
analysis, and identification of suitable antibodies is often a major hurdle in assay development.
Recombinant antibodies will play a major role in future immunoassay development.

2. Natural and recombinant antibody fragments

The antibody is the key reagent of an immunoassay and it can be produced by animal
immunization, hybridoma technology, and/or recombinant techniques. Most, but not all,
production methods require immunization of an animal with an antigen. An antigen is a
molecule that can be recognized by the immune system (immunogenicity) and that can be
bound specifically to an antibody (reactogenicity). Molecules with both immunogenicity and
reactogenicity are called “complete antigens” and molecules that possess only reactogenicity
are called “incomplete antigens”. Incomplete antigens, also called haptens, encompass a
wide variety of molecules, including drugs, explosives, pesticides, herbicides, polycyclic
aromatic hydrocarbons, and metal ions. These haptens can induce the immune system to
produce antibodies only when they are covalently conjugated to a larger carrier molecule
such as a protein.

Although polyclonal antibodies hold their place as the reagents of choice for general-
purpose applications in the biological sciences, the volume of serum that can be obtained
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from immunized animals and batch-to-batch differences in affinity and cross-reactivity
make them less attractive for quantitative immunoassays. The first milestone for the
generalized the use of immunoassays was the development of hybridoma technology,
which overcame problems of heterogeneity and supply (Kohler & Milstein, 1975). While
traditional monoclonal antibodies are used throughout biological research, many potential
applications remain unfulfilled. The production of monoclonal antibodies requires
considerable time, expense and expertise, as well as specialized cell culture facilities. The
use of animal immunization means that the selection for relevant binding specificities occurs
in the uncontrolled serum environment. This technology is adequate for stable antigens but
not for molecules that are highly toxic, not immunogenic in mammals or not stable enough
to withstand the immune processing steps required for the in vivo immune response. Most
importantly, when working with monoclonal antibodies, it is not possible to alter or
improve an antibody’s binding properties without cumbersome procedures that convert the
molecules to recombinant forms that can be engineered. All these reasons urged the
development of strategies aimed at the production of recombinant antibodies (rAbs) and
alternative scaffolds (Gebauer & Skerra, 2009) of smaller dimensions that can be easily
selected, manipulated and produced using standard molecular biology techniques.

There are several distinct classes of natural antibodies (IgG, IgM, IgA, and IgE) that provide
animals with key defenses against pathogenic organisms and toxins. Most immunoassay
systems rely upon IgG as the immunoglobulin of choice. IgG is bivalent, and its ability to
bind to two antigenic sites greatly increases its functional affinity and confers high retention
time on cell surface receptors. The basic structure of an IgG molecule is shown in figure 1.
Most IgG molecules are composed of two heavy chains (HC) and two light chains (LC),
which are stabilized and linked by inter- and intra-chain disulfide bonds. The HC and LC
can be further subdivided into variable regions and constant regions. The antigen binding
site is formed by the combination of the variable region of the HC and LC. Most IgG
molecules have two identical antigen binding sites, which are usually flat and concave for
protein antigens, but which may form a pocket when the antibody has been selected against
a hapten. Within the HC and LC variable regions are 3 hypervariable regions, also called
complementary determining regions (CDRs), and 4 frameworks regions (FRs). The greatest
sequence variation among individual antibodies occurs within the CDRs, while the FRs are
more conserved. In general, it is assumed that the CDR regions from the LC and HC
associate to form the antigen binding site. The lower part of the IgG molecule contains the
heavy chain domains (crystallizable fragment, Fc) that are responsible for important
biological effector functions. In additional to these conventional antibodies, camelids and
sharks produce unusual antibodies composed only of heavy chains, also shown in figure 1.
These peculiar heavy chain antibodies lack light chains (and, in the case of camelid
antibodies also CH1 domain). Therefore, the antigen binding site of heavy chain antibodies
is formed only by a single domain that is linked directly via a hinge region to the Fc domain.
Intact IgG molecules, the bivalent (Fab‘);, or the monovalent (Fab), all of which contain the
antigen binding site(s), can be used in immunoassays.

Recombinant antibody forms have also been developed to facilitate antibody engineering.
The single chain fragment variable (scFv) molecule is a small antibody fragment of 26-27
kDa. It contains the complete variable domain of the HC and LC, typically linked by a 15 aa
long hydrophilic and flexible polypeptide linker. The scFv fragments can also include a His
tag for purification, an immunodetection epitope and a protease-specific cleavage site. The
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Fig. 1. Structure of conventional, camelid and shark antibodies and of antibody fragments.

orientation of the HC and LC domains is critical for binding activity, expression and
proteolytic stability. Although a vast number of recombinant antibody (rAb) structures have
been proposed (Holliger & Hudson, 2005), scFv fragments derived from mammalian IgGs
and the single domain antibodies (sdAbs), which include the VHH from camelid and llama
and the VH from shark, are the antibody fragments most widely used for both research and
industrial applications (Kontermann, 2010; Wesolowski et al., 2009).

3. Principles and selection platforms of rAbs

Powerful combinatorial technologies have enabled the development of in vitro immune
repertoires and selection methodologies that can be used to derive antibodies with or
without the direct immunization of a living host (Hoogenboom, 2005; Marks & Bradbury,
2004). Recombinant antibody technology has provided an alternative method to engineer
antibody fragments with the desired specificity and affinity within inexpensive and
relatively simple host systems. Effective in vitro libraries have been constructed using either
the entire antigen-binding fragment (Fab) or the single chain variable fragment (scFv),
which represents the smallest domain capable of mediating antigen recognition. The
simplest and most widely used antibody libraries utilize the scFv format, although single
domain heavy chain libraries (VH and VHH) have also been constructed. The construction
of in vitro libraries using different sources will be reviewed herein.

3.1 Antibodies from immune antibody libraries

The first rAbs were derived from pre-existing hybridomas; now, however, rAbs are mostly
isolated from immune antibody libraries, i.e., antibody libraries generated from genetic
material derived from immunized animals or naturally infected animals or humans. These
libraries are biased for binding to the antigen. Thus, affinity maturation takes place in vivo
and the chances of isolating the high-affinity antibodies are increased. Immune libraries are
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constructed using HC and LC variable domain gene pools amplified directly from immune
sources; lymphoid sources include peripheral blood, bone marrow, spleen and tonsil (Huse
et al., 1989; Schoonbroodt et al., 2005). In contrast to hybridoma technology, which can
sample no more ~10% of the immune repertoire of an animal, a recombinant immune
library, when prepared with the appropriate primers, can sample >80% of the immune
repertoire and the diversity of antibodies that can be derived from a single immunized
donor is much higher than what is possible using hybridomas. Selection is performed in
vitro, which enhances the ability to select for rare antibody specificities. In addition, the
immune repertoires of almost any species can be trapped, even those where hybridoma
technology has not been described (chicken and llama), is not freely available (rabbit), or is
not very robust (sheep). Immune libraries can provide higher-affinity binders than non-
immune libraries. Immunizations are generally required for each targeted antigen, although
multi-antigen immunizations have been performed successfully (Li et al., 2000). Advantages
and disadvantages of immune libraries include: (1) the ease of preparation compared to
naive libraries; (2) the time requirement for animal immunization; (3) the unpredictability of
the immune response of the animal to an antigen of interest; (4) lack of immune response to
some antigens; and (5) the necessity of construction of new libraries for each new antigen.

3.2 Antibodies from nonimmune, synthetic, and semi- synthetic libraries

Non-immune (naive) libraries are derived from normal, unimmunized, rearranged V gene
from the IgM/IgG mRNA of B cells, peripheral blood lymphocytes, bone marrow, spleen or
tonsil. These libraries are not explicitly biased to contain clones binding to antigens; as such
they are useful for selecting antibodies against a wide variety of antigens. Using specific sets
of primers and PCR, IgM and IgG variable regions are amplified and cloned into specific
vectors designed for selection and screening (Bradbury & Marks, 2004; Marks et al., 1991,
2004). An ideal naive library is expected to contain a representative sample of the primary
repertoires of the immune system, although it will not contain a large proportion of
antibodies with somatic hypermutations produced by natural immunization. The major
advantages and disadvantages of using very large naive libraries are: (1) the large antibody
repertoire, which can be selected for binders for all antigens including non-immunogenic
and toxic agents; (2) a shorter time period to binding proteins, because selection is performed
on an already existing library; (3) low affinity antibodies are obtained from these libraries; and
(4) it is technically demanding to construct these large non-immune repertoires. Many of these
disadvantages may be bypassed by using synthetic antibody libraries.

Synthetic antibody libraries are created by introducing degenerate, synthetic DNA into the
regions encoding CDRs of the defined variable-domain frameworks. Synthetic diversity
bypasses the natural biases and redundancies of antibody repertoires created in vivo and
allows control over the genetic makeup of V genes and the introduction of diversity
(Hoogenboom & Winter, 1992). A synthetic library has been described that was constructed
on the basis of existing information on the structure of the antigenic site of proteins and
small molecules (Persson et al., 2006; Sidhu & Fellouse 2006).

Semi-synthetic libraries have been constructed by incorporating CDR loops with both
natural and synthetic diversity into one or more of the antibody framework regions. High
diversity semi-synthetic repertoires have been generated by introducing partially or
completely randomized sequences mainly into the CDR3 region of the heavy chain. This
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process generates highly complex libraries and facilitates the selection of antibodies against
self-antigens, which are normally removed by the negative selection of the immune system
(Barbas et al., 1992). An efficient cloning system (in vivo Cre/loxP site specific recombination)
combined with dual antibody cloning strategies allows construction of very large repertoires
with about 10911 individual clones (Sblattero & Bradbury, 2000). Semi-synthetic libraries,
however, have the disadvantage of always containing a certain number of non-functional
clones, stemming from PCR errors, stop codons in the random sequence, or improperly
folded protein products.

4. In vitro selection procedures for rAbs from combinatorial libraries

Recombinant antibody technologies provide the investigator with a great deal of control
over selection and screening conditions and thus permit the generation of antibodies against
highly specialized antigen conformations or epitopes. The most powerful methods, phage,
yeast, and ribosomal display technologies, are complementary in their properties and can be
used with naive, immunized or synthetic antibody repertoires.

4.1 Phage display libraries for the isolation of antibodies

Phage display-based selections are now a relatively standard procedure in many molecular
biology laboratories. The generation of antibody fragments with high specificity and affinity
for virtually any antigen has been made possible using phage display. Phage display
libraries are produced by cloning the pool of genes coding for antibody fragments into
vectors that can be packed into the viral genome. The rAb is then expressed as an antibody
fragment on the surface of mature phage particles. Selection of specific antibody fragments
involves exposure to antigen, which allows the antigen-specific phage antibodies to bind
their target during the bio-panning. The binding is followed by extensive wash steps and
subsequent recovery of antigen-specific phage. The phage particles can then be used to
infect E. coli bacteria. Different display systems can lead to monovalent (single copy) or to
multivalent (multiple copy) display of the antibody fragment, depending on the type of
anchor protein and display vector used (Sidhu et al., 2000). The most popular system uses a
monovalent display vector system, which is convenient for selecting antibodies with higher
affinity. Monovalent display is achieved by using a direct fusion to a minor viral coat
protein (pIII). The vector into which most antibody libraries are cloned is a phagemid vector
that requires a helper phage for the production of phage particles. Use of a phagemid vector
makes propagation in bacteria much easier to accomplish than would be possible with a
phage vector (Hust & Dubel, 2005). A general scheme for the isolation of antibody fragments
by phage display is shown in figure 2. Libraries with 10611 individual clones can be made
using recombinant-based protocols. Due to limitations of the E. coli folding machinery,
complete IgG molecules are very difficult to express in E. coil and display on the surface of
phage. Therefore, smaller antibody fragments such as Fab, scFv and sdAb are primarily
used for antibody phage display.

4.2 Yeast surface display

Yeast surface display is a powerful method for isolating and engineering antibody
fragments (Fab, scFv) from immune and non-immune libraries, and has been used to isolate
recombinant antibodies with binding specificity to variety of proteins, peptides, and small
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molecules (Boder & Wittrup, 2000; Chao et al., 2006). In this system, antibodies are
displayed on the surface of yeast Saccharomyces cerevisiae via fusion to an a-agglutinin yeast
adhesion receptor, which is located in the yeast cell wall.

Repertoice generation Heavy chain Light chain

v D J v ] VH VL
Eceﬂs.. — : = — : T mE : —
. ] ) Gene assembly by PCR
__________ /7 Antibody genetic materials amp]jfication
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Fig. 2. Schematic diagram for construction of antibody libraries and in vitro display system;
phage and yeast display.

Like phage display, yeast display provides a direct connection between genotype and
phenotype; a plasmid containing the gene of interest is contained within yeast cells, while the
encoded antibody is expressed on the surface. The display level of each yeast cell is variable,
with each cell displaying 1x10* to 1x105 copies of the scFv. Variation of surface expression and
avidity can be quantified using fluorescence activated cell sorting (FACS), which measures
both antigen binding and antibody expression on the yeast cell surface (Feldhaus et al., 2003).
The main advantage of yeast surface display over other display technologies is the eukaryotic
expression bias of yeast, which contains post-translational modification and processing
machinery similar to that of mammalian cells. Thus, yeast may be better suited for the
expression of antibodies as compared to prokaryotes such as E. coli. Yeast display libraries
have been used during the affinity maturation of scFvs from mutagenic libraries (Boder et al.,
2000; Lou et al., 2010; Orcutt et al.,, 2011). Limiting factors of yeast display include a more
limited transforming efficacy of yeast as compared to bacteria, which can lead to a smaller
functional library size (about 107-107 ) than is possible with other display technologies.

4.3 Ribosomal display

Ribosomal display is an in vitro selection and evolution technology for proteins and peptides
from large libraries (Dreier & Pluckthun, 2011; Hanes & Pluckthun, 1997). The general
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scheme of ribosomal display is shown in figure 3. This display system was developed from a
peptide-display approach that was extended to screen scFv and scaffold proteins having
very high affinity for antigen (K4s as low as 10-11 M) from very large libraries (Binz et al.,
2004; Zahnd et al., 2007). The DNA library coding for proteins such as antibodies and
scaffolds are transcribed in vitro. The mRNA has been engineered without a stop codon;
therefore, the translated protein remains attached to the peptidyl tRNA and occupies the
ribosomal tunnel. This allows the protein of interest to protrude out of the ribosome and
fold. Ribosomal display is performed entirely in vitro, and it has two advantages over other
selection technologies. First, the diversity of the libraries is not limited by the transformation
efficiency of bacterial cells (~1x1011 to 1x10%3), but only by the number of ribosomes and
different mRNA molecules present in the test tube. Second, random mutations can be
introduced easily after each selection round, as no cells must be transformed after any
diversification step. In ribosomal display, the physical link between the genotype and the
corresponding phenotype is accomplished by a complex consisting of mRNA, ribosome and
protein.

Translation of mRNA lacking stop codon iﬂiﬁ;ﬁ? ption
17 pcr mRNA isolation
-—-’ '::—‘:—‘::::—:—:.::.ua.a.a Rﬂ)OSome
DNA clening and expression iy —
( RT-PCR VH -
mRNA isolation
/‘ Ribosomal complex
mENA -
""""""""" - Ribosome
Selection

Ribosome disruption Antigen-ribosome-mRNA complex
Fig. 3. Schematic diagram for isolation of specific antibody fragment from ribosomal display

Ribosomal display has been used to isolate antibodies that bind to haptens with nanomolar
affinities (Yau et al., 2003). A summary of the in vitro display systems available to researchers is
shown in table 1.

5. Applications of rAbs against low molecular ligands

A large number of rAbs have been used successfully to develop diagnostic kits, therapeutics
and biosensors (Holliger et al., 2005; Huang et al., 2010; Kramer & Hock, 2003). The majority
of the targets were large molecular weight analytes such as proteins and peptides. Prior to
1990, there were few reports of the isolation of rAbs against low molecular weight molecules
(haptens) such as drugs of abuse, vitamins, hormones, metabolites, food toxins and
environmental pollutants, including heavy metals and pesticides. Hapten-specific antibodies
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Name Display Library size Main applications Advantages Disadvantages

Phage Monovalent 4710, '1o1*  Abs from natural Easy and Laborious to

display Multivalent & synthetic versatile for ~ make large
libraries; large rAbs libraries;
Affinity panels Not truly
maturation & monovalent
stability increase

Yeast Multivalent 107 Abs from natural Rapid when  Small rAb

surface & synthetic used in panels, FACS

display libraries; Affinity combination expertise
maturation & with random required
stability increase mutagenesis

Ribosome Monovalent 1012to 103  Abs from natural Intrinsic Small rAb

display & synthetic mutagenesis, panels, limited
libraries; Affinity fastestof all  selection scope
maturation & systems and technically
stability increase sensitive

Table 1. Comparing the main in vitro selection platforms for isolation of rAbs

are necessary reagents for the development of immunoassays, immunosensor technologies
(Charlton et al., 2001), and immunoaffinity chromatography purification columns (Sheedy &
Hall, 2001). Commercial immunoassays for haptens such as small environmental contaminants
still rely mostly on polyclonal antibodies rather than monoclonal or recombinant antibodies
fragments (Sheedy et al., 2007). The complexity and costs associated with the production of
anti-hapten antibodies by hybridoma technology and the preferential selection of antibodies
that recognize the conjugated form of the haptens over antibodies that specifically recognize
free haptens are two of the most important problems that have limited the development and
application of antibodies that recognize haptens and other low molecules ligands. Moreover,
some small molecular weight ligands will not trigger the animal immune system even when
conjugated to a carrier protein, thereby making the production of antibodies against that
such analytes very difficult.

In recent years, the production of recombinant antibodies to low molecular weight ligands
has increased significantly, as shown in table 2. A single methyl or hydroxyl group can have
a considerable effect on the biological properties of a steroid hormone. Similarly, protein
phosphorylation, acetylation and sulfation, all of which are relatively simple post-
translational modifications in chemical terms, can dramatically affect signal transduction
(Bikker et al., 2007; Hoffhines et al., 2006; Kehoe et al., 2006). Antibodies capable of
discerning such relatively simple chemical modification are of great values in studying these
effects. The display methods to tailor both affinity and specificity have generated antibodies
capable of discerning minor difference between related small molecules far better than those
obtained by immunization.

6. Improving the specificity and affinity of rAbs to low molecular weight
ligands

Although recombinant antibody technology has been able to open the bottleneck in the
isolation of antibodies against virtually any antigen, it remains difficult to obtain high-
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affinity antibodies against small molecules using immune and naive libraries. Various
approaches have been utilized, including identifying the key binding residues, developing
more effective procedures for selection of the most specific binders and avoiding interfacial
effects that can compromise the yield and stability of rAbs.

Target Hapten Ab Antibody Invitro  Reference

format library display
Aflatoxin Bl scFv. Naive Phage (Moghaddam et al., 2001)
Digoxigenin scFv Naive Phage (Dorsam et al., 1997)
Doxorubicin scFv. Naive Phage (Vaughan et al., 1996)
Estradiol scFv Naive Phage (Dorsam et al., 1997)
Indole-3-acetic acid VHH Naive Phage (Sheedy et al., 2006)
Fluorescein scFv Naive Phage (Vaughan et al., 1996)
Phenyloxazolone scFv. Naive Phage (de Haard et al., 1999)
Picloram VHH  Naive Ribosome (Yau et al., 2003)
Progesterone scFv Naive Ribosome (He et al., 1999)
Fumosinin Bl scFv Naive Phage (Lauer et al., 2005)
Atrazine scFv Immune Phage (Li et al., 2000)
Azo-dye RR1 VHH Immune Phage (Spinelli et al., 2000)
Cortisol scFv Immune Phage (Chames & Baty, 1998)
Digoxin & analogues  scFv Immune Phage (Short et al., 1995)
Isoproturon scFv Immune Phage (Li et al., 2000)
Mecoprop scFv. Immune Phage (Li et al., 2000)
Simazine scFv Immune Phage (Li et al., 2000)
Triazine scFv Immune Phage (Kramer, 2002)
4-Hydroxy- scFv Semi-synthetic ~Phage (van Wyngaardt et al., 2004)
3-iodo-5-nitrophenol
Fluorescein scEv Semi-synthetic  Phage (van Wyngaardt et al., 2004)
Microcystin LR scFv. Semi-synthetic =~ Phage (Strachan et al., 2002)
Phtalic acid scFv  Semi-synthetic ~Phage (Strachan et al., 2002)
Trichlocarbon VHH  Naive Phage (Tabares-da Rosa et al., 2011)
6-Monoacetylmorphine scFv ~ Naive Phage (Moghaddam et al., 2003)
but not morphine
Metallic gold Fv Naive Phage (Watanabe et al.,, 2008)
Anti-Aluminum VHH  Semi-synthetic Phage (Hattori et al., 2010)
Anti-Cobalt VHH  Semi-synthetic Phage (Hattori et al., 2010)
Anti-Uranium scFv  Immune Phage (Zhu et al., 2011)
Domoic acid scFv Immune Phage (Shaw et al., 2008)
Azoxystrobin VHH Immune Phage (Makvandi-Nejad et al., 2011)
Methamidophos scFv Immune Phage (Li et al., 2006)

Table 2. List of small molecule-specific recombinant antibodies
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There are, however, unique challenges to the development of antibodies that will perform
well in assays for low molecular weight ligands. Antigen binding sites are generated by the
cooperation between the variable domains of the HC and LC (VH/VL). The amino acids of
FRs compose rigid scaffolds that position the amino acids in the CDRs in loops that extend
outward from scaffold. These loops play important roles in making contact with the antigen.
Hapten antigens have remained a great challenge for immunodiagnostics, because the
hapten portion of the antigen often ends up almost buried inside the concave-shaped
antigen binding pocket. The extended shape of this binding pocket then facilitates
additional interactions between amino acid residues in binding site and portions of the
hapten-protein conjugate present in the bridge between the hapten and the protein
carrier. These additional interactions mean that the antibody often binds to the much
more tightly to the hapten-protein conjugate than to the soluble hapten. In our laboratory,
we have studied this phenomenon with 10 different anti-hapten antibodies. In this study,
the antibody always bound more tightly to the protein conjugate than to the soluble
antigen. The differences in affinity ranged from 1.5 to 1600 fold, depending upon the
antibody being analyzed (Blake et al., 1996, Melton, 2010). Thus, when given a choice,
anti-hapten antibodies almost always prefer binding to the hapten-protein conjugate, and
additional soluble hapten is required to inhibit this interaction, thus reducing assay
sensitivity. Selective panning and affinity maturation are methods available in recombinant
technology for reducing selective binding of hapten antibodies to the hapten-protein
conjugate.

6.1 Panning optimization

A variety of selection strategies have been reported for the isolation of high affinity rAbs
against chelated metals and other haptens (Sheedy et al., 2007; Zhu et al., 2011). The most
successful strategies employed first loose and then increasingly stringent panning
conditions to enrich the population of phage antibodies as follow: (i) the concentration of
coating antigen was gradually decreased during successive rounds of panning (Strachan et
al.,, 2002; Zhu et al., 2011); (ii) soluble hapten was used to elute ligand-specific antibodies in
place of the triethylamine more commonly used for elution; (iii) during the panning of
immune scFv libraries, the conjugate carrier protein and/or other linker peptides were
included for several intermediate incubation steps at high concentration and subsequently
decreased to remove phage antibodies that bound to the protein conjugate rather than the
soluble hapten; (iv) the phage antibodies were incubated with structural analogues of the
hapten prior to incubation with the immobilized target hapten to eliminate phage antibodies
with unwanted cross reactivities (Charlton et al., 2001; Zhu et al., 2011). Such panning
optimization strategies have led to the isolation of antibodies with higher affinity and
specificity and lower levels of cross-reactivity. For an example from the isolation of
antibodies to metal-chelate complexes, such subtractive panning strategies were employed
to isolate an antibody that bound tightly to uranium in complex with 2,9-dicarboxyl-1,10-
phenanthroline, (DCP), but weakly to metal-free DCP. In successive rounds of panning, the
phage antibody population was incubated with a high concentration of carrier protein (BSA)
and increasing concentrations of soluble DCP in immunotubes coated with decreasing
concentrations of a UO,2*-DCP-BSA conjugate as shown in table 3.
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Round of Percent of maximum Percent of maximum metal- Percent of maximum

Selection  conjugate coated free chelator added to the carrier protein added to
onto immunotubes  phage binding buffer the phage binding buffer

1 100 10 100

2 100 10 100

3 10 20 100

4 10 20 100

5 1 100 100

Table 3. General selection strategy for the isolation of scFvs that bind to a metal-loaded but
not a metal-free chelator (Zhu et al., 2011).

6.2 In vitro antibody affinity maturation

The affinity maturation procedure contains two stages: (a) making a modified antibody
library with a larger diversity than the original library (b) selecting desired antibodies
molecules from the library using the previously discussed in vitro display and panning
methods. An antibody’s affinity for its antigen is dependent on the identity and
conformation of the amino acid sidechains in the CDRs of both the HC and LC.
Improvement in the antigen-binding affinity can be attained using a number of strategies.
The mostly common used are random mutagenesis, site-direct mutagenesis and chain
shuffling. These processes are often referred to as in vitro affinity maturation, to distinguish
the process from the affinity maturation that takes place in the animal. Although a
considerable number of successful affinity maturation processes have been reported for
antibodies against macromolecule antigens like proteins, affinity maturation for low weight
molecules like haptens and metals is obviously more difficult, and consequently, only a
limited number of successful studies have thus far been reported.

6.2.1 Random mutagenesis (Error Prone PCR; E-p PCR)

Random mutagenesis is the process that most closely mimics the in vivo process of somatic
hypermutation. This process makes no assumptions as to which sites are the best to mutate
in order to increase affinity, and it is also technically rather simple to execute. Error prone
PCR uses low fidelity polymerization conditions to introduce a low level of point mutations
randomly throughout a wide region of a target gene (e.g. , the entire VH and VL). Error
prone PCR has been used to demonstrate the effect of mutation frequency on the affinity
maturation of antibodies against both proteins and small ligands (Daugherty et al., 2000).
When wild type antibodies to the hapten, diogoxin, were subjected to E-p PCR, the higher
affinity clones isolated from libraries all contained aromatic residues substitutions in the
antibody binding site. These resides were thought to be important for hydrophobic
interaction with the planer aromatic structure of digoxin (Short et al., 1995). A disadvantage
of E-p PCR is that surface-selection often enriches binders with increased tendency for
dimerization, especially when using the scFv format. In addition, most of the mutants
lacked detectable expression or lost antigen-binding affinity. A few mutants lost specificity
and showed increased cross-reactivity to analogs (Fuji, 2004; Sheedy et al., 2007). Point
mutation can cause profound effects on the binding affinity and specificity of an antibody
for its small ligands. The affinity maturation processes reported for anti-hapten scFvs are
listed in table 4.
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6.2.2 Site-directed mutagenesis

In site-directed mutagenesis, the investigator changes specific amino acid residues. Site-
directed mutagenesis is often used in combination with in silico modeling, crystallographic
data, and ligand docking programs, which allow the investigator to hypothesize about the
roles that individual binding site amino acid residues have in antigen binding. The CDRs of
VH and VL are usually targeted for both haptens and protein antigens (Siegel, et al., 2008), and
mutations in CDRs as opposed to within the framework residues generally contribute more to
increases in affinity (Orcutt et al., 2011; Short et al., 2002). In one study, the most significant
increase in affinity was correlated with mutations in the light chain CDR1 even though this
CDR1 was not contacting the hapten directly (Valjakka et al., 2002). Hapten-specific antibodies
whose affinity has been increased by site directed mutagenesis are listed in table 4.

Target hapten Fold increase ~ Ab format/ Affinity Reference

in affinity in vitro display ~ maturation
phOx-GABA 290 scFv/Phage Chain shuffling (Marks et al., 1992)
Cortisol 7.9 scFv/Phage Site-directed (Chames et al., 1998)
Estradiol-17 p 12 Fab/Phage Site-directed (Kobayashi et al., 2010)
Fluorescein 2600 scFv/Yeast Ep-PCR /DNA (Boder et al., 2000)

-shuffling

Testosterone 35 Fab /Phage Site-directed (Valjakka et al., 2002)
Tacrolimus 15 scFv/Yeast Site-directed (Siegel et al., 2008)
DOTA-chelate 1000 scFv/Yeast Site-directed (Orcutt et al., 2011)

Table 4. List of successful affinity maturations of anti-hapten antibodies

6.3 Shuffling of antibody genes

Shuffling of antibody genes to create new antibody libraries can be accomplished in several
ways: chain shuffling, DNA shuffling, and staggered extension processes.

6.3.1 Chain shuffling

In this procedure, one of the two chains (VH of VL) is fixed and combined with a repertoire
of partner chains to yield a secondary library that can be searched for superior pairings
against antigens. This approach takes advantage of “random” mutations that have been
introduced into VH and VL germline genes in vivo. Phage display and yeast display are
often used to facilitate the selection of improved binders from these secondary libraries (Lou
et al., 2010; Marks, 2004; Persson et al., 2006). This procedure has also been used to increase
the affinity of anti-hapten antibodies and the results are reviewed in table 4. Chain shuffling
is only a suitable mutagenesis strategy when VH and VL sequences are available from
immune libraries. Chain shuffling is, therefore, not useful with naive libraries since heavy
and light chains available in these libraries have not been exposed to the antigen of interest.

6.3.2 DNA shuffling by random fragmentation and reassembly

DNA shuffling is based on repeated cycles of point mutagenesis, recombination and
selection, which allows in vitro molecular evolution of protein (Stemmer, 1994). The process
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mimics somewhat the natural mechanism of molecular evolution (Ness et al., 1999). This
shuffling technique involves the digestion of a large antibody gene with DNase I to create a
pool of random DNA fragments. These fragments can then be reassembled into full-length
genes by repeated cycles of annealing in the presence of DNA polymerase. DNA shuffling
offers several advantages over more traditional mutagenesis strategies. It uses longer DNA
sequences and also permits the selection of clones with mutations outside of the antibody
binding site.

7. Modification of rAbs fused with signal enhancer proteins

Antibody engineering enables the preparation of fusion proteins combining scFvs and
enzymes via the expression of a single scFv-enzyme fusion gene. Such recombinant scFv-
fusion proteins have been reported for numerous applications, including the detection of a
plant virus (Griep et al., 1999), the human pathogen hantaviruses (Velappan et al., 2007),
other protein targets such as Bacillus anthraces (Wang et al., 2006), cholera and ricin toxins
(Swain et al., 2011), and the haptens morphine (Brennan et al., 2003) and 11-deoxycortisol
(11-DC) (Kobayashi et al., 2006). These fusion proteins provide a much higher signal/noise
ratio in the ELISA format than conventional enzyme-labeled antibodies because the fusion
proteins can be obtained as a single molecule species having a 1:1 rAb/enzyme ratio, and
thus are uncontaminated by unconjugated enzyme and rAb molecules. As an example, the
sensitivity of a competitive immunoassay for 11-deoxycortisol was 10,000-fold higher when
an scFv-alkaline phosphatase fusion protein replaced the standard enzyme-labeled
secondary antibody (Kobayashi et al., 2006; Martin et al., 2006).

8. Beyond antibody fragments (Scaffold protein)

Conventional diagnostic immunoassays are limited to the analysis of a few hundred assays
per day, whereas with antibody microarrays using individually addressable electrodes,
thousands of assays can be run in parallel (Dill et al., 2004). Antibody fragments are
providing valuable alternatives to full length mAbs for new biosensing devices because they
provide small, stable, highly specific reagents against the target antigens. In addition,
because the recombinant antibody is smaller than the intact IgG, the density of binding sites
that can be immobilized on the surface of these sensors can be increased. The stability of
surface-immobilized ligands is also crucial in immunoassay format. Therefore, a great deal
of interest has been focused on simplifying the antibody scaffold, and molecular engineering
has pushed the concepts of antibody miniaturization to develop more stable binders that are
less sterically hindered when immobilized on surfaces.

To overcome the limitation of antibodies, the several alternative protein frameworks have
been developed. Design of these protein frameworks, collectively called “scaffolds” or
“scaffold proteins”, usually involves the adaptation of structurally well-defined polypeptide
frameworks by the introduction of novel functionality. The new functionality is added to
those parts of the protein surface that are not considered important for protein folding or
stability. The recent development of non-biological alternatives to antibodies, including both
scaffold proteins and plastibodies, may create distinct opportunities for future improvements
in immunoassay technology. This could be particularly relevant in applications where
compatibility of the binding probe with organic solvents and the ability to withstand
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thermal and mechanical stress are required. Currently, there are more than 60 non-antibody
scaffolds suggested as affinity ligands, primarily for therapeutic and diagnostic purposes
(Binz et al., 2005a; Caravella & Lugovskoy, 2010; Lofblom et al., 2010; Skerra, 2007). One of
the current problems with bacterial expression of antibody fragments is that of disulfide
bond formation, which occurs primarily in the periplasm of bacterial cells. Because of the
intradomain disulfide bonds required for proper immunoglobulin folding, neither scFvs nor
Fabs are compatible with intracellular expression and only very stable scFv fragments have
been expressed in the cytoplasm of E. coli (Martineau & Betton, 1999; Ohage et al., 1999). The
ideal scaffold therefore should be stable without disulfide bonds, expressed in high amounts
in E. coli and compatible with current display techniques. The scaffold should contain loops
or other structures on its surface that can be modified to form the binding site. This can be a
natural binding site or created de novo. Randomizations made to the binding region should
be able to generate binders with high specificity and affinity (Binz & Pluckthun, 2005b;
Gebauer et al., 2009; Gronwall & Stahl, 2009; Kim et al., 2009; Lofblom et al., 2010). All of the
scaffolds reported to date, including affibodies, anticalins, and designed ankyrin repeats
(DARPIn), can be engineered for interaction with analytes by mimicking the way the immune
system shuffles sequences to create diversity in loop structures. The goal is to randomize the
loops without affecting the overall structure and stability of protein. Thus, it is possible to
engineer binding properties that are totally independent of their original biological function.
An example of this strategy is the recently developed anticalin with picomolar affinity for
DTPA-chelated lanthanides, especially Y (Kim et al., 2009). This anticalin forms a tight non-
covalent complex (with slow dissociation kinetics) under physiological conditions in the
presence of the chelated metal ion and, after fusion with an appropriate targeting domain; it
may provide an ideal tool for applications in ‘pretargeting’ radioimmunotherapy. Notably, the
only established non-Ig scaffold that intrinsically provides pockets and thus allows tight and
specific complexation of small molecules is the one of the lipocalins.

9. Conclusion

Immunoassay techniques provide simple, powerful and inexpensive methods for the
measurement of small ligands. However, the progress of the development of new
immunoassays and related immunotechnologies is still limited by the availability of antibodies
with the desired affinities and specificities for given applications. Advances in molecular
biology have led to the ability to synthesize antibodies in vitro, completely without the use of
animals. Recombinant molecular technology that can generate variability, combined with
high-throughput screening methodologies, can be used to produce engineered antibody-like
molecules and novel antibody-mimic domains on scaffold proteins. The rAbs fused with other
functional proteins can enhance the sensitivity of antibody-based assays and reduce the cost
and labor involved in chemically synthesizing conjugates. Antibody engineering had already
matured into a technology available to the general scientific community. Further advances will
lead to better binding proteins that will permit the development of novel, high-throughput
sensing systems for low molecular weight ligands.
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1. Introduction

Accurate assessment of various clinical, elemental, chemical antigenic substances from
different sources is imperative for monitoring, preventive and treatment measures.
Instrumental techniques, chromatographic analysis and immunological assays have
progressed for the accurate measurement of various analytes over last decades [N. C. Van
de Merbel, 2008; R. M. Lequin 2005, R. M. Twyman 2005, H. Richardson 1998; J.
Garcia-de-Lomas 1997]. Immunoassays provide an easy, simple and sensitive route for the
precise determination of analytical concentration. They utilize the concept of high specificity
of antibodies to their analogues antigen forming a complex which can be detected using
secondary antibody (Ab) coupled with certain labels. These markers or labeling agents can
be radionuclides, chemiluminescent substrates, fluorophores or enzymes leading to
measurable results. In the areas of safety regulations, instrumentation and convenience of
protocol, enzyme immunoassays have easily surpassed others over the years. Enzyme
catalyzed immunochemical test had caught the imagination of researchers leading to
development of numerous immunoassays over the years. The future of enzyme
immunoassays will bring more rapid test results with simplified procedures catering to wider
audience for clinical applications. Extension of basic concept may also encompass a broader
consumer-base consisting of increasing number of potential users which will transcend
boundaries of technical disciplines [Maggio, E. T. 1979]. The following introduction descibes
enzyme immunoassays in brief with emphasis on polymeric matrices as solid support in
ELISA. This chapter describes the designing of solid phase immunoassay using surface
functionalized polyacrylonitrile fibers for the sensitive and specific determination of various
antibodies. Pendent nitrile groups on polyacrylonitrile fibres were successfully reduced to
generate amino groups on the surface of the fibers. The newly formed amino groups of the
fibers were activated by a bi-functional spacer-glutraldehyde for the covalent linking of
antibodies. Sandwich immuno-complex was developed on these PAN fibers which provided
high sensitivity, specificity and reproducibility for the detection of various small analytes.

1.1 Enzyme immunoassays

Enzyme immunoassays have become popular in clinical and medical fields. The concept first
described by Landsteiner gained momentum in the late 1950s and 60s setting the stage for the
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pioneering work for the rapid development of immunological assays. Utilization of enzymes
as isotopic label has greatly overshadowed fluorophores and radioactive substances. The
broad range of application of enzyme immunoassay to determine the concentration of serum
proteins & hormone levels, illicit & therapeutic drugs, cardiovascular ligands, carcinofetal
proteins, immune status, chemotherapeutics and pathogenic microbes will attest to this.
Enzyme Immunoassay is a prominent methodology based on selective recognition and high
affinity of antigen and antibody coupling along with the sensitivity of simple enzyme assays.
They utilize antibodies or antigen coupled to an easily assayed enzyme that posses a high
turnover number to enhance assay signal as some chromogenic substrate is converted to
coloured product whose intensity is directly proportional to antigenic concentration [Lequin,
2005].

These immunoassays can be broadly categorized into two major types depending on the
assay formats. The first one being homogenous assay in which the immunological reaction
occurs in solution phase. Homogeneous immunoassays do not require a separation and
washing step, but the enzyme label must function within the sample matrix. As a result,
assay interference caused by the matrix may be problematic for samples of environmental
origins (i.e., soil, water, etc.). For samples of clinical origin (human or veterinary applications),
high target analyte concentrations and relatively consistent matrices are often present. Thus for
clinical or field applications, the homogeneous immunoassay format is popular, whereas the
heterogeneous format predominates for environmental matrices [Rubestein et al., 1972; Pulli,
et al., 2005; Voller, 1979]. Heterogeneous assays such as Enzyme Linked Immuno-Sorbent
Assays (ELISAs) are most widely used detection method which utilizes the concept of
immobilization of biomolecules on solid support. These have atleast one separation step
allowing the differentiation of reacted from un-reacted materials. The enzymatic activity is
quantified either in bound state or free fraction by an enzyme catalyzed process of a
relatively nonchromatic substrate to highly chromatic product.

1.1.1 Solid-phase immunoassays

Solid phase enzyme immunoassays, which include Enzyme Linked Immunosorbent Assay-
ELISA and Western blot, have become popular as qualitative and semi-quantitative sample
screening methods for the laboratory diagnosis of infectious diseases, auto-immune
disorders, immune allergies and neoplastic diseases [Condorelli & Zeigler, 1993; Derer, et
al., 1984; Gosling, 1990; Rordorf, et al., 1983; Voller, et al., 1976]. In ELISA, antibody
immobilized on the solid support detects the specific antigen present in the sample and this
immune complex is detected by a high turn-over enzyme conjugated antibody. The excess of
reagents are washed off in each step and the subsequent substrate interaction yields a
coloured product either for the direct visualization or for measuring the optical density.
Thus, the ELISAs are among the most specific analytical techniques providing a low
detection limit and are economical, versatile, robust, achieve easy separation of free and
bound moieties and be automated on demand [Engvall 1977; Peruski A. H. & Peruski L.F.,
2003; Wilson & Walker, 1994]. Within the past decade, immunochemical methods have
proven to be an alternative or a supplement to the established chromatographic methods.

Sandwich ELISA is a dominant format where a “sandwich” type complex is formed with
immobilized antibody, target molecule and secondary antibody labeled with enzyme.
Immobilization anchors the first antibody which recognizes the specific antigen from the
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sample which is detected by enzyme conjugate. Excess of reagents are washed off in each
step and the subsequent substrate reaction yields coloured signal for direct visual or
spectrometric assessment. The amount of enzyme activity is measured under standard
conditions is directly proportional to the antigen present in sample. The immobilization
however, should not lead to loss of activity of biomolecule due to change in the orientation
and steric hindrance [Moulima, et al., 1998].

1.1.2 Immobilization techniques
1.1.2.1 Physical adsorption

Commonly used immobilization methods include physical absorption or adsorption of
biomolecules on the solid support. This involves immobilization of biomolecules through
weak forces such as vander waal, electrostatic, hydrophobic interaction and hydrogen
bonding. However, non-specific interaction may lead to desorption of the biomolecule
during the integral intensive washing steps of assay ensuing erroneous results [Honda, et
al., 1995; Rejeb, et al., 1998; Palma, et al., 2004; Palmer, et al., 2004; Tedeschi, et al., 2003]. A
controlled covalent attachment of Abs is more preferred to random adsorption so as to
achieve better homogeneity in antibody coating.

1.1.2.2 Covalent attachment

Covalent attachment involves the chemical interaction of counter functionalities present on
solid matrix and biological entity. The covalent bond induces flexibility to the bond
relieving it from steric hindrance and crowding of biomolecules leading to conformational
stability. Tethering analytical compound to solid support via functional groups leads to its
reduced non-specific absorption, greater stability and better biological activity and
enhanced signal output. Lehtonen and Vilijen [Lehtonen & Viljanen, 1980] have studied the
antigen attachment in ELISA for the detection of chicken anti-bovine serum albumin
antibodies and compared the non-covalent and covalent coupling of biomolecules. They
have used polystyrene (PS), nylon and cynogen bromide (CNBr) activated paper and have
reported the substantial leakage of antigen from both PS (30%) and nylon (60%) while less
desorption was observed for the CNBr activated paper during washing steps. Covalent
immobilization is difficult with the non-functionalized surfaces including PS. Eckert et al
[Eckert, et al., 2000] have grafted glycidal methacrylate on PS microtiter plate for immobilizing
proteins and have reported poor reproducibility of the results. Hence, modified and
synthesized functional groups containing solid surfaces are being employed for ELISA.

1.1.3 Polymeric matrices as solid support for immobilization

Efficient tailoring of physico-chemical properties of polymers like molecular weight, shape,
size, and easy functionalization render them amenable for the covalent attachment of
biomolecules in ELISA. A covalent linkage of antibodies to solid support is preferred which
gives more sensitive assays as negligible desorption occurs during extensive washing steps
and imparts very low extent of non-specific interaction of biomolecules. Hence, surface and
interface chemistry of lots of polymeric materials is currently manipulated to make them
amenable for covalent immobilization. The conglomeration of material science and
molecular biology has lead to the development of new technologies which benefit from the
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exquisite specificity of biomolecules and controllable surface properties of polymeric
materials. Polymeric materials are surface modified for the generation of an array of
functional groups improving hydrophilicity, hydrophobicity, biocompatibility, conductivity
apart from providing active groups for the covalent immobilization of biomolecules. Many
polymeric materials such as polyethylene, nitrocellulose (NC), Dacron, polyvinyl chloride
(PVQC), nylon, polyacrylonitrile (PAN) etc. have been widely studied as bioassay’s matrix
over the years as a reliable interface between materials and biological moieties [Charles, et
al., 2006; Jackeray, et al., 2010; Jain, et al., 2008; Venditti, et al.,2008].

1.1.4 Polyacrylonitrile fibers

Polyacrylonitrile in various forms like membranes, fibers and nano-fibers have been
exploited in different fields of composites, protective clothing, pervoporation, water
treatment, gas separation technology, nanosensors, enzyme immobilization, haemodialysis,
biochemical product purification and other biomedical applications [Che, et al., 2005;
Nouzaki, et al., 2002; Shinde, et al., 1995; Sreekumar, et al., 2009]. This wide popularity is
due to their excellent thermal & mechanical properties, chemical stability, abrasion
resistance, high tensile strength and tolerance to most solvents, bacteria & photo-irradiation
[Frahn, et al.,, 2004; Iwata, et al., 2003; Kim, et al.,, 2001, Musale & Kulkarni, 1997].
Polyacrylonitrile (PAN) is the most important fiber and film/membrane forming polymer.
PAN hollow fiber membranes such as AN 69 (produced by HOSPAL, fabricated from an
acrylonitrile/methallyl sulphonate copolymer) have already been used as dialyzers and
high flux dialysis therapy [Valette, et al., 1999; Thomas, et al., 2000]. PAN hollow fibers are
already used as dialysers that remove low molecular weight compounds and proteins. PAN
fibers have high surface area, very high mechanical strength, abrasion resistance & posses’
insect resistance. Though PAN has many superior properties, it has few demerits of
moderate hydrophilicity, low moisture absorption and lack of active functionality limiting
its usages. However, the presence of nitrile groups along with the fiber backbone offers
multidirectional approaches to modify fibers for specific applications unlike synthetic
membranes which can be damaged during the modification [Wen & Shen, 2002, 41].

There is a lot of interest in modifying PAN by changing its surface structure by plasma and
photo-induced graft co-polymerization [Deng et al., 2003; Hartwig, et al., 1994; Ulbricht, et al.,
1995; Zhao, et al., 2005; Zhao, et al., 2004] enzymatic [E. Battistel, et al., 2001] and chemical
modifications including hydrolysis and reduction of PAN fibers. Haiquing Liu et al [Liu &
Hsieh, 2006 48] have hydrolysed PAN nanofibers to improve its water absorbing capacity. A
PAN derivative of poly (acrylonitrile-maleic acid) containing reactive carboxy functionality
were synthesized and fabricated to nanofiber and used to immobilize lipase by Sheng-Feng Li
[Li et al., 2007]. Ezeo Battistel et al have used nitrile hydratase to enzymatically modify PAN
fibers to introduce amide groups. Zhao Jia et al [Jia & Du, 2006] have hydrolyzed and
chlorinated PAN fibers and then grafted natural polymer casein to improve moisture
absorption and water retention properties. Fumihiro Ishimura [Ishimura & Seijo, 1991] has
reduced the PAN fiber and immobilized penicillin acylase to study the activity of the enzyme
after the attachment on the fibers in terms of specific activity and immobilization yields.

Nitrile groups of PAN fibers have been partially & completely hydrolyzed and reduced to
generate amide, carboxy and amine functionality respectively by researchers using chemical,
irradiation and enzymatic techniques [Li et al., 2007; Matsumoto, et al., 1980]. Zhao Jia et al
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have grafted casein directly on PAN fibers to improve their antistatic and water retention
properties [Leirido, et al., 2003]. Fumihiro Ishimura has reduced the PAN fiber and
immobilized penicillin acylase to study the activity of the enzyme after the attachment on the
fibers in terms of specific activity and immobilization yields [Ishimura & Seijo, 1991].

2. PAN fibers-surface modification and their evaluation for the colorimetric
detection of analytes

2.1 Reduction of PAN fibers

In a 250 mL RB flask equipped with water condenser, equivalent quantities of lithium
aluminium hydride (LAH) (1.5 g) and polyacrylonitrile PAN fibers (1.5 g) were reacted in
excess of pre-dried diethyl ether, AR grade (120 mL) [Matsumoto, et al., 1980]. The reaction
mixture was stirred continuously in a moisture free environment under the nitrogen blanket
at room temperature (27+20C) for different time periods (0.5 h, 1 h, 6 h, 12 h and 24 h). The
fibers were thoroughly washed to remove the excess of LAH and dried in vacuum oven for
4 h. They were then stored in the desiccator for further use.

2.2 Activation of the aminated fibers and immobilization of antibodies

10 mg aminated PAN fibers (PAN-NH,) were activated using 12.5% glutaraldehyde/borate
buffer (pH 8.5) in a micro-centrifuge tube at 4 °C for 3 h. The fibers were thoroughly washed
with borate buffer (pH 8.5) and Tween/PBS (pH 7.2) to remove excess of glutaraldehyde
[Leirido, et al., 2003; Matsumoto, et al., 1984]. Glutaraldehyde activated PAN fibers (PAN-NH,-
Glu) were used for the immobilization of enzyme conjugated antibodies. 10 mg of differently
aminated PAN-NH,-Glu were incubated with GAR-HRP (1 mL) of various dilutions ranging
from 1:1000-1:64000 for 16 h at 4 C with occasional shaking. The fibers were washed with
Tween/PBS (pH 7.4). After the removal of unbound antibodies, peroxidase activity of the
bound antibody on the fiber was measured by the means of conversion of colorless substrate 3,
3, 5,5 tetramethyl benzidine (TMB) to a colored product immediately after 10 min. 100 pL of
this solution was transferred to the 96-well microtiter plate and the color development was
quenched by adding equal volume of conc. sulphuric acid (0.5 M). The optical density was
measured at 450 nm with Biorad ELISA plate reader.

2.3 Evaluation of the modified fibers for the detection of analyte (RAG) by performing
checkerboard ELISA

A checkerboard or 2-Dimensional serial dilution method was carried out to optimize the
concentration and dilution of the analyte and enzyme-label respectively. A checkerboard
titration is single experimental set in which the concentration of two components is varied
that will result in a pattern. 10 mg of activated PAN fibers (PAN-NH,-Glu) were
immobilized with 1 mL of GAR-IgG antibody (1 pg/mL to 5 pg/mL) for 16 h at 4 °C.
Unbound antibodies were removed and the fibers were washed with Tween/PBS. The
unbound sites of the fibers were blocked with 12% skimmed milk (1 mL). These primary
antibody immobilized fibers were incubated with a fixed concentration (1 mL) of
complimentary antibody RAG-IgG (60 ng/mL) for 1.5 h at 37 °C. After washing with
Tween/PBS, the fibers were again incubated with 1 mL of enzyme conjugate of the first
antibody - GAR-HRP, conjugate dilutions ranging from 1:2000-1:32000 for 1.5 h at 37 °C.
Subsequently, the conjugate was decanted and the fibers were washed with Tween/PBS
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buffer. After the removal of unbound conjugate, the activity of HRP was evaluated, using its
substrate TMB as mentioned earlier and the optical density was recorded. Non-specific
binding (NSB) of the modified fibers was also evaluated. 10 mg of modified PAN fibers
were immobilized with 1 mL of 60 ng/mL of the analyte RAG-IgG. They were blocked with
1 mL of 12% skimmed milk and were incubated with the subsequent GAR-HRP conjugate
dilutions (1:2000- 1:32000) after the washing steps. A complimentary set of experiments
were performed to determine the sensitivity of the assay i.e. to measure the minimal
detectable concentration of the analyte RAG. The activated PAN fiber with optimized
primary antibody GAR-IgG concentration, (determine by previous experiment) was
incubated with serial dilutions (120 ng/mL-1 ng/mL) of RAG-IgG antibody taken as analyte
for 1.5 h at 37 °C. After washing, fibers were incubated with GAR-HRP of 1:8000 dilutions
(as optimized previously) for 1.5 h at 37 °C and then the fibers were washed again with
Tween/PBS. The activity of peroxidase was measured using its substrate TMB and optical
density was recorded with the ELISA plate reader.

The developed ELISA system was compared with conventional ELISA using polystyrene
(PS) 96-well microtiter plates. Same experimental procedure was followed as that with the
activated PAN fibers. The fibers were also compared with the ELISA system where the PS
96-well microtiter plates were pre-treated with 12.5% glutaraldehyde for 3 h at 4 0C.

2.4 Detection of human blood IgG’s using the developed assay of modified PAN fibers

Human blood was taken and 10 uL was spotted on a wattman filter paper no. 1, the blood
dots were air dried at 37 0C for 1 h and then stored at 4 °C for further use. When required,
the filter paper with the dotted blood was punched from a standard puncing machine and
discs of 5 mm diameter were obtained. All the blood spotted samples discs were eluted in
100 pL of PBS of pH 7.4 for 1 h at room temperature. After this, serial dilutions of the eluted
samples were performed to obtain 1:10, 1:100, 1:1000 and 1:10000 dilutions. These were
stored at 4 0C for further use.

10 mg of the reduced PAN fibers were taken after the activation with glutaraldehyde in a
microcentrifuge tube and incubated with 1 mL of 3 pg/mL of GAH-IgG for 16 h at 4 °C.
Antibody immobilized fibers were washed with Tween/PBS and incubated with 1 mL of the
human blood elute (undiluted) for 1 h at 37 0C. After washing, the non-specific binding sites
were blocked with 12% skimmed milk at 4 °C. Blocking solution was removed and fibers
were washed and incubated with 1:8000 enzyme conjugate of anti-species of human
antibody RAH-HRP for 1 h at 4 0C. The fibers were washed and the activity of the
peroxidase was measured by adding the substrate TMB. The OD was recorded in ELISA
plate reader. To determine the sensitivity of the developed assay for human blood, the
eluted and serially diluted human blood samples were incubated with the GAH-IgG
antibody immobilized PAN fibers followed by the aforementioned ELISA steps. The
specificity of the developed assay was further checked using rabbit blood.

3. Results and discussion
3.1 Amine content

The pendent nitrile groups present on the surface of polyacrylonitrile fibers were
successfully reduced to primary amino groups with LAH as schematically diagrammed in
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Scheme 1. The amine content determined by performing acid-base titrations revealed that
with the increasing reduction time, the primary amine content increased and was found to
be highest for 12 h reduction time after that amination decreased. As the reduction time
increased, prolonged action of the reducing agent LAH ensures the conversion of more
number of nitrile groups to amino groups. However, it was also observed that with very
high reduction time e.g. 24 h the content of amino groups reduced. The explanation to the
decreased amine value is not clear but similar pattern was also reported in US Patent No
4486549 [Matsumoto, et al., 1984]. Physical changes also indicated reduction of fibers such as
change of colour from shinning white to pale yellow which increased with the advancement
of reaction. Extent of the reduction also influenced and increased the brittleness (noted by
ease of tearing of fibers) and roughness (gauzed by touching) in the fibers.

— ——CH,—NH
C=N LAH/DET 2 2

_ RT, 24h
C=N ——CH,—NH,

Polyacrylonitrile Reduced PAN
fiber fiber
Scheme 1. Reduction of pendent nitrile groups of polyacrylonitrile fibers to amino groups

sI No. Time of Content of A_l.l'l_i_llﬂ
reduction (h) groups (uM'g)
1 05 2875
2 1 36.29
3 J 78.5
4 12 126.1
> 24 108.75

Table 1. Content of amino groups of PAN fibers as measured by acid-base titration method

3.2 ATR-FTIR spectroscopy

FTIR spectroscopic studies showed an appearance of broad band from 3400-3500 cm! after
reduction, which is attributed to the N-H stretching vibration, demonstrating the formation of
the primary amine groups. IR spectra were also used to monitor the relationship between
surface amination and the reduction time. It was observed that as the reduction time increased
from 0.5 h to 12 h, the band corresponding to amino groups increased, but decreased for fiber
reduced for 24 h. Relatively, as the reduction time increased, the peak 2241 cm?,
corresponding to the C N stretching vibration of nitrile group decreased in magnitude and
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completely vanished in the spectra of the fiber reduced for higher time periods. Also as the
reduction progresses, the peaks corresponding to C-N stretching and bending vibration
diminished and vanished for the fibers reduced for higher time periods. A peak at 1730 cm™!
corresponding to C-O stretching of C=0O is observed probably due to the addition of small
percentage of methyl methacrylate/vinyl acetate added during the polymerization.

After glutaraldehyde treatment absorption peak of stretching vibration of imines group
(N=C) comes at 1655 cm? (Fig. 2 A). However, the peak of free carbonyl group of
glutaraldehyde at 1720 cm? was not visible as it is merged with the peak of
methacrylate/acetate groups. The spectra of GAR-IgG antibody immobilized PAN fibers
showed absorption band at 2506 cm! different from that of glutaraldehyde activated PAN
fibers (Fig. 2 C), which also correspond to the spectrum of antibody (given in the Fig.2 B for
comparison). The band around 2506 cm? may be attributed to the O-H stretching of
carboxyl group present in the Fc region of Ab [Allmer, et al., 1989].

2241 1730 1350

; 1465
2983 L1z 1070

. f/;—\/'——-.f—~ww-4“h/r—m e R TR
1hd\"\‘\_/' j'u MM\\N/\\\)/

¥

T WW
il
o 4 V,\./—\/,\/—\
‘\__)r( T T ™
h 5.
M \ ///\,\ m

<4000.0 3000 2000 1500 1000

Fig. 1. ATR-FTIR spectra of unmodified and aminated PAN fibers
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Fig. 2. ATR-FTIR spectra of (A) glutaraldehyde treated reduced PAN fibers (B) Antibody
GAR-IgG (C) GAR-IgG immobilized PAN fiber
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3.3 Differential scanning calorimetry

Thermal properties of unmodified and reduced PAN fibers were studied in DSC and are
given in Fig. 3, 4 and Table 2. It was observed that two thermal transitions occurred for dry
PAN fibers in the first cycle of heating and only one in the second cycle. On first cycle of
heating a transition is observed at 96 °C. A sharp peak also appears at 150 °C which is
attributed to the cyclization of PAN (Fig. 3a) involving the pendent nitrile groups present on
its surface as given in Scheme II [S. Hajir, et al., 2003]. It was observed that for the fibers
reduced for 0.5 h and 1 h, the peak cyclization temperature shifted to 162 °C and 166 °C
respectively (Table 2). However, fibers reduced for 6 h, 12 h and 24 h (Fig. 3¢c) did not show
any second transition. This altered cyclization behavior of modified PAN indicates that
negligible nitrile groups were available to facilitate the cyclization process on heating as
majority of them were converted to amino groups on reduction.
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Fig. 3. Cyclization temperature of (a) unmodified PAN fibers and (b) 1 h reduced fibers (c) 6
h reduced fibers

Glass transition temperature (1) of PAN and reduced fibers as recorded during second cycle
of heating is given in Table 2 and is graphically presented in Fig. 4. T, of PAN was observed at
96 0C as a result of chain mobility caused by the weakening of vander waals forces in the
amorphous region of the polymer [Zhang & Li, 2005]. However, no significant change in the
glass transition temperature was observed in reduced fibers. No change in T, indicate that
polymeric backbone was not affected by the reduction of pendent nitrile groups.

A
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Scheme 2. Cyclization of nitrile groups of PAN upon heating in DSC
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o End lass
; Initial . exotherm | Cyclization Heat transition
Fiber type exothermic | |, ENErgy
temp. 0C) | i€ temp. | temp. (’C) (mlg}) temperature

00) T, 0C)

DAL 146 160 150 0.374 96,351
PAT-IH, (0.5h) 157 180 162 0,343 110.7
PAN-MH, (1h) 164 174 166 0.352 98.294

PATT-ITH, (6h) - - - 0.356 101.327
PAN-MNH, (12h) - - - 0.388 98.921

PATT-IH, (24h) - - - 0.604 102330

Table 2. Thermal behavior of the unmodified and fibers reduced for different time periods
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Fig. 4. Thermal studies of reduced fibers using DSC
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3.4 Scanning electron microscopy

Scanning electron micrographs of unmodified and reduced PAN fibers are depicted in Fig 5
a-f. Unmodified fibers were found to be smooth and untangled with fiber diameter of 50-70
pm. No significant morphological changes were observed for 0.5 h and 1 h reduced fibers
(Fig. 5 b-c). However, as the reduction time increased fibers gradually become rough,
rugged and the extent of entanglement also increased, indicating conversion of a large
number of nitrile to amino groups. Similar observations are also reported by other authors
[Liu and Heish, 2006]. 24 h reduced fibers were further used for immobilization and
development of the assay due to its consistent and reproducible immobilization results.
Hence, its morphology was also studied after glutaraldehyde activation and antibody
immobilization. The micrographs of activated and GAR-IgG antibody immobilized fibers
are presented in Fig. 6. No major morphological changes were observed on activation of the
fibers with glutaraldehyde. After immobilization of antibodies, topography of the fiber
changed (Fig 6 b & c). Deposition of the antibody can be seen on the modified fibers after
immobilization on higher magnification.

200 pm

——

200 pm
3

Fig. 5. Scanning electron micrographs of unmodified and reduced fibers (a) Unmodified
PAN fibers (b) 0.5h (c) 1 h (d) 6 h (e) 12 h and (f) 24 h reduced fibers

3.5 Antibody immobilization

Reduced PAN fibers were activated with excess of glutaraldehyde. The primary amine
groups of the reduced fibers reacted with one of the aldehydic groups of the bi-functional
glutaraldehyde to form the imine linkage (Scheme III). The free aldehyde group of
glutaraldehyde covalently binds to the amino groups of residues/units (generally lysine) in
the antibodies and the antibodies coupled with enzymes, providing a stable linkage. Thus,
antibodies were covalently immobilized on the glutaraldehyde activated PAN fibers.
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200 pm

1.30 pm

(b)
Fig. 6. Scanning electron micrographs of (a) glutaraldehyde activated fibers (b) antibody
immobilized PAN fibers (c) Immobilized fibers at higher magnification

CHy—NH, 4°C,3h  ~}—CH,—N=CH-(CH,)5- CHO
4 OHC-(CHp3-CHO ————>
CH;—NH, ~+—CH,—N=CH-(CH,)5- CHO
CH,—N=CH-(CH,);- CHO 37°C, 16h  —}—CH,—N=CH-(CH,)5- CH=N-Ab
+ NHyAb—> |
CH,—N=CH-(CH,)3;- CHO —+—CH,—N=CH-(CH,)3- CH=N-Ab

Scheme 3. Activation of the reduced fibers with glutaraldehyde and immobilization of
antibody on the activated fibers

The attachment of the Ab on the fibers was visualized through confocal laser scanning
microscope using fluorophore tagged antibody Goat anti-Rabbit-Fluorescien isothiocyanate
(GAR-FITC) (Fig. 7 b). Glutaraldehyde activated fibers were coupled with 1:400 dilution of
GAR-FITC for 16 h at 4 -C. They were washed with Tween/PBS and studied under the
microscope in dark. The null method was applied to deduce the autofluorescence [Jang, et
al., 2006] of the polyacrylonitrile (Fig. 7 a) from the fluorescence of dye FITC attached on
fiber as GAR-FITC.

A range of HRP conjugated antibodies were prepared in 1X-PBS buffer to evaluate the
efficiency of immobilization on aminated PAN fibers. Effect of conjugate dilution shows a
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(a) (b)

Fig. 7. Confocal laser scanning electron microscope image of (a) unmodified PAN (b)
modified PAN-NH>-Glu-GAR-FITC at 512 HV voltage

typical sigmoidal curve (Fig. 8). With an increase in the conjugate GAR-HRP dilution from
1:2000 to 1:64000 in the immobilization system, there was a decrease in the optical density
(O.D.) recorded. A sigmoidal pattern may be attributed to the saturation of PAN fibers with
the Ab at the higher concentration/lower dilutions. Competitive Ab-Ab interaction of GAR-
HRP molecule for binding to aldehydic groups and steric hindrance are the principal factor
leading to the plateau of O.D. values for the immobilization at higher concentrations of
conjugate. Very low optical density was observed at lower dilutions as negligible binding
occurs, since less conjugate was present for binding. Similar pattern was observed for the
time varied reduced fibers (0.5 h to 24 h) as given in Fig. 9. Efficacy of differently aminated
PAN fibers for immobilization of Ab was studied. Various conjugate dilutions GAR-HRP,
ranging from 1:2000-1:64000 were immobilized onto fibers reduced from 0.5 h to 24 h. The
result showed that with increase in reduction time, the O.D. increased indicating greater
immobilization of the antibody-HRP conjugate occurred on the modified fibers (Fig.9). It
was also observed that the O.D. was highest for 12 h reduction time. However, the fibers,
which were reduced for 24 h showed the most stabilized readings on repeated
experimentation as against that of 12 h reduction time period. Therefore, 24 h reduced fibers
were further used for the detection of the analyte.
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Fig. 8 Activity of GAR-HRP immobilized on modified PAN fiber
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Fig. 9. Activity of GAR-HRP immobilized on PAN fibers reduced for different time periods
(0.5hto 24 h)

3.6 Evaluation of the modified fibers for the detection of analyte (RAG) by performing
checkerboard ELISA

A checkerboard is a typical sandwich ELISA technique, where the antibody immobilized to
the solid support binds with the complimentary Ab or antigen in the solution. This complex
is incubated with the secondary Ab conjugated with an enzyme which provides a colorimetric
reaction for the detection of antigen/analyte spectrophotometerically. Reduced PAN fibers
were studied to develop a reproducible assay for the detection of analyte over a biologically
relevant assay range. Therefore, optimum concentration of each assay reagent has to be
standardized empirically. In the first experiment, a varied concentration of primary antibody
GAR-IgG was immobilized on to reduced fibers activated by glutaraldehyde. Analyte RAG-
IgG was immobilized with a fixed conc. of 60 ng/mL and then serially diluted secondary Ab
conjugate GAR-HRP was incubated with the fibers. The assay was carried out in triplicate
and the averages of the results are presented in Fig 10 and 11. The result showed that with
the increase in primary antibody GAR-IgG concentration from 1 pg/mL to 5 pg/mL and
secondary Ab dilution from 1:2000-1:32000, an antibody saturation pattern in optical density
(Fig.10) was observed. This curve showed maximum O.D. for 3 pg/mLGAR-IgG conc. at
1:8000 conjugate dilutions, thus, these values were established as the optimized
concentration and dilution. This indicated that at higher concentration saturation of primary
Ab occurred due to Ab-Ab interactions and steric hindrance. The NSB of Ab on modified
PAN fibers was observed from 0.85 to 0.23 for the dilutions 1:2000 to 1:32000 of the
conjugate GAR-HRP.

Sensitivity is an important parameter while developing any immunogenic assay. The
sensitivity of the assay was determined for the modified PAN fibers by varying the
concentration of the analyte RAG-IgG. In the second experimental set up, primary antibody
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GAR-IgG (3 pg/mL) and conjugate GAR-HRP (1:8000) were fixed for 10 mg of PAN-NH>-
Glu and the analyte RAG-IgG was varied over a range from 0.9 ng/mL to 120 ng/mL. Over
this range of analyte concetration, it was observed that the lowest detectable concentration
hence sensitivity of the assay was 3.75 ng/mL (Fig.11).
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Fig. 10. PAN-NH>-Glu fiber - ELISA at different primary antibody (GAR-IgG) and conjugate
dilution (GAR-HRP)
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Fig. 11. PAN-NH>-Glu fiber - ELISA at different analyte concentrations with the 3nug/ml
primary antibody GAR concentration and 1:8000 antibody enzyme conjugate GAR-HRP
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The results were compared with the conventional ELISA method where the assay was
performed on 96-well PS microtiter plate as well as glutaraldehyde pretreated plate and are
presented in Fig. 12. It was observed that with the increase in analyte concentration the O.D.
increased for all the three solid supports. But the O.D. of modified PAN fibers was always
higher than both of the plates. Glutaraldehyde pre-treated and non-treated plates showed
decreased activity due to loss of reagents during extensive washing. This confirms, simply
adsorbed antibodies bind to solid support get detached while washing, leading to less
sensitive assays. Thus, covalent binding on modified PAN fibers leads to high sensitivity
and specificity. The advantages of covalent binding are also reported by other authors
[Palma, et al., 2004; Tedeschi, et al. 2003; Tyagi, et al., 2009]. From these studies it can be
concluded that modified PAN fibers as a solid support are more sensitive, specific and cost
effective as compared to PS 96-well microtiter plates.
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Fig. 12. Comparison of antibody immobilized PAN-NH-Glu fiber with the conventional PS
microtiter plate and PS plate pre-treated with 12.5% glutaraldehyde

3.7 Detection of human blood IgG’s

Modified PAN fibers were used for the detection of antibodies present in human blood.
Antispecies of human blood IgG were covalently immobilized on the fibers, which
specifically binds with the IgG’s of the human blood. This complex was detected with the
antispecies-HRP antibody conjugate as visualized by the development of the coloured
product on addition of substrate. Sensitivity of the developed assay on modified PAN fibers
coated for human blood was also checked and is given in Fig. 13. The human blood elute of
10 fold and 100 fold dilution gave high O.D. values. With further dilutions, the absorbance
decreased and negligible intensity was recorded for 1:10000 dilutions. It was also observed
that the O.D. of neat elute was lesser than that of 1:10 diluted sample, indicating lesser
immobilization of human IgG’s with the neat eluate. This can be attributed to the
overpopulation of IgG, resulting in their deformed orientation and led to non-homogeneity
during immobilization [Endo, et al., 1987, 60]. These results thus established that blood
sample as low as 0.1 puL can be easily detected through the developed assay. GAH-IgG
immobilized modified PAN fibers were also used for specificity test against human and
rabbit blood elutes. Negligible readings were recorded for rabbit blood elute where the O.D.
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of neat human blood elute was substantial. The GAH and RAH-HRP used in the assay
specifically binds with the antispecies of human blood IgG’s. This confirms the non-
specificity of the assay with respect to blood of any other organism.

These results were compared with the conventional PS 96-well microtitre plates (Fig. 13). A
slightly higher absorbance was recorded for modified PAN fibers in comparison to PS
microtiter plate and the glutaraldehyde activated plate. This relates to better sensitivity of
the assay due to covalent binding of Ab’s to fibers. Modified fibers also showed lesser extent
of non-specific binding caused due to physical adsorption and were more specific towards
the detection of human blood.
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Fig. 13. Human antibody detection by modified PAN fibers-ELISA and comparison with
conventional PS microtiter plate and PS plate pre-treated with 12.5% glutaraldehyde

4. Conclusions and prospects

In our work pendent nitrile groups of multifilamentous polyacrylonitrile (PAN) fibers were
reduced to amino groups using lithium aluminum hydride for different time of reduction
and amine content was estimated by performing acid-base titrations. Modified fibers were
characterized by spectroscopic and analytical techniques for the generation of amino
groups. The newly formed amino groups of the fibers were activated by using
glutaraldehyde for the covalent immobilization of biomolecules. Modified PAN fibers were
evaluated as a matrix for sandwich ELISA by using Goat anti-Rabbit antibody (GAR-IgG),
Rabbit anti-Goat (RAG-IgG) as analyte and enzyme conjugate GAR-HRP. The fibers reduced
for 24 h were able to detect the analyte RAG-IgG at a concentration as low as 3.75 ng/mL.
PAN-ELISA gave more promising results when compared with the conventional polystyrene
(PS) 96-well microtitre plate-ELISA. The sensitivity, specificity and reproducibility of the
developed immunoassay was further established with antibodies present in human blood
using Goat anti-Human (GAH-IgG) antibody and the corresponding anti-species HRP enzyme
conjugate. These standardized modified PAN fibers when applied for human blood antibody
identification showed that 0.1 uL blood elute was sufficient for ELISA. These immunoassays
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demonstrate that Modified PAN-ELISA can be exploited as a solid matrix for the detection
of variety of biomolecules. Immunoassay developed on modified PAN fibers provides a low
detection limit, is versatile, robust and achieve easy separation of free and bound moieties.
The sensitivity, specificity and the reproducibility of the developed immunoassay indicate
the potential application of modified PAN fibers in the field of immunodiagnostics.
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1. Introduction

Interference in immunoassays is a serious but underestimated problem (Ismail et al, 2002a).
Interference is defined as “the effect of a substance present in the sample that alters the
correct value of the result, usually expressed as concentration or activity, for an analyte”
(Kroll & Elin, 1994). Immunoassays are analytically sensitive and measurements can
frequently performed without prior extraction. However, immunoassays may lack adequate
specificity and accuracy. Specificity of an immunoassay does not only depend on the
binding property of the antibody but also the composition of the antigen and its matrix is
important. Specificity can also be influenced by reagent composition and immunoassay
format. Substances that alter the measurable concentration of the analyte in the sample or
alter antibody binding can potentially result in assay interference (Tate & Ward, 2004).

Interference can be analyte-dependent or analyte-independent and it may increase (positive
interference) or decrease (negative interference) the measured result. The common
interferences of hemolysis, icterus, lipemia, effects of anticoagulants and sample storage are
independent of the analyte concentration. Analyte-dependent interferences in immunoassays
are caused by interaction between components in the sample with one or more reagent
antibodies. They include heterophilic antibodies, human anti-animal antibodies, auto-analyte
antibodies, rheumatoid factor and other proteins. Interferences may lead to falsely elevated or
falsely depressed analyte concentration depending on the nature of the interfering antibody or
the assay design (reagent limited versus reagent excess assays). The magnitude of the effect
depends on the concentration of the interferant, but it is not necessarily directly proportional.
It can also lead to discordant results between assay systems (Selby, 1999; Tate & Ward, 2004).

Interference can have important clinical consequences and may lead to unnecessary clinical
investigation as well as inappropriate treatment with potentially unfavorable outcome for
the patient (Ismail & Barth, 2001). It is important to recognize interference in immunoassays
and put procedures in place to identify them wherever possible (Kricka, 2000).

2. Nature of Interference

Endogenous interfering substances can occur in both healthy and pathological patient
samples. Sample properties are unique for each patient. Interference is caused by interaction
with one or more steps in the immunoassay procedure and the analyte concentration or the
antibody binding is influenced (Davies, 2005). Unsuspected binding protein(s) in the
individual can interfere with the reaction between analyte and assay antibodies. In reagent-
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excess assays, like the common two-site immunometric assay (IMA), there is an increased
chance of a cross-reactant forming a bridge between the two antibodies. Conformational
changes to antigens can be induced by antibodies which may alter the specificity of
antibodies. For these reasons there may be a higher prevalence of unpredictable cross-
reaction in IMAs than in the single-site antigen-antibody reaction in reagent-limited assays
(Boscato & Stuart, 1986). Exogenous antibodies given to a patient for therapy may also
compete with the assay antibody for the analyte and disturb the antigen-antibody reaction
resulting in immunoassay interference, e.g., administration of Fab fragments derived from
anti-digoxin antibodies (Digibind) (Hursting et al., 1997).

Exogenous interferences are any interference caused by the introduction of external factors
or conditions, in vivo or in vitro, not normally present in native, properly collected and
stored samples. For example, hemolysis, lipemia, icterus, blood collection tube additives,
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Fig. 1. Different interferences in immunometric immunoassays: Aa - assay without any
interference; Ab - cross-reactivity of an interfering substance with capture antibody,
resulting in false negative result; B - positive interference: Ba - unspecific binding of labelled
detector antibody to a not blocked solid phase; Bb - “bridge” binding by heterophilic
antibodies or HAMA, respectively; C - negative interference: Ca - change of sterical
conformation after binding of interfering protein to Fc fragment of detector antibody Cb -
masking of the epitope on analyte surface by a protein of the sample (Dodig, 2009).
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administration of radioactive or fluorescent compounds, drugs, herbal medicines, nutritional
supplements, sample storage and transport are all exogenous interferences that can adversely
affect immunoassays (Selby, 1999).

Figure 1 summaries the possible interference mechanisms in IMAs.

3. Cross-reactivity

Cross-reactivity is the most common interference in immunoassays, but mostly in
competitive assays. It is a non-specific influence of substances in a sample that structurally
resemble the analyte (carry similar or the same epitopes as the analyte) and compete for
binding site on antibody, resulting in over- or underestimation of analyte concentration.
Cross-reaction is a problem in diagnostic immunoassays where endogenous molecules with
a similar structure to the measured analyte exist or where metabolites of the analyte have
common cross-reacting epitopes, and where there is administration of structurally similar
medications (Kroll & Elin, 1994). The most common examples can be seen during
determinations of hormone concentration, drugs and allergen-specific IgE. Hormones TSH
(thyroid-stimulating hormone), LH (luteinising hormone) and hCG (human chorionic
gonadotrophin) carry an analogue a-chain, and the B-chain determines the specificity of the
respective hormone. Early hCG immunoassays cross-react with LH, but the development of
more specific antibodies has led to most of today’s assays for hCG having little or no cross-
reaction with LH (Thomas & Segers, 1985). However, cross-reactivity with drugs and their
metabolites is still a problem for the measurements of steroids which have an identical
structure. For example, cortisol assays can show significant cross-reactivity with
fludrocortisone derivates and result in falsely elevated cortisol levels in patients using these
drugs (Berthod et al., 1988). The problem of cross-reactivity in active vitamin D (1,25(OH),D)
determination due to possible positive interference of 25(OH) D is well known (Lai et al,,
2010).

In competitive immunoassays for drugs of abuse screening, positive interference may result
from medications or their metabolites that have similar chemical structures (Lewis et al.,
1998).

In the regular monitoring of the transplant anti-rejection drug cyclosporine A in whole
blood for dosage adjustment in patients after heart or liver transplantation, only the
concentration of the parent drug should be used. Immunoassays for cyclosporine A show
cross-reactivity for cyclosporine metabolites with levels up to 174% higher in individual
patients compared with the HPLC reference method (Steimer, 1999).

In digoxin immunoassays, the presence of digoxin-like immunoreactive factors that are
commonly found in renal failure, liver disease and hypertension, cause interference by cross-
reaction (Dasqupta, 2006). Falsely suppression of results can also occur when a cross-reacting
substance is present in the sample and during the wash or separation step the dissociation rate
for the cross-reactant is greater than that for the analyte (Valdes & Jortani, 2002).

Interference due to cross-reactivity is highly dependent on assay specificity, which is not the
focus of this chapter.
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4. Alteration of the measurable concentration in the sample
4.1 Pre-analytical factors

All factors associated with the constituents of the sample are termed pre-analytical factors
(Selby, 1999).

4.1.1 Blood collection

Blood collection tubes are not inert containers but have several constituents, including
substances in and/or applied to rubber stoppers, tube wall material, surfactants,
anticoagulants, separator gels and clot activators that can potentially interfere with
immunoassays (Weber, 1990). Many laboratories have converted from glass to plastic
collection tubes for convenience. Plastic blood collection tubes have been shown to be
suitable for routine clinical chemistry analytes, hormone analysis and therapeutic drug
monitoring (Wilde, 2005). But some low-molecular weight organic substances released by
plastic tubes could interfere in some assays. The physical masking of the antibody by lipids
and silicone oils present in some blood collection devices or tubes can physically interfere
with Ag-Ab binding. The water-soluble silicone polymer coating the interior of serum
separator tubes can interfere negatively with avidin-biotin binding in an IRMA for
thyrotropin, prolactin, and hCG (Wickus et al, 1992). Conversely, silicone formed a complex
with C-reactive protein (CRP) that enhanced the Ag-Ab reaction in the Vitros CRP assay
resulting in falsely elevated results (Chang et al., 2003).

4.1.2 Sample type

For many immunoassays, serum is the matrix of choice; however, plasma can be a very
useful alternative, as it eliminates the extra time needed for clotting, thereby reducing the
overall pre-analytical time (Selby, 1999). Tubes containing anticoagulants must be filled to
the mark, otherwise the concentration of the anticoagulants will be too high and this may
affect the assay system, particularly the Ag-Ab characteristics. If several specimens are to be
drawn at the same time the plain tube should always be first filled. The recommended order
to fill being plain tube, citrate, lithium heparin, EDTA and finally fluoride/potassium
oxalate. Care must still be taken to avoid cross-contamination between different additive
tubes (Wilde, 2005). Sample type can affect analyte concentration with different results for
samples collected in lithium heparin, EDTA, and sodium fluoride/potassium oxalate or
tubes without anticoagulant reported for some analytes, e.g., cardiac troponin, hormones
(Evans et al., 2001). If plasma is used for immunoassay, care must be taken to select the
appropriate anticoagulant. Anticoagulants added to specimens in appropriate
concentrations to preserve certain analytes, may cause problems with the assay of other
analytes. Heparin may interfere with some antibody-antigen reactions.

4.1.3 Hemolysis, lipemia and icterus

Immunoassays are mostly unaffected by hemolysis and icterus unlike other analytes
measured by spectral or chemical means (Tate & Ward, 2004). However, hemolysis may be
unacceptable for immunoassays of relatively labile analytes like insulin, glucagon,
calcitonin, parathyroid hormone, ACTH and gastrin, due to the release of proteolytic
enzymes from erythrocytes that degrade these analytes. Samples with any sign of hemolysis
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are not acceptable for such assays. Because hemolysis may also interfere with some signal
generation steps of different types of immunoassays, grossly hemolysed specimens should
not be used. Lipemia can interfere in some immunoassays especially those using
nephelometry and turbidimetry. Lipemia of serum or high levels of triglycerides, cholesterol
or both may produce erroneous results in some assays by interfering with antigen binding,
even when antibodies are linked to a solid support. Interferences by non-esterified fatty
acids have been well documented for free thyroxine assays. Non-esterified fatty acids
compete with thyroxine and its derivatives used as labels for endogenous protein binding
sites and, depending on the assay format, may cause either falsely high or falsely low free
thyroxine values. Binding of steroids may also be inhibited by non-esterified fatty acids.
Hypertriglyceridaemia has been shown to cause falsely elevated results in some endocrine
assays, using second antibody and polyethylene glycol separation techniques. Ideally,
specimens should be collected from individuals following an overnight fast to reduce the
immunoassay interference from lipids. Alternatively, ultracentrifugation but not dilution
could be used to remove any excess lipids, or enzymatic cleavage by lipase may be used to
treat samples before analysis. Excess bilirubin can also affect many different types of assays,
including immunoassays (Wilde, 2005).

4.1.4 Stability and storage

Inappropriate specimen processing or storage can change the properties of a sample over
time and affect immunoassay results. Most analytes are more stable when the sample is
maintained in a cool or frozen condition. For some, especially the small peptide hormones,
storage at -20°C and transportation in frozen state is necessary for reliable results. Such
hormones include insulin, c peptide, gastrin, glucagon, ACTH and vitamin D (Wilde, 2005).
For example, ACTH is reported to be stable in EDTA plasma at 4°C for only 18 hours
compared with many other hormones that are stable for >120 hours (Ellis et al., 2003).
Repeated freeze/thaw cycles can lead to denaturation, aggregation and loss of antigenicity
of some proteins. Because EDTA chelates calcium and magnesium ions, which function as
coenzymes for some proteases, blood specimens collected in EDTA are often more stable
than serum or heparinised plasma. But elevated EDTA levels in the sample-reagent mixture,
due to insufficient sample volume, can affect the activity of the alkaline phosphatase
enzyme label used in chemiluminescence assays. Filling EDTA tubes to <50% affects intact
parathyroid hormone and ACTH measurements by the Immulite assays (Glendenning et al.,
2002). Some of the low mass polypeptide hormones such as ACTH, glucagon, gastrin and
the gastrointestinal hormones are rapidly destroyed by enzymes present in blood and may
require protection by addition of protease inhibitors (e.g., aprotonin) to the tube into which
the blood sample is taken (Wilde, 2005).

4.1.5 Carryover

Integrated systems that combine clinical chemistry and immunoassay analysers are more
and more used routinely. Sample to sample carryover is an inherent risk and can cause
erroneously high test results for immunoassays (Armbruster & Alexander, 2006). Potential
sample carryover due to inadequate washing or failure to detect a sample clot can also
results in over- or under-estimation of values. If a sample to be assayed is preceded by a
sample with a very high concentration of an analyte e.g. hCG, tumour markers, some of the
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analyte from the first sample on the instrument probe may significantly increase the
concentration of the analyte in the second sample.

4.2 Hormone binding proteins

Hormone binding globulins can alter the measurable analyte concentration in the sample
either by removal or blocking of the analyte (Tate & Ward, 2004). Important endogenous
binding globulins are albumin (because of its large concentration), sex hormone binding
globulin (SHBG), thyroid binding globulin (TBG) and cortisol binding globulin (CBG). For
total hormone measurement, it is essential to displace all bound hormone from endogenous
binding sites and to prevent the binding of labelled hormone to the endogenous binding
site. This can be done by solvent extraction, denaturation of the binding proteins, by adding
blocking agents or by immunoaffinity extraction. For example, increased or decreased SHBG
concentrations can interfere in direct assays for steroids testosterone (Slaats et al., 1987) and
estradiol (Masters & Hahnel, 1989) and binding of cortisol to CBG can be minimized by
denaturation of the binding protein or by addition of blocking agent. In free hormone
measurement, displacement of analyte from endogenous hormone binding proteins, e.g.,
free thyroxin (FT4) displaced from thyroid binding globulin (TBG) by non-esterified free
fatty acids (NEFA), can alter assay equilibrium and either increase or decrease the free
analyte concentration (Nelson & Wilcox, 1996). These NEFAs can be generated in-vitro in
non-frozen samples from patients receiving heparin, secondary to the induction of heparin-
induced lipase activity. Increased serum triglyceride levels can accentuate this problem
(Mendel et al., 1987).

4.3 Autoanalyte antibodies

Autoantibodies have been described that can cause interference for a number of analytes
including thyroid hormones in both free and total forms (Symons, 1989), thyroglobulin
(Spencer et al., 1998), insulin (Sapin, 1997), prolactin (Fahie-Wilson & Soule, 1997) and
testosterone (Kuwahara, 1998). Positive or negative influence may occur, depending on
whether the autoantibody-analyte complex partitions into the free or the bound analyte
fraction. Interference from autoantibodies can occur in both immunoassay formats (Tate &
Ward, 2004).

Autoantibodies against thyroid hormones, especially anti-T4 and anti-T3 antibodies, have
been reported in patients with Hashimoto’s thyroiditis, Graves’ disease, hyperthyroidism
after treatment, carcinoma, goitre and non-thyroid autoimmune conditions. These
endogenous factors particularly interfere in total T4, free T4, total T3 and free T3 methods.
Thyroid hormone antibody interferences are difficult to predict and can occur even with
frequently used and well-characterised methods. Antibody prevalence depends on the
detection method used: it is low in healthy subjects but may be as high as 10% in patients
with autoimmune disease although only a minority of such samples demonstrate substantial
thyroid assay interference (Després & Grant, 1998). Their presence should be suspected
when FT4 and TSH results appear to be discordant to the clinical findings.

Interference is also a serious problem in Tg assays largely due to endogenous Tg antibodies
(TgAb). Serum TgAbs are present in up to 25% of differentiated thyroid cancer (DTC)
patients and in 10% of the general population. It is important to use a Tg method that
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provides measurements that are concordant with the tumour status in DTC patients. IMA
methods are prone to underestimate serum Tg when TgAb is present, increasing the risk
that persistent or metastatic DTC will be missed. Because falsely low Tg results can occur by
IMA and falsely elevated results by RIA, anti-Tg antibodies should be measured in all
samples analysed for Tg and a possible interference should be retained in all TgAb positive
samples (Spencer et al., 1998).

Anti-prolactin autoantibodies can be present in serum in the form of macroprolactin (macro-
PRL). The presence of macro-PRL can cause macroprolactinemia with normal prolactin
(PRL) concentrations and may lead to unnecessary medical or surgical procedures (De
Schepper et al.,, 2002; Fahie-Wilson & Ahlquist, 2003). Macro-PRL is a macro-molecular
complex of prolactin (PRL) with an IgG antibody (Schiettecatte et al., 2001, 2005) directed
against specific epitope(s) on the PRL molecule. Macro-PRL is considered biologically
inactive in vivo because of its decreased bioavailability. Macro-PRL is cleared more slowly
than monomeric PRL and hence accumulates in the sera of affected subjects. The incidence
of macro-PRL is up to 26% of all reported cases of hyperprolactinemia depending on the
immunoassay system. Macro-PRL is detected in various degrees by different immunoassays
(Smith et al., 2002). Laboratories should know the reactivity of the PRL assay with macro-
PRL and ideally test for the presence of macro-PRL in all patients with hyperprolactinemia
by gel filtration chromatography or pre-treatment with polyethylene glycol (PEG 6000). It is
important to both recognize the presence of macro-PRL and provide an estimate of the
monomeric PRL concentration because some patients with macroprolactinemia may have
clinically significant, elevated monomeric PRL levels also (Van Besien et al., 2002; Fahie-
Wilson, 2003).

5. Alteration of antibody binding
5.1 Heterophilic antibodies

Heterophilic antibodies are antibodies produced against poorly defined antigens. They are
multi-specific antibodies of the early immune response and generally show low affinity and
weak binding (Levinson & Miller, 2002). These antibodies react with many antigens and the
variable region of other antibodies (anti-idiotypic antibodies). IgM antibodies play a key role
in interfering sera from rheumatic patients as they can bind Fc fragments of human
antibodies (Ismail et al., 2002b).

Interfering, endogenous antibodies should be called heterophilic when there is no history or
medical treatment with animal immunoglobulins or other well-defined immunogens, and
the interfering antibodies are multi-specific (reacts with immunoglobulin from two or more
species) or exhibit rheumatoid activity (Kaplan & Levinson, 1999). In case of rheumatoid
factor (RF), false elevated results arise from the binding of RF to the Fc constant domain of
antigen-antibody complexes. The presences of RF in serum can cause falsely elevated
analyte levels in troponin assays (Fitzmaurice et al., 1998), thyroid function tests (Martel et
al., 2000), tumour marker assays (Berth et al., 2006) and falsely detected HCV-specific IgM
(Stevenson et al., 1996).

In two-site IMA’s, heterophilic antibodies can bridge two assay antibodies together and
falsely elevates the patient value by producing an assay signal (Boscato & Stuart, 1986).
Assays using either polyclonal or monoclonal antibodies can be affected. The same
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heterophilic may react differently for different antibody combinations hence causing rise in
one assay but a lower result in another assay. The presence of excess non-human
immunoglobulin in the assay buffers reduces the possibility of the interfering substances
binding to the capture and detection antibody by binding instead to the interfering
immunoglobulin. Although manufacturers routinely add blocking agents to their assay
formulations, not all heterophilic interference can be blocked by non-immune globulin,
including pooled globulin from several species as heterophilic antibodies may show
reactivity to idiotypes that are not present in the blocking reagent. Both IgG and IgM
heterophilic antibodies are reported to occur (Covinsky et al., 2000).

5.2 Human anti-animal antibodies

Human anti-animal antibodies (HAAA) are high-affinity, specific polyclonal antibodies
generated after contact with animal immunoglobulin. They show strong binding and are
produced in a high titer. HAAAs can be of the IgG, IgA, IgM, or rarely, the IgE class
(Kricka, 1999). They compete with the test antigen by cross-reacting with reagent antibody
of the same species to produce a false signal. The most common HAAAs are human anti-
mouse antibodies (HAMA), but also antibodies to rat, rabbit, goat, sheep, cow, pig, horse
may occur (Selby, 1999). HAMA is especially prevalent in serum of animal workers and in
patients on mouse monoclonal antibody for therapy or imaging.

Interfering, endogenous antibodies should be called specific HAAAs when there is a history
of medical treatment with animal immunoglobulin and immunoglobulin from the same
species used in the immunoassay (Kaplan & Levinson, 1999). The nomenclature becomes
confusing where the immunogen is not known and a heterophilic antibody is recognized in
mouse or other animal-specific immunoassays.

HAMA interference has been reported for numerous analytes including cardiac markers
assays (White & Tideman, 2002), thyroid function tests (Frost et al, 1998), drugs and tumour
markers (Boerman et al., 1990). Two-site (sandwich) immunoassays are more prone to
interference from antibodies to animal IgG in serum and may cross-react with reagent
antibodies especially from the same species. HAMAs interfere by bridging between the
immunoglobulin capture and the immunoglobulin detection antibodies resulting in false-
positive results. False negative results due to HAMA interference are also possible in two-
site assays, when the HAMA reacts with one of the antibodies preventing reaction with the
analyte (Kricka, 1999). Methods that use only one mouse monoclonal in IMA assays are less
prone to interference from HAMA.

5.3 High-dose hook effect

The hook effect is based on the saturation curve of antibody with antigen (Figure 2). It is
caused by excessively high concentrations of analyte simultaneously saturating both capture
and detector antibodies. The high-dose hook effect occurs mostly (but not exclusively) in
one-step immunometric (sandwich) assays, giving a decrease in signal at very high
concentration of analyte (Fernando & Wilson, 1992). In immunoassays with very large
analyte concentration ranges (ferritin, growth hormone, hCG, PRL, Tg, tumor markers PSA,
CA19.9, CA125); antigen-antibody reactions can go into antigen excess and result in falsely
decreased results and potential misdiagnosis. In one step two-site immunoassays where
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capture and detection antibody are added simultaneously, free analyte and analyte bound to
the labeled antibody compete for the limited number of antibody-binding sites of the
detector and in the presence of very high analyte concentration will decrease in stead of
increase label bound to the solid phase. High-dose hook effect can be avoided by increasing
the quantity of the reagent antibodies and by reducing the amount sample required for
analysis or by sample dilution (Cole, 2001). Careful assay design is necessary to ensure that
the concentrations of both capture and detector antibodies are sufficiently high to cope with
levels of analytes over the entire pathological range. It is common practice to re-assay
samples at several dilutions as a check on the validity of the result (Davies, 2005).
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Fig. 2. High-dose hook effect in Elecsys hCG+p assay - an excessive amount of hCG
overwhelms the binding capacity of the capture antibody. This results in an inappropriately
low signal that causes an erroneous “hooked” result (6200 IU/L) for a patient with an
excessively elevated serum hCG+ [ concentration of 1 030 000 IU/L.

5.4 Other proteins

Interfering proteins of general relevance include albumin, complement, lysozyme, fibrinogen
and paraprotein (Tate & Ward, 2004). They can affect antibody binding and can cause
interference in immunoassays. Albumin may interfere as a result of its high concentration and
its ability to bind or release large proportions of ligand. Complement binds to the Fc fragment
of immunoglobulins and can block the analyte-specific binding sites of antibodies (Weber et
al., 1990). Lysozyme can form a bridge between the solid-phase IgG and the detector antibody
(Selby, 1999). IgG kappa paraprotein can bind to a TSH assay antibody and sterically block the
binding of TSH and lead to falsely lowered TSH values (Luzzi et al., 2003).

6. Interference with detection systems

Occasionally, some samples contain compounds that artificially increase or decrease the
magnitude of the response, without affecting antigen-antibody binding.
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6.1 Endogenous signal-generating substances

The presence of endogenous signal-generating substances can interfere in the signal
detection of an immunoassay. Diagnostic or therapeutic administration of radioisotopes can
be carried over to the final counting tube, altering radioimmunoassay results. Endogenous
europium can interfere in time-resolved fluorescence. With fluorescent immunoassays,
interference can result from endogenous fluorescent substances, fluorescent drugs or
fluorescein administration for the performance of retinal angiography (Davies, 2005).

6.2 Enzyme inhibitors/activators

In enzyme-labelled immunoassays, the presence of inhibitors or activators of the detection
enzyme in the sample may alter the signal and thereby the immunoassay results. Enzyme
inhibitors can be chemical or immunological. Antibodies that cross react with horse-radish
peroxidase or alkaline phosphatase have been described. Azide present as preservative in
some control sera may lead to suppression of enzyme activity in assays using peroxidase as
label. Samples collected into tubes containing sodium fluoride may be unsuitable for some
enzymatic immunoassay methods due to inhibition of the enzyme activity by fluoride
(Davies, 2005).

6.3 Enzyme catalysts or cofactors

Enzyme-immunoassays can be affected by enzyme catalysts or cofactors, for example Cu2*
contamination promoting luminol chemiluminescence in the presence of HO5.

Some label interferences can be resolved by utilising a heterogeneous assay format, a pre-
treatment step, screening specimens for endogenous radioactivity before assay, use of non-
isotopic labels/methods or diluting the sample so that the interfering substance is also
diluted. These interferences can also selectively be depressed by adding suitable blocking
agents (Davies, 2005).

7. Incidence of immunoassay interference

The prevalence of interference in modern immunoassays is low, but variable and dependent
on the type of antibody interference. Heterophilic antibody and HAMA interference can
vary from 0.05% to 6% depending upon the method of detection (Bjerner et al., 2002). Non-
analyte antibody binding substances have been detected in proximally 40% of serum
samples using a modified immunometric assay, termed an “interference assay” and they
caused 15% interference in non-blocked assays (Boscato & Stuart, 1986). Ward et al.
identified 7 out of 21,000 samples from a hospital population with heterophilic interference
and HAMA, the interference being as low as 0.03% in blocked IMAs. However, the addition
of blocking reagent does not guarantee the complete elimination of interference (Ward et al.,
1997).

The extent of affected immunoassays was highlighted in a multicenter survey of erroneous
immunoassay results from assays of 74 analytes in 10 donors conducted by 66 laboratories
in seven countries (Marks, 2002). Approximately 6% of analytes gave falsely elevated results
with the potential for incorrect clinical interpretation. Of these analytes, 1.8% (n=65) of
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results involving 13 analytes were determined to be heterophilic false-positive while another
4.2% (n=146) of results involving 17 analytes gave false-positives of uncertain etiology that
were not restored to within the reference interval by addition of heterophilic blocking
reagent. The blood was obtained from donors with RF-positive illnesses, multiple sclerosis,
or lupus, and had detectable RF (31 to >1000 kIU/L) and/or HAMA (3-589 pg/L). Blood
from nine of the ten donors resulted in false-positive results of uncertain etiology for six of
seven estradiol assay systems (58% of analyses performed) and for two of eight cortisol
systems (20% of analyses). For blood from one donor, eight of eleven FSH and LH assay
systems reported false-lowered results. The highest percentage of heterophilic false-positive
results in this survey occurred for myoglobin (48% of analyses performed in two of seven
tested assay systems). From the available evidence, Levinson & Miller assumed that the
amount of interference identified with modern blocked two-site immunoassays is very low,
in the order of 10 per 20000 samples assayed (Levinson & Miller, 2002).

8. Techniques to minimise antibody interferences in immunoassay

Methods for the reduction of heterophilic and anti-animal interference in immunoassays
are summarized in Table 1 (Selby, 1999; Tate & Wald, 2004). These include ways to
remove or block the interfering antibody (Kricka, 1999). Prior extraction of the analyte
from the sample can remove the interference. Gel chromatography can be effective to
remove interferants. Immunoextraction using murine monoclonal antibody or protein G
immobilized on Sepharose beads has been effectively used to remove HAMA
interferences. Anti-animal interference can also be removed by precipitation with
polyethylene (PEG) 6000 (Ismail, 2005). Heat treatment (70-90°C) of samples is of limited
utility because few analytes are heat-stable and thus do not survive these antibody-
denaturing conditions.

Addition of low concentrations of serum or immunoglobulin from the same species as the
antibody reagents in the reaction mixture can prevent interference in some samples by
neutralizing or inhibiting the interference. The blocking agent can be included in the assay
diluent or the sample can be pre-treated before assay. Non-immune serum, polyclonal IgG,
polymerized IgG, non-immune mouse monoclonal, or fragments of IgG (Fc, Fab, F(ab’)z)
from the same species used to raise the reagent antibodies, are commonly used as blocking
agents. However, in some cases addition of one or more of these blocking agents in
immunoassay reagents is either insufficient or not successful in preventing interference.
Determination of the exact amount of blocker sufficient to eliminate interference in all
patient samples is difficult to determine in practice as the immune response to interfering
antibodies is highly variable between individuals. The effectiveness of the added blocking
agent depends on the species and subclass of the blocker (Selby,1999; Kricka, 1999; Tate &
Ward, 2004). Several blocking reagents are available commercially: Heterophilic Blocking
Reagent (HBR; Scantibodies), Immunoglobulin Inhibiting Reagent (IIR; Bioreclamation),
Heteroblock (Omega Biologicals), MAB33 and Poly MAB 33 (Roche Diagnostics).

Another solution for the problem of human-animal antibody interferences is the use of Fab
or F(ab’); fragments instead of the intact immunoglobulin as capture or detector antibodies
in two-site assay, eliminating the interference of HAAAs with specificity for the Fc portion
of an IgG antibody. Another strategy is to use chimeric antibodies. These chimeric antibodies
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are human antibodies where the variable regions are replaced with the corresponding part of a
non-human antibody (mouse or rat). Interferences by anti-mouse or other animal antibodies
are eliminated (Kricka, 1999). The latter are now used in some Roche immunoassays (Elecsys
TSH, CEA, Troponin T) either as capture or detector antibody.

Removal of interfering antibody

e  Extraction of analyte from sample

¢ Immunoextraction by addition of murine or other animal species serum
immobilized onto Sepharose beads or immobilized Protein A suspension

e Polyethyleen glycol precipitation (PEG 6000)
¢ Heating to 70-90°C for heat-stable analytes

Addition of blocking agent from the same species as the antibody reagents

e  The inclusion of one or more blocking agents in manufacturers” immunoassay
reagent may be insufficient to overcome the interference

¢ Non-immune serum, species-specific polyclonal IgG, anti-human IgG or
polymerized mouse IgG

e  Non-immune mouse monoclonals

e Species-specific fragments of IgG (Fc, Fab)

¢  Heterophilic blocking reagents (HBR), immunoglobulin inhibiting reagent (IIR),
and antibody blocking tubes

Assay redesign
e Use of Fab or F(ab’)2 fragments

e  Use of chimeric monoclonal antibodies

Table 1. Methods for reduction of interference from heterophilic antibodies and human anti-
animal antibodies (Selby, 1999; Tate & Wald, 2004)

9. Testing for interferences in samples suspected of interference

Immunoassay results on samples suspected of interference can be checked by different
procedures (Table 2). These include repeat analysis of the sample using a different
immunoassay platform that, if possible, employs antibodies that are raised to a different
species and normally gives agreement between methods. If HAMA interference is suspected,
the alternate assays should not use monoclonal mouse antibodies because the assay may also
be inaccurate. If a significantly different result is detected between methods there is a
likelihood of interference. However, agreement between methods does not necessarily exclude
interference nor does disagreement, if methods lack standardization and clinical decision
limits differ (Tate & Wald, 2004). The false assumption that a result is correct because a
majority of immunoassay methods give similar results was shown in the multicentre study by
Marks in which nine of eleven LH and FSH methods were in agreement but gave falsely low
results for a 72-year old postmenopausal woman who was positive for RF (Marks, 2002).
Reanalysis using alternative technology such as liquid chromatography or tandem mass
spectrometry should be considered if available (Ismael, 2009; Hoofnagle & Wener, 2009).
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Another procedure for detecting and identifying a suspected interfering antibody is the use
of commercially available blocking antibodies (Emerson et al., 2003). Statistically discrepant
results before and after incubation with blocking agent would be indicative of interference.
A difference between initial and treated value of 3 to 5 standard deviation (SD) suggest
possible heterophilic interference, >5 SD indicates definite heterophilic interference
(Preissner et al., 2005). However, 20-30% of samples with interfering antibodies may yield
similar results after treatment with the blocking antibodies (Ismael, 2009).

Another test is making serial dilutions of the sample using manufacturer’s diluent, provided
that it contains non-immune globulin (Ismail, 2007). This could identify about 60% of
samples with interference in which linearity and parallelism are lacking.

Using these three tests could identify interference in almost 90% of suspected samples (Ismail,
2009).

Repeat analysis with an alternate immunoassay that preferably uses antibody raised to a
different species or using alternative technology such as liquid chromatography or tandem
mass spectrometry

Measurement before and after addition of a blocking reagent

Measurement of dilutions of the sample with the manufacturer’s diluent containing non-
immune globulins

Sample pre-treatment e.g. PEG precipitation in Prolactin measurement

Table 2. Methods for testing of interference in suspected samples (Tate & Wald, 2004)

10. Conclusions

Interference in immunoassays from endogenous antibodies is still a major unresolved and
underestimated analytical problem, which can have important clinical consequences. There
is no single procedure that can rule out all interferences. It is important to recognize the
potential for interference in immunoassay and to put procedures in place to identify them
wherever possible. Most important is a consideration of the clinical picture. If there is any
suspicion of discordance between the clinical and the laboratory data an attempt should be
made to reconcile the difference. The detection of interference may require the use of
another method, or measurement before and after treatment with additional blocking agent,
or following dilution of the sample in non-immune serum. If testing is inconclusive and the
interference cannot be identified, the analyte concentration should not be reported and
laboratory report should indicate there is a discrepancy for that analyte due to some
technical inaccuracy and suggest the test to be repeated using another sample.

Interference in immunoassay is one factor that contributes to the uncertainty of medical
testing. Laboratories should be aware of the potential for interference in all immunoassays
and how artefactual results may cause misinterpretation and a subsequent erroneous
diagnosis and unwarranted treatment. The recognition of such aberrant test results requires
constant surveillance of both laboratory and clinician. Since these interferences are relative
uncommon, clinicians need to be aware of them and alert to the mismatch of clinical and
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biological data. Dialogue between the clinician and the clinical laboratory over unexpected
immunoassay test results can avoid inappropriate clinical intervention based on abnormal
test results.

11. References

Armbruster, D.A. & Alexander, D.B. (2006). Sample to sample carryover: a source of
analytical laboratory error and its relevance to integrated clinical
chemistry/immunoassay systems. Clin Chim Acta, Vol.373, pp. 37-43

Berth, M.; Bosmans, E.; Everaert, ].; Dierick, J.; Schiettecatte, J.; Anckaert, E. & Delanghe, J.
(2006). Rheumatoid factor interference in the determination of carbohydrate
antigen 19-9 (CA19-9). Clin Chem Lab Med, Vol.44, pp. 1137-1139

Berthod, C.; Rey, F. (1988). Enormous cross-reactivity of hydrocortisone hemisuccinate in
the RIANEN RIA kit for cortisol determination. Clin Chem, Vol.34, pp. 1358

Bjerner, J.; Nustad, K.; Norum, L.F.; Hauge Olsen, K.; Bormer, O.P. (2002). Immunometric
assay interference: incidence and prevention. Clin Chem, 2002, Vol.48, pp. 613-621

Boerman, O.C.; Segers, M.F.G.; Poels, L.G.; Kenemans, P.; Thomas, C.M.G. (1990).
Heterophilic antibodies in human sera causing falsely increased results in the CA
125 immunofluorometric assay. Clin Chem, Vol.36,pp. 888-891

Boscato, L.M.; Stuart, M.C. (1986). Incidence and specificity of interference in two-site
immunoassays. Clin Chem, Vol.32, pp. 1491-1495

Chang, C.Y. ; Lu, J.Y. ; Chien, T.I. ; Kao, J.T. ; Lin, M.C. ; Shih, P.C. & Yan, S.N. (2003).
Interference caused by the contents of serum separator tubes in the Vitros CRP
assay. Ann Clin Biochem, Vol .40, pp. 249-251

Cole, L.A.; Rinne, K.M.; Shahabi, S. & Omrani, A. (1999). False-positive hCG assay results
leading to unnecessary surgery and chemotherapy and needless occurrences of
diabetes and coma. Clin Chem, Vol.45, pp. 313-314

Cole, L.A.; Shahabi, S.; Butler, S.A.; Mitchell, H.; Newlands, E.S.; Behrman, H.R. & Verrill,
H.L. (2001). Utility of commonly used commercial human chorionic gonadotropin
immunoassays in the diagnosis and management of trophoblastic diseases. Clin
Chem, Vol.47, pp. 308-315

Covinsky, M.; Laterza, O.; Pfeifer, ].D.; Farkas-Szallasi; T. & Scott M.G. (2000). An IgM A
antibody to Escherichia coli produces false-positive results in multiple
immunometric assays. Clin Chem, Vol.46, pp. 1157-1161

Dasgupta, A. (2006). Therapeutic drug monitoring of digoxin: impact of endogenous and
exogenous digoxin-like immunoreactive substances. Toxicol Rev, Vol.25, pp. 273-
281

Davies, C. (2005). Concepts in The Immunoassay Handbook. 3nd edition, Elsevier Ltd., ISBN 0
08 044526 8, United Kingdom

De Schepper, J.; Schiettecatte, J.; Velkeniers; B.; Blumenfeld, Z.; Steinberg; M.; Devroey, P.;
Anckaert, E.; Smitz, ].; Verdood, P.; Hooghe, R. & Hooghe-Peters, E. (2003). Clinical
and biological characterization of macroprolactinemia with and without prolactin-
IgG complexes. Eur | Endocrinol, Vol.149, pp. 201-207



Interferences in Immunoassays 59

Després, N. & Grant, A.M. (1998). Antibody interference in thyroid assays: a potential for
clinical misinformation. Clin Chem, Vol.44, pp. 440-454

Dodig, S. (2009). Interferences in quantitative immunochemical methods. Biochemia Medica,
Vol.19, pp. 50-62

Emerson, J.F.; Ngo, G. & Emerson, S.S. (2003). Screening for interference in immunoassays.
Clin Chem , Vol.49, pp. 1163-1169

Evans, M.J.; Livesey, J.H.; Ellis, M.]. & Yandle, T.G. (2001) Effect of anticoagulants and
storage temperatures on stability of plasma and serum hormones. Clin Biochem. ,
Vol.34, pp. 107-112

Ellis, M.].; Livesey, ].H. & Evans, M.]. (2003). Hormone stability in human whole blood. Clin
Biochem., Vol.36, pp. 109-12

Fahie-Wilson, M.N. & Soule, S.G. (1997). Macroprolactinaemia: contribution to
hyperprolactinaemia in a district general hospital and evaluation of a screening test
based on precipitation with polyethylene glycol. Ann Clin Biochem, Vol.34:252-258

Fahie-Wilson, M.N. & Ahlquist, J.A. (2003). Hyperprolactinaemia due to macroprolactins:
some progress but still a problem. Clin Endocrinol., Vol.58:683-685

Fernando, S.A. & Wilson, G.S. (1992). Studies on the hook effect in the one-step
immunoassay. | Immunol Methods, Vol.151, pp 47-66

Fitzmaurice, T.F.; Brown, C.; Rifai, N.; Wu, A H.B. & Yeo, K.T.J. (1998). False increase of
cardiac Tropinin I with heterophilic antibodies. Clin Chem, Vol.44, pp. 2212-2213

Frost, S.J.; Hine, K.R; Firth, G.B. & Wheatley, T. (1998). Falsely lowered FT4 and raised TSH
concentrations in a patient with hyperthyroidism and human anti-mouse
monoclonal antibodies. Ann Clin Biochem, Vol.35, pp. 317-320

Glendenning, P.; Musk, A.A.; Taranto, M. & Vasikaran, S.D. (2002). Preanalytical factors in
the measurement of intact parathyroid hormone with the DPC IMMULITE assay.
Clin Chem, Vol.48, pp. 566-567

Hoofnagle, A.N. & Wener M.H. (2009) The fundamental Flaws of Immunoassays and the
Potential solutions Using Tandem Mass spectrometry. | Immunol Methods, Vol.347,
pp. 3-11

Hursting, M.].; Raisys, V.A. & Opheim, K.E. (1987) Drug-specific Fab therapy in drug
overdose. Arch Pathol Lab Med, Vol.111, pp. 693-697

Ismail, A.A.A. & Barth, J.H. (2001). Wrong biochemistry results. Br Med ], Vol 323, pp. 705-
706

Ismail A.A.A; Walker, P.L.; Cawood, M.L. & Barth, JH. (2002). Interference in immunoassay
is an underestimated problem. Ann Clin Biochem, Vol.39, pp. 366-373

Ismail A.A.A.; Walker, P.L.; Barth, ].H.; Lewandowski, K.C.; Jones, R. & Burr, W.A. (2002)
Wrong biochemistry Results: Two Case Reports and Observational Study in 5310
Patients on Potentially Misleading Thyroid-stimulating Hormone and
Gonadotropin Immunoassay Results. Clin Chem, Vol.48, pp. 2023-2029

Ismail, A.A.A. (2005). A radical approach is needed to eliminate interference from
endogenous antibodies in immunoassays. Clin Chem, Vol.51, pp. 25-26

Ismail, A.A.A. (2007). On detecting interference from endogenous antibodies in
immunoassays by doubling dilutions test. Clin Chem Lab Med, Vol.45, pp. 851-854



60 Advances in Immunoassay Technology

Ismail, A.A.A. (2009). Interference from endogenous antibodies in automated
immunoassays: what laboratorians need to know. | Clin Pathol, Vol.62, pp. 673-679

Kaplan, I.V. & Levinson, S.S. (1999). When is a heterophile antibody not a heterophile
antibody? When it is an antibody against a specific immunogen. Clin Chem, Vol.45,
pp. 616-618

Kricka, L.J. (1999). Human anti-animal antibody interferences in immunological assays. Clin
Chem, Vol.45, pp. 942-956

Kricka, L.J. (2000) Interferences in immunoassays - still a threat. Clin Chem, Vol.46, pp 1037-
1038

Kroll, M.H. & Elin, RJ. (1994). Interference with clinical laboratory analyses. Clin Chem,
Vol.40, pp. 1996-2005

Kuwahara, A.; Kamada, M.; Irahara, M., Naka, O.; Yamashita, T. & Aono, T. (1998).
Autoantibody against testosterone in a woman with hypergonadotropic
hypogonadism. | Clin Endocrinol Metab, Vol.83, pp. 14-16

Lai, ].K.; Lucas, R.M.; Clements, M.S.; Harrison, S.L. & Banks E. (2010). Assessing vitamin D
status: pitfalls for the unwary. Mol Nutr Food Res, Vol.54, pp. 1062-1071

Levinson, S.S. & Miller, ].J. (2002). Towards a better understanding of heterophile (and the
like) antibody interference with modern immunoassays. Clin Chim Acta, Vol.325,
pp- 1-15

Lewis J.H.; Dusci L.; Hackett P.; Potter J.M. (1998). Drugs of abuse: analytical and clinical
perspective in the 1990s. Clin Biochem Rev, Vol. 19, pp. 18-52

Luzzi, V.I; Scott, M.G. & Gronowski A.M. (2003). Negative thyrotropin assay interference
associated with an IgGk paraprotein. Clin Chem, Vol.49, pp.709-710

Marks, V. (2002). False-positive immunoassay results: a multicenter survey of erroneous
immunoassay results from assays of 74 analytes in 10 donors from 66 laboratories
in seven countries. Clin Chem, Vol.48, pp. 2008-2016

Martel, J. ; Després, N. ; Ahnadi, C.E. ; Lachance, ].F. ; Monticello, J.E. ; Fink, G. ; Ardemagni,
A. ; Banfi, G. ; Tovey, ]. ; Dykes, P. ; John, R. ; Jeffery, J. & Grant, A.M. (2000).
Comparative multicentre study of a panel of thyroid tests using different
automated immunoassay platforms and specimens at high risk of antibody
interference. Clin Chem Lab Med, Vol.38, pp. 785-793

Masters, A.M. & Hahnel, R. (1989). Investigation of sex-hormone binding globulin
interference in direct radioimmunoassays for testosterone and estradiol. Clin Chem,
Vol.35, pp. 979-984

Mendel, C.M.; Frost, P.H.; Kunitake, S.T. & Cavalieri, R.R. (1987). Mechanism of the heparin-
induced increase in the concentration of free thyroxine in plasma. | Clin Endocrinol
Metab., Vol.65, pp. 1259-1264

Nelson, J.C. & Wilcox, R.B. (1996). Analytical performance of free and total thyroxine assays.
Clin Chem, Vol.42, pp. 146-154

Preissner, C.M.; O'Kane, D.J.; Singh, R.J.; Morris, ].C. & Grebe, S.K.G. (2003). Phantoms in
the assay tube: heterophile antibody interferences in serum thyroglobulin assays. |
Clin Endocrinol Metab, Vol.88, pp. 3069-3074



Interferences in Immunoassays 61

Rotmensch, S. & Cole, L.A. (2000). False diagnosis and needless therapy of presumed
malignant disease in women with false-positive human chorionic gonadotropin
concentrations. Lancet, Vol.355, pp. 712-715

Sapin, R. (1997). Anti-insulin antibodies in insulin immunometric assays: a still possible
pitfall. Eur | Clin Chem Clin Biochem, Vol.35, pp. 365-367

Schiettecatte, J.; De Schepper, ]J.; Velkeniers, B.; Smitz, J. & Van Steirteghem A. (2001). A
rapid detection of macroprolactin in the form of prolactin-immunoglobulin G
complexes by immunoprecipitation with anti-human IgG-agarose. Clin Chem Lab
Med, Vol.39, pp. 1244-1248

Schiettecatte, J.; Van Opdenbosch, A.; Anckaert, E.; De Schepper, J.; Poppe, K.; Velkeniers, B.
& Smitz, J. (2005). Immunoprecipitation for rapid detection of macroprolactin in the
form of prolactin-immunoglobulin complexes. Clin Chem, Vol.51, pp. 1746-1748.

Selby, C. (1999). Interference in immunoassay. Ann Clin Biochem, Vol.36, pp. 704-721

Slaats, E.-H.; Kennedy, J.C. & Kruijswijk, H. (1987). Interference of sex-hormone binding
globulin in the "Coat-A-Count" testosterone no-extraction radioimmunoassay. Clin
Chem, Vol.33, pp. 300-302

Smith, T.P.; Suliman, A.M.; Fahie-Wilson, M.N. & McKenna, T.J. (2002). Gross variability in
the detection of prolactin in sera containing big big prolactin (macroprolactin) by
commercial immunoassays. | Clin Endocrinol Metab, Vol.87, pp. 5410-5425

Spencer, C.A.; Takeuchi, M.; Kazarosyan, M.; Kazarosyan, M.; Wang, C.C.; Guttler, B,;
Singer, P.A.; Fatemi, S.; LoPresti, J.S. & Nicoloff J.T. (1998). Serum thyroglobulin
autoantibodies: prevalence, influence on serum thyroglobulin measurement, and
prognostic significance in patients with differentiated thyroid carcinoma. | Clin
Endocrinol Metab, Vol.83, pp. 1121-1127

Steimer, W. (1999). Performance and specificity of monoclonal immunoassays for
cyclosporine monitoring: how specific is specific? Clin Chem., Vol.45, pp. 371-381

Stevenson, D.L.; Harris, A.G.; Neal, K.R,, Irving, W.L. (1996). on behalf of Trent HCV Study
Group. The presence of rheumatoid factor in sera from anti-HCV positive blood
donors interferes with the detection of HCV-specific IgM. | Hepatol, Vol XX, pp.
621-626

Symons R.G. (1989).Interference with the laboratory assessment of thyroid function. Clin
Biochem Rev, Vol. 10, pp. 44-49

Tate, J. & Ward, G. (2004). Interferences in Immunoassay. Clin Biochem Rev, Vol.25, pp. 105-
120

Thomas, CM.G.; Segers M.F.G. (1985). Discordant results for goriogonadotropin: a problem
caused by lutropin B-subunit interference? Clin Chem, Vol.31:159

Vanbesien, J.; Schiettecatte, J.; Anckaert, E.; Smitz, J.; Velkeniers, B. & De Schepper, J. (2002).
Circulating anti-prolactin auto-antibodies must be considered in the differential
diagnosis of hyperprolactinaemia in adolescents. Eur | Pediatr, Vol.161, pp 373-376

Valdes Jr, R. & Jortani, S.A. (2002). Unexpected suppression of immunoassay results by
cross-reactivity: now a demonstrated cause for concern. Clin Chem, Vol.48, pp. 405-
406

Ward, G.; McKinnon, L.; Badrick, T. & Hickman, P.E. (1997). Heterophilic antibodies remain
a problem for the immunoassay laboratory. Am | Clin Pathol, Vol.108, pp. 417-21



62 Advances in Immunoassay Technology

Weber, T.H.; Kipyaho, K.I. & Tanner, P. (1990). Endogenous interference in immunoassays
in clinical chemistry. A review. Scand | Clin Lab Invest, Vol.50 (Suppl 201), pp. 77-82

Wickus, G.G; Mordan, RJ. & Mathews, E.A. (1992). Interference in the Allégro
immunoassay system when blood is collected in silicone-coated tubes. Clin Chem,
Vol.38, pp. 2347-2348

Wilde, C. (2005). Subject preparation, sample collection and handling in The Immunoassay
Handbook. 3nd edition, Elsevier Ltd., ISBN 0 08 044526 8, United Kingdom

White, G.H. & Tideman, P.A. (2002). Heterophilic antibody interference with CARDIAC T
quantitative rapid assay. Clin Chem, Vol.48, pp. 201-203



Part 2

Label-Free Technologies






4

Fundamentals and Applications
of Immunosensors

Carlos Moina and Gabriel Ybarra
Instituto Nacional de Tecnologia Industrial,
Argentine Republic

1. Introduction

Immunosensors are compact analytical devices in which the event of formation of antigen-
antibody complexes is detected and converted, by means of a transducer, to an electrical
signal, which can be processed, recorded and displayed. Different transducing mechanisms
are employed in immunological biosensors, based on signal generation (such as an
electrochemical or optical signal) or properties changes (such as mass changes) following the
formation of antigen-antibody complexes. In this chapter, the basics of immunosensors are
presented focused on the different transduction techniques used in immunosensing.

2. The concept of biosensor: a convergence of biology, physical chemistry,
and electronics

Most clinical analysis are carried out by specialized staff in laboratories employing desk-top
instruments, thus assuring the highest possible confidence in the obtained results. However,
there are many cases in which a critical clinical analysis cannot be performed in those
optimal conditions because of the lack of trained analysts or the required facilities, as is
often the case in underdeveloped or isolated areas. In those cases, biosensors, which are
compact analytical devices for the detection of specific analytes, can be the only option to
make a trustworthy medical diagnosis. Especially immunosensors, a type of biosensors
aimed at the detection of the presence of specific antibodies or antigens, are particularly
important for the diagnosis of diseases in remote environments, where carrying out
immunoassays such as ELISA (Enzyme-Linked Immunosorbent Assay) is not an option. The
advantages of point of care (POC) testing versus laboratory testing can be summarized in
the diagram introduced by von Lode (Fig. 1).

Although the possibility of carrying out in situ or point of care diagnosis with a minimum
required training is a major reason for the development of biosensors in general and
immunosensors in particular, there are many other reasons. For instance, fast, non-
expensive, multiple assays can ideally be performed with immunosensors and could be of
help in epidemics to make proper diagnosis and follow the epidemic spreading.

In the rest of the chapter, we will present the basics of different types of immunosensors. We
will begin considering the general outline of biosensors, which compromise three main
components: a sensitive biological element, a transducer, and a signal processor. These three
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Fig. 1. Process of clinical testing in outpatient situations using central laboratory versus POC
testing methods. The processes are shown in a simplified format and may sometimes
contain additional steps (adapted from von Lode, 2005).

elements work together in integrated fashion as schematically shown in Fig. 2. The sensitive
biological elements are usually biological materials such as enzymes, antibodies, cell
receptors, nucleic acids, or microorganisms, although artificial biomimetic materials can also
be employed. The sensitive biological element in the biosensors specifically recognizes the
analyte in the sample generally via the formation of lock-and-key complexes: enzyme-
substrate, antigen-antibody, and so on. The formed complex generates chemical signals or
produces property changes, which are converted into an electrical signal by means of a
transducer. There are several types of transducers and will be discussed with some detail in
the rest of the chapter, the main ones being optical, electrochemical, and piezoelectric.

Electroactive
Interaction species
with a

Electrochemical
£l ’ Electronic
5 - i ectrica i

biological Ontical signal Optical 5 processing
sensitive 2 J Sizal and display
element

Mass change Piezoelectrical

Fig. 2. Scheme of the basic integrated units that conform a biosensor.

Immunosensors make use of specific interactions between an antibody and an antigen.
Antibodies are proteins generated by the immune system to identify bacteria, viruses, and
parasites. The affinity between antibodies and antigens is very strong but of non-covalent
nature. The development of sensitive and stable biological recognition elements is a key task
in biosensors (Hock, 1997). However, biosensors, as a consequence of being highly
integrated compact devices, are at a crossroad of different fields of knowledge. Biology and
biotechnology are behind the key component of biosensors, as the sensitive biological
elements provide the necessary specificity for the test. The generation of an electrical signal
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following the event of biological recognition involves the mastering of the transducing
components, a field associated with chemical physics. Additionally, all these processes must
be carried out at a small scale, with samples volumes in the order of microlitres, which
requires the use of microfabricated structures and microelectronic circuits. Finally, biosensors
can profit from the benefits of nanomaterials and nanostructures, such as large area to volume
ratio, superparamagnetism, and surface enhanced resonance spectroscopy among many
others, so nanotechnology has an increasing participation in the development of biosensors.
Therefore, the biosensors field is by no means an exclusively biological field, but a truly
multidisciplinary one.

3. Recognition and transducing in immunological biosensors

While biosensors can be used to detect many different analytes (not necessarily of biological
nature as long as they interact specifically with the sensitive biological element),
immunosensors are aimed mainly to the detection of the presence of certain antibodies or
antigens in body fluids, especially in serum, although there is also a significant concern in
the development of immunosensors employing antibodies for the detection of different
analytes in diverse media, e.g. the quantification of TNT in groundwater via the formation
of antibody-TNT complexes (Bromage et al.,, 2007). Therefore, the sensitive biological
elements in immunosensors are antigens and antibodies (although in this chapter we will
also include aptamers, which are single-stranded DNA molecules that work in fact as
artificial antibodies forming aptamer-analyte complexes). Immunosensors can be designed
for the detection of either antibodies or antigens; however, the detection of antibodies is
preferred because the use of antibodies as sensitive biological elements may lead to a loss of
affinity as a consequence of the immobilization of the antibodies onto a surface. Due to the
high stability of the antigen-antibody complex once it is formed and the fact that the
biological sensitive element is usually immobilized onto the surface of the transducer, most
immunosensors are single use. Because some transducers are costly, there is a great concern
in the regeneration of immunosensors, mainly by washing with an appropriate solution of
high ionic strength or low pH.

Signal transducing in immunosensors can be carried out by different means, taking
advantage of different properties changes or signal generation, which occurs following the
formation of antigen-antibody complex. Although there are many kinds of transducers, this
chapter is concerned with biosensors where the transducing mechanisms are related to the
measurement of electrons, photons, and masses. Other mechanisms of transduction include
thermal changes and pH variation. Therefore, the main transducers employed in
immunosensors that this chapter will deal can be summarized as follows:

o Electrochemical transducers. In this case, an electrical signal is measured, which shows
significant differences in magnitude if antigen-antibody complex are formed. The main
electrochemical transducers are amperometric (measuring of current), potentiometric
(measuring of electrode potential or voltage differences) and conductimetric (measuring
of conductivity or resistance).

e Optical transducers. In this case, either an optical signal is generated (e.g. color or
fluorescence) or a change in the optical properties of the surroundings following the
antigen-antibody complex formation is measured.
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o Piezoelectric transducers. The formation of antigen-antibody complexes implies an
increase of mass as compared with the antigen or the antibody alone that is detected
with piezoelectric devices, such as a quartz crystal balance or a cantilever.

In the following sections, these transducing mechanisms will be reviewed with selected
examples from the literature.

4. Electrochemical immunosensors

In electrochemical immunosensors, the event of the formation of antigen-antibody complex
is converted into an electrical signal: an electric current (amperometric immunosensors), a
voltage difference (potentiometric immunosensors), or a resistivity change (conductimetric
immunosensors).

The most common type of amperometric immunosensors can be regarded as ELISA tests
with electrochemical detection, where redox species generated by a redox enzyme
(enzymatic label) are converted into a measurable current. The aim of the test is to detect the
presence of antibodies in serum via the formation of antigen-antibody complexes. An usual
strategy is to immobilize the antigen onto the surface of a conductive electrode such as gold
through adequate molecular linkers, for instance amino or carboxylic acid thiols. Thiols
strongly bond to the gold surface, forming a self-assembled monolayer and providing the
amino or carboxylic groups at the end of a small hydrocarbonated chain to which proteins
can be covalently bonded. During an incubation time (typically from 30 to 60 minutes) with
a positive serum, antigen-antibody complexes are formed. After rinsing, a second incubation
is carried out with a solution containing anti-human Ig antibodies labeled with a redox
enzyme, such as horseradish peroxidase (HRP). The formation of the antigen-antibody-
labeled antibody complex is detected after the addition of the enzyme substrate and a
proper redox mediator (cofactor). In the case of HRP, the substrate is hydrogen peroxidase
and the redox mediator must be an adequate electron donor (a reduced species such as
hydroquinone). HRP enzymatic activity converts the reduced redox mediator
(hydroquinone) into an oxidized one (benzoquinone), which is further electrochemically
reduced at the electrode surface. Thus, a steady-state current is established in a process
schematically shown in Fig. 3. For negative sera, no antigen-antibody-enzyme labeled
antibody complexes are formed in the first place so that the measured current values are
considerably lower. Thus, high current values are indicative of a positive result.

H,O, ' 2°

H,Q

® a

Au electrode i

substrate

H,Q

Fig. 3. Schematic representation of the electrochemical detection of enzyme-linked
immunoassay with antigens immobilized onto a gold electrode (adapted from Longinotti et
al.,, 2010a).
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In order for the immunosensor to work properly, it is necessary that the enzyme employed
as a label must be close to the electrode surface. If the antigen is immobilized onto the
electrode surface, this requisite is complied. The immobilization of the biological recognition
element onto the surface of the transducer is by far the most common configuration
employed in biosensors. Nevertheless, it is possible to devise different immobilization
carriers, such as magnetic beads, which can be placed onto the electrode surface by applying
magnetic fields. Antigens can be immobilized onto the surface of the magnetic beads. The
formation of antigen-antibody is more efficient and faster when using nanoparticles with
respect to direct electrode immobilization. As a consequence, the incubation time has been
reduced to a few minutes (Melli, 2011). After incubation, the magnetic beads can be placed
onto the electrode surface by means of a magnet and removed once the test has been
completed (Fig. 4). This strategy also allows the electrodes to be re-utilized several times.

H,O, ' 2°

Au electrode ﬂ

substrate

Fig. 4. Schematic representation of the electrochemical detection of enzyme-linked
immunoassay with antigens immobilized onto silica-coated iron oxide nanoparticles
(adapted from Longinotti et al., 2010b).

A promising type of immunosensors with electrochemical detection employs aptamers as
the sensitive biological element. Aptamers are synthetic, single-stranded DNA molecules,
which specifically bond to molecular targets, such as proteins and haptens, and can be
regarded as synthetic antibodies. An interesting aspect of using aptamers as the recognition
element in place of proteic antibodies is that it makes possible label-free biosensors. Plaxco
et al. have been pioneering the development of such biosensors, which has been proved
effective for the recognition of thrombin by electrochemical methods (aptamers have been
previously used for the detection of thrombin in optical biosensors). In this type of
biosensors, the single-stranded DNA that forms the aptamer is immobilized onto an
electrode surface from one end and linked to a redox label from the other end. The event of
formation of aptamer-target molecule complex leads either to an activation or to a
deactivation of the redox probe (Fig. 5). In both cases, the change in redox activity can be
measured as a current, usually employing a highly sensitive electrochemical technique such
as AC voltammetry.

Field-effect transistors (FET), which have found wide application in ion sensing (i.e. ion-
selective field-effect transistors, ISFETSs), can also be employed in biosensors, and open a very
promising field. Briefly, a FET consists of three terminals, called gate, drain, and source. The
gate controls the current between the source and the drain and, what is most important in



70 Advances in Immunoassay Technology
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(@) (b)
Fig. 5. (a) An electrochemical, aptamer-based sensor comprises a redox-tagged DNA
aptamer directed against the bloodclotting enzyme thrombin. Thrombin binding reduces the
current from the redox tag, readily signaling the presence of the target (Xiao et al., 2006). (b)
Utilizing double-stranded DNA as a support scaffold for a small molecule receptor, sensors
for the detection of protein-small-molecule interactions have been fabricated, for instance,
for the detection of low nanomolar concentrations of antibodies against the drug
digoxigenin (Cash et al., 2009).

Before recognition

°°°°°

After recognition

Fig. 6. Schematic of a FET immunosensor. The formation of antigen-antibody complex at the
gate terminal modulates the charge carrier flow between source and gate, generating an
increase in current (adapted from Ivanoff Reyes et al., 2011).
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sensors applications, can be made sensitive to particular substances. For instance, in the
scheme shown in Fig. 6, biofunctionalization of gate with antibodies enables the exposed
channel direct interaction with the antigens detected. The formation of antibody-antigen
complex causes the majority carriers of the n-type channel to accumulate and facilitate a
conduction path for the charge carriers” flow from drain to source. It is a compact, label-free
immunosensor in which an electrical signal is generated as a consequence of the formation of
the antibody-antigen complex. Of course, FET biosensors are compatible with microelectronics
technology, which allows a high degree of integration between all components of the
biosensors: detection, transducing, and signal processing.

5. Optical immunosensors

In optical biosensors, the biological sensitive element is immobilized onto the surface of the
transducer and respond to the interaction with the target analyte either by generating an
optical signal, such as fluorescence, or by undergoing changes in optical properties, such as
absorption, reflectance, emission, refractive index, and optical path. The optical signals are
collected by a photodector and converted into electrical signals that are further electronically
processed. There are many reviews on optical biosensors, the one by Borisov & Wolfbeis,
2008, is highly recommended. The main optical phenomena employed in optical
immunosensors are summarized in Table 1.

Optical Signal = Transducing technique

Absorbance Light intensity measurement
Reflectance Light intensity measurement
Fluorescence Total internal reflection fluorescence

Refraction index Interferometry
Surface plasmon resonance (SPR)
Total internal reflection
Optical path Interferometry
Spectroscopies  Surface enhanced Raman scattering (SERS)

Table 1. Main optical phenomena employed in optical immunosensors.

The geometric design of optical platforms is a key point to achieve efficient and integrated
optical immunosensors. There are several geometric layouts, the most usual being strips,
waveguide fibers (Leung et al., 2007), planar optical waveguide systems, capillary sensors,
and arrays. Planar waveguide systems are especially attractive because of the possibility of
innovative designs and the integration of multiple functionalities onto a single sensor.
Planar geometry is compatible with microfabrication technologies and can be integrated with
microfluidic systems (lab-on-a-chip). These attributes have made planar waveguides an ideal
platform for development of integrated optical sensors. Several optical transducing
techniques can be employed in planar waveguide systems: interferometry, surface plasmon
resonance, and light-coupling strategies to transduce refractive index changes. Planar
waveguide platforms comprise a planar substrate made of glass, plastic, or silicon that forms
the basis of the sensor platform (Yimit et al.,, 2005). In some cases, this substrate acts as the
waveguide, while in others an additional waveguide layer is deposited onto the substrate. All
examples given in this section are considered for a planar configuration.
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Fig. 7. Principle of the total internal reflection fluorescence. On reflection at dielectric
interface, light penetrates into the second phase that has a lower refractive index than that of
the core. Intensity decreases exponentially over the penetration (which typically is about as
long as the wavelength of the light employed). Any labeled antibodies located close to the
glass-aqueous medium interface are excited to produce fluorescence, while those located
further into the solution will not.

Fluorescence is one the most widely methods employed in immunosensors, especially in
ELISA-like immunosensors where the conjugate antibody is labeled with a fluorescent
probe. Using an evanescent wave spectroscopic technique, such as total internal reflection
fluorescence, can enhance the sensitivity of the biosensor. When light is transported by total
internal reflection in an optical guide, an evanescent field is generated at the interface
between the guide and the external medium. The penetration depth of this exponential field
is of the order of the incident wavelength. Therefore, if the optical guide is placed in contact
with a solution containing fluorophores, only those within the evanescent field are excited
by light. In this way, fluorescent labels can be employed in conjunction with total internal
reflection in ELISA-like immunosensors as schematically shown in Fig. 7. Unbound labeled
species in solution remain unexcited and do not contribute to the background signal. An
additional advantage of total internal reflection fluorescence measurements is that it can be
performed in absorbing or turbid media.

The measurement of changes in the refractive index that takes place at the interface between
the guide and the external medium is the basis for optical transducing techniques employed
in refractometric immunosensors (Fig. 8). Surface plasmon resonance is one of the main
optical biosensor technologies and has been the subject of numerous reviews (Mullett et al.,
2000; Homola, 2003; Scaranoa et al., 2010).

Evanescent front
Aqueous
medium
= | |
Metal

Laser excitation

Fig. 8. Schematic representation of the surface plasmon resonance immunosensor.



Fundamentals and Applications of Immunosensors 73

Many refractometric immunosensors are based on interferometric techniques. The Mach-
Zehnder interferometer is one of the most commonly employed interferometers in
immunosensors (Fig. 9). In the Mach-Zehnder interferometer, the optical power is transported
by a single-input waveguide, which is split equally between two parallel waveguides and
recombined by means of two Y-splitters. When used in immunosensors, both branches are
coated with the biological sensitive element (antigen or antibody). One of the waveguides is
exposed to the sensing environment while the other branch serves as a reference waveguide.
Changes in the refractive index of the sensing layer environment influence the effective
refractive index in the sensing channel, which induces a phase shift in the optical signal that
propagates through this channel. Upon recombination, interference of the two optical
signals occurs and the measured output power changes depending on the phase shift
between these two signals.

Sensing arm

=y [ oue 4

Reference arm

Se8

Fig. 9. Schematic of a Mach-Zehnder interferometer used for immunosensing.

Other interferometric immunosensors are based on changes in optical path rather than in
the refractive index. Changes in the thickness of the thin film deposited on a substrate due
to swelling upon interaction with the analyte of interest can be detected as shifts in the
interference pattern.

6. Piezoelectric immunosensors

The mass changes that take place after the formation of antigen-antibody formation can be
measured by means of piezoelectric transducers, such as quartz crystal microbalances and
microcantilevers, which vibrate at a certain frequency sensitive. Antigens or antibodies can
be immobilized onto the surface of piezoelectric devices and the formation of the antigen-
antibody complex can be detected as a vibration frequency shift with a high sensitivity
(Janshoff et al., 2000; Raiteri et al., 2001).

Microcantilevers are especially attractive for immunosensors because of the possibility of
microfabrication at low cost. Microcantilevers can also be employed in a static, non-
vibrating mode, detecting the event of formation of antigen-antibody complexes via the
deflection of the cantilever as a result of the surface stress it provokes (Fig. 10).
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Fig. 10. Microcantilever working in static mode. The formation of the antigen-antibody
complexes provokes a surface stress and, consequently, a deflection of microcantilever,

which is detected optically.

Analyte

Transducing technique

References

Escherichia coli O157:H7

Antibodies

Antibody aimed at foot-and-
mouth disease

Various antibodies aimed at
Chagas disease

Tumoral markers

Prostate-specific antigen (PSA)
PSA

PSA, C-reactive protein

PSA, PSA-al-antichymotrypsin,
CEA, mucin-1

CA 125, CA 153, CA 199, CEA

Toxins and pollutants
Aflatoxins

TNT
Clostridium botulinum toxin A

Surface plasmon resonance

Piezoelectric
Electrochemical
Fluorescence

Electrochemical

Electrochemical and
fluorescence

Amperometric
Amperometric
Cantilevers

Field-effect

Chemiluminescence

Electrochemical
Fluorescence
Fluorescence

Tokarskyy & Marshall, 2008

Fratamico et al., 1998
Su & Li, Y. 2004
Radke & Alocilja, 2005
Yu et al., 2002

Longinotti et al., 2010

Melli, 2011

Chen et al., 2009

Meyerhoff et al., 1995
Rusling et al., 2009
Wee et al., 2005

Zheng et al., 2005
Fu et al. 2007

Owino et al., 2007
Bromage et al., 2007
Ogert et al., 1992

Table 2. Some examples of analytes detected with immunosensors and immunoassays.
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7. Prospects and future of immunosensors

Immunosensors have been used for the detection of pathogens, antibodies, toxins,
biomarkers, among other analytes (Table 2). The wide spectrum of application of
immunosensors ascertains a great future for this type of biosensors. Especially attractive is
the possibility of carrying out point of care testing (Skottrup et al., 2008), as discussed
previously in the introduction. Although all transducing techniques have advantages and
disadvantages, much of the success of immunosensors in point of care testing depends on
the intrinsic detection limits, the required sample preparation (e.g. the possibility of direct
detection of the analyte), and the degree of integration of the units that conforms a
biosensor. All these crucial aspects are conditioned by the type of transducer employed in
immunosensors. For instance, the limit of detection of fluorescence is eventually a single
molecule (Table 3), but fluorescence transduction in immunosensor usually requires a
fluorescent label, and a rather complex optical instrumentation that compromises a high
degree of integration among the biological sensitive element, the transducer and the
electronic instrumentation. It is in this sense that field-effect transistors seem to be the
optimal transducers, because they do not require a label and the biological sensitive element
is immobilized onto the surface of the transducer that itself forms part of the electronic
instrumentation.

. Limit of detection
Technique References
(molecules per mp?2)

Fluorescence 1

Hollow cantilevers 10 Burg et al., 2007
Surface plasmon resonance 102 Myszka, 2004
Quartz crystal balance 108

Microcantilevers 106 Braun et al., 2005

Table 3. Estimated order of magnitude of the limits of detection for different transducing
techniques.

A diagram with a comparison of the compromise between the ease of integration and the
ease of sample preparation for the different transducing techniques is presented in Fig. 11.

The future of biosensors will be greatly influenced by the inclusion of nanomateriales, which
provide new tools to improve the performance of immunosensors (Chen et al., 2009). There
is a great interest in including carbon nanotubes in biosensing (Jacobs et al., 2010), taking
advantage of their conductive properties. Also nanoparticles can provide new strategies for
immunosensors design, and especial interest is in the use of quantum dots in optical
transducers, with a higher fluorescence efficiency. Superparamagnetic nanoparticles are also
been increasingly used in biosensing (Longinotti et al., 2008; Lloret et al., 2010). A point of
care testing device aimed at the diagnosis of foot-and-mouth disease, brucellosis, and
Chagas disease has been recently presented (Longinotti et al., 2011, Fig. 12) in which the
biological sensitive element is immobilized onto the surface of silica-coated superparamagentic
iron oxide nanoparticles. The use of nanoparticles reduces the incubation time to a few
minutes, while an analog ELISA usually would require 30-60 minutes incubation.
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Fig. 11. Comparison of ease of sample preparation and integration for different transducers
employed in immunosensors.

Finally, multiple analytes detection (Chen et al., 2009), microfluidics (Bange et al., 2005) and
lab-on-a-chip (Hart et al., 2011) concepts are clearly in the future of immunosensors, and
many devices have been presented that may also find soon wide application, with great
impact in health care assessment, especially in developing countries.

Fig. 12. Point of care electrochemical immunosensing platform Nanopoc®, designed for the
diagnosis of foot-and-mouth disease, brucellosis, and Chagas disease (Longinotti et al., 2011).
The sample preparation is carried out in the blue sector, which involves magnetic separations.
The final amperometric measurement is carried out in the 8-channel electrochemical cells at
the front of the device. Data are processed by a PC via a USB connection.

8. Conclusions

The field of immunosensors is an exciting, fast growing one, as can be seen from the
evolution of the number of scientific publications from 1990 to 2011 (Fig. 13). Especially,
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electrochemical immunosensors seem to lead the trend, possibly because of the ease of
integration with electronic instrumentation, while optical and piezoelectric transducers are
more demanding in this regard. However, due to the high sensitivity of optical and
piezoelectric transducers, these kinds of transducers may soon find many practical
applications. It is expected that the research in this field will continue to grow in the next
years and point of care testing platforms will soon find wide applications that will greatly
improve the health caring situation.
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Fig. 13. Evolution of published articles on immunosensors (source: Scopus database).
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1. Introduction

Methods of early laboratory diagnostics which allow the prevention of diseases and their
effective treatment, as well as establishing their causes, make a considerable contribution to
the prevention and treatment of human diseases. A precise diagnosis is directly connected
with the speed and sensitivity of the applied method of clinical diagnostics. Diagnostic tests
are also important in pharmacology and pharmacokinetics for estimating the effectiveness
of medications used in medical treatment and for controlling their digestion. First of all it
concerns the diagnostics of such widespread diseases of civilisation as cardiovascular and
coronary heart diseases, diabetes, oncological and infectious diseases. Besides diagnosing
diseases, laboratory methods must determine genetic predisposition to serious pathologies,
as well as determine - with high reliability - the quantitative indicator of pathologies when
they are still in a clinical asymptomatic state.

The speed of measurements with the use of biosensors has been the reason for close
attention on the part of experts in clinical laboratory diagnostics. The past decade has seen
active development of piezoelectric gravimetric immunosensors that provide for the
intensification of work in performing a considerable number of tests and the reduction of
the time necessary for medical treatment.

A piezoelectric immunosensor is an analytical device, the sensitive element of which is a
piezoelectric resonator with electrodes coated by receptor molecules. An obvious advantage
of a piezoelectric immunosensor is the possibility to carry out the direct registration of
biochemical interaction without the introduction of additional labels (fluorescent, enzyme,
radioactive, luminescent, etc.), which makes it different from other similar devices. Sensors
are characterised by their fast response, ease of operation, portability, and possibility to be
included in automatic systems of information collecting and processing. A unique feature of
piezoelectric immunosensors is the combination of high sensitivity, which is provided by
the use of a high-frequency piezoelectric transducer as a physical transducer, and selectivity
which is determined by the nature of employed receptor molecules. An electrode's coating is
formed on the basis of natural bio-recognizing substances characterized by high selectivity
of interaction. In order to increase the selectivity and to widen the range of tested



82 Advances in Immunoassay Technology

substances, which is especially important in the field of medicine and pharmacology,
piezoelectric immunosensors’ electrode coatings are formed from natural bio-recognizing
compounds which are characterized by high selectivity of interaction.

Currently antibodies - protective proteins formed in the organisms of higher animals in
response to the introduction of foreign agents - antigens (nucleic acids DNA and RNA,
carbohydrates, etc.) - are most frequently used as key reagents. Both in the living organism
and outside it antibodies are capable of forming immune complexes with a complementary
antigen (or hapten), despite the presence of a great number of other components in the sample.

A number of reviews (Vaughan et al. 2007, Ermolaeva et al. 2008, Skladal 2003) are devoted
to considering the theoretical aspects of piezoelectric immunosensors functioning and the
peculiarities of their practical application in determining various analytes.

Gravimetric piezoelectric sensors, named a piezoquartz microbalance (quartz crystal
microbalance, QCM), are high-frequency transducers (with the basic frequency of 5-15
MHz) made from an AT-cut quartz crystal. The analytical signal of such a sensor is most
commonly the reduction of the oscillation frequency of the resonator with the increase of the
receptor layer’s mass as a result of its interaction with determined substances. Frequency
variation of the oscillating crystal depending on change of the mass fixed on a quartz
surface is described by the Sauerbrey equation (Sauerbrey 1959) for rigid, uniform and thin
adsorptive layers:

Am=C -Af,
where m - mass, C - proportionality coefficient, f - crystal oscillation frequency.

There can be a deviation from the Sauerbrey equation and errors in mass measurement for
soft or viscous-elastic films which are not fully contacting the oscillatory crystal, therefore it
is necessary to standardize (calibrate) a QCM sensor before testing various liquid samples.

The analysis of liquids with the use of piezoelectric sensors can be carried out both in static
and flowing modes. In the first case (the procedure being known as «dip and dry») the
increase of the receptor layer’s mass is measured before and after the contact of the sensor
with the analyzed liquid sample and the following air drying up to the constant mass. The
use of the sensor as the detector of the flow-injection analysis makes it possible to raise the
speed of determination, and also provides the opportunity to observe immunochemical
reactions in real time.

The creation of gravimetric biosensors of various designs (test-means, detectors for flow-
injection analysis) on the basis of highly specific interactions (antibody-antigen, receptor-
ligand, etc.) can expand their range of applications in medicine with the aim of identifying
not only toxic micro-organisms, but specific substances that act as a sort of precursors of
dangerous diseases.

2. The features of registration of biochemical interactions with the help of
piezoelectric immunosensors

The most developed types of immunoassay with the use of piezoelectric transducers are the
following: direct, indirect (competitive) and displacing (Ermolaeva et al. 2006, Su et al. 2003).
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The sandwich assay and some other ways of amplifying the analytical signal are
recommended for increasing the sensitivity of determinations.

Direct detection is used to determine somatic cells, micro-organisms and macromolecules
(proteins, antibodies, nucleic acids, glycoproteins, glycolipids, etc.). It is implemented in one
step when analyte contacts the sensor's receptor layer. The decrease of resonant frequency
due to the formation of the complex on the surface of the electrode is directly proportional
to the concentration of the determined component (Fig. 1).

R

Fig. 1. The scheme of the direct assay of the antibody using piezoelectric immunosensors: 1 -
antigen (hapten); 2 - specific antibody; 3 - non-specific components of the mixture

The sensor’s electrodes are modified by antigens or antibodies (mono- or polyclonal).
Usually the sensor is previously treated with a solution of a non-ionic surfactant or an
inactive protein (BSA, gelatine, etc.) in order to increase the selectivity of determination.
Such proteins do not cross-interact with the components of the sample but connect with
non-specific sites of the sensor’s receptor layer. For example, the sensor’s receptor layer
based on DNA interacts weakly with BSA molecules, causing only a slight frequency signal
(not more than 5 Hz), while the serum of patients with symptoms of an autoimmune
disease, containing antibodies to DNA, gives an analytical signal on the level of hundreds of
Hz (Kalmykova et al. 2002). In order to determine small molecules the indirect/competitive
analysis, the sandwiched assay and other types of analysis are used.

The competitive analysis of haptens with the use of piezoelectric sensors (U. S. Patent
4,242,096 1980) was first performed in 1980. While in a routine immunochemical analysis,
free and labelled analytes presented in the sample compete for binding with antibodies, in
the case of piezoelectric immunosensors the competition takes place between free analyte
(hapten) and hapten-protein conjugate immobilized onto the bioreceptor layer. The value of
the obtained analytical signal of the sensor is inversely proportional to the concentration of
hapten in the sample. The essence of this method is illustrated in Fig. 2.

Such a method has been successfully used for determining different low-molecular-mass
haptens: vitamins, drugs, hormones, metabolites, etc. The detection limit of the competitive
analysis is lower compared with that of the direct one (Prusak-Sochaczewski et al. 1990), but
the range of determined concentrations is narrower by a factor of 10 to 100. In order to apply
the competitive analysis, the receptor layer can be formed on the basis of both hapten-protein
conjugates and antibodies. In the latter case a fixed quantity of hapten-protein conjugate is
added to each sample. This type is known as the alternative competitive assay (Fig. 3).
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Fig. 2. The scheme of the competitive (indirect) assay using piezoelectric immunosensors: 1 -
hapten-protein conjugate; 2 - hapten; 3 - antibody
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Fig. 3. The scheme of the alternative competitive assay using piezoelectric immunosensors: 1
- antibody; 2 - hapten; 3 - hapten-protein conjugate
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Conjugated and free haptens are equally probably bound with the active sites of
immobilized antibodies. Therefore, the lower the concentration of free analyte in a sample,
the greater the conjugated hapten attached to the sensor’s receptor layer. Thus, the sorption
of the conjugated analyte provides for a significant amplification of the registered signal.
Despite a lower sensitivity, the alternative method is characterized by a wider range of
determined concentrations in comparison with the competitive assay.

The displacement assay has been successfully used to characterize the stability of the affine
complexes (antibody - antigen, DNA - protein, DNA - RNA, etc.), to study the kinetics of
dissociation, and to solve a number of problems dealing with analyte concentration
determination. While the competitive assay is preferable for determining low concentrations
of small molecules, the displacement assay is more convenient for detecting
macromolecules. The principle of determination consists of measuring the heterogeneous
complex’s mass reduction as a result of dissociation under the influence of an excess of one
of the components. The analysis is carried out in two stages (Fig. 4).

An example of this type of immunoassay may be the determination of Listeria monocytogen
(Minunni et al. 1996) micro-organisms in milk (at 2.5-105 - 2.5-107cells ‘ml-1). The decrease of
the frequency of the sensor is caused by binding specific antibodies in a sample of milk with
a protein antigen extracted from L. monocytogenes cells and pre-immobilized on the electrode
surface. In the second stage the L. monocytogenes cells additionally introduced into the
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sample of milk cause the displacement of antibodies in immune complex. The number of
displaced antibodies is directly proportional to the concentration of L. monocytogenes cells in
the sample. A similar method was proposed to determine the P. aeruginosa bacteria in
samples of milk and drinking water (Bovenizer et al. 1998).
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Fig. 4. The scheme of the displacement assay using piezoelectric immunosensors: 1 - antigen,
2 - specific antibody

1

The sandwich assay is carried out in two stages with the use of two types of antibodies
(U.S. Patent, 4,314,821 1982). In the first stage the antibodies immobilized on the electrode
surface are bound with the analyte, in the second stage the "sandwich" structure is formed
with other types of antibodies being additionally introduced (Fig. 5). A method for
determining human serum albumin based on the formation of the complex with two types
of antibodies can serve as an illustration of the successful application of the sandwich assay
(Saber et al. 2002). In this example the analytical signal of the sensor is 3 times higher than
the same value obtained by the direct detection.
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Fig. 5. The scheme of the sandwich assay using piezoelectric immunosensors: 1 - specific
antibody; 2 - antigen

In order to reduce the detection limit other methods are used along with the sandwich assay
that will increase the value of the analytical signal, e.g. modification of reagents with
nanoparticles of different nature (secondary antibodies, metal colloidal particles, polymers
nanoparticles and liposomes), which significantly increase the size and mass of the detected
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complexes formed at the solid phase (Aizawa et al. 2001, Kim et al. 2007, Chu et al. 2006). In
(Su et al. 2000), such methods are marked as a separate kind of analysis, namely the analysis
with signal amplification (mass amplified assay) (Fig. 6.).

The application of secondary (anti-species) antibodies that interact with the antibodies of the
immune complex increases the analytical signal and decreases the detection limit only 1.5 - 2
times, since the mass of secondary antibodies does not exceed 150 kDa. For example, the
detection limit of steroid hormone was thus reduced from 12 to 7ng ml! (Kubitschko et al.
1997). The mass-amplified assay is operated in two stages. In the first stage the immobilized
antigen is bound with defined antibodies. In the second stage - after the removal of
antibodies unbound during the first stage - secondary antibodies are introduced which are
bound only to specific antibodies. An example of using this method is the determination of
allergen-specific immunoglobulin (IgE) in serum of patients with the symptoms of allergic
dermatitis (Su et al. 2000). An allergenic protein is immobilized on the surface of the sensor’s
electrode. In the first stage antibodies of different classes were bound on the surface of the
receptor’s layer during the contact of the sensor with the patient's blood serum sample. In
the second stage the differentiation of antibodies after adsorption of secondary antibodies to
human IgE in the process of contact with the sensor was carried out. The differentiation of
allergen-specific antibodies (IgE) from other classes of immunoglobulins (IgG and IgM)
contained in blood serum is possible after application of these secondary antibodies.
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Fig. 6. The scheme of the competitive assay with signal amplification by secondary
antibodies using piezoelectric immunosensors: 1 - hapten; 2- anti-hapten antibodies; 3 - non-
specific antibody; 4 - secondary antibody

A more significant reduction in the detection limit of analytes (Aizawa et al. 2001, Kim et al.
1996, Liu et al. 2007, Grieshaber et al. 2008, Reyes et al. 2009, Han et al. 2011, Wei et al. 2010,
Kim et al. 2010) was observed in the application of colloidal particles of gold, lead, cadmium
or zinc sulphides, chromium, titanium and iron oxides, as well as composite particles based
on liposomes or latex modified by antibodies.

The colloidal particles modified by antibodies can be applied in all types of analysis
reviewed above with the purpose of increasing the signal of the sensor. For example this
approach was applied to the determination of the E. coli bacteria in the range of 106-108
cells ml-1(Liu et al. 2007).
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Antibodies immobilized on the electrode of the sensor interacted with E. coli bacterial cells
in the analyzed sample. After that the particles of latex with bound E. coli-antibodies were
introduced into the reaction mixture to form a sandwich complex with cells that had already
been bound with antibodies on the surface of the electrode of the sensor.

Thus, the application of nanoparticles of various masses makes it possible to increase the
signal and to change the detection limit of analytes in the sample. However, in choosing the
nanoparticles it is necessary to exclude their non-specific interactions with the components
of the sample which lead to a distortion of the results of the analysis.

3. Application of piezoelectric immunosensors for medical diagnostics

Various metabolic biomarkers (substances that appear in biological fluids and tissues of the
human body during the development of many somatic and infectious pathological
processes) can be used in medical and biological research. The determination of these
substances allows for diagnosis of diseases at early stages. An urgent problem in the clinical
analysis is the need to detect single cells and micro-organisms. In this connection, along
with speed, high sensitivity and selectivity, one of the main requirements in performing a
large number of routine analyses is the simplicity in preparation of samples for the analysis.
Piezoelectric immunosensors are used primarily to identify markers associated with
oncological, cardiovascular, autoimmune, allergic and infectious diseases. The nature of
molecular markers is quite diverse - they are specific proteins (antibodies, enzymes) and
non-specific protein molecules, glycoproteins and glicoconjugates, modified alkaloids,
hormones, steroids, drugs and other high- or low-molecular metabolites (Wu et al. 2007,
Simon 2010, Martinez-Rivas et al. 2010, Bohunicky et al. 2011, Keusgen 2002, Malhotra et al.
2003, Georganopoulou et al. 2000, Mascini et al. 2008). In addition, sensors can be used to
identify microorganisms - bacteria, viruses, and phages. Let us review in more detail the
results of research on the sensors for determining the most important groups of biomarkers.

3.1 Tumour markers

Oncological diseases are still the most common threatening ailments, therefore it is not
surprising that the search continues for not only new pharmaceutical products but
diagnostic methods facilitating the detection of pathology at early stages.

In order to identify certain types of cancer so-called tumour markers are used, conventionally
divided into specific and non-specific ones. Tumour markers are complex substances, mainly
glyco- or lipoproteins, that are produced by tumour cells much more intensively than normal
ones (Wu et al 2007, Guillo et al 2008, Justino et al. 2010). Usually the present marker is
determined by a blood test giving a positive result in the presence of malignancy. Different
tumour cells produce a variety of markers with different chemical structure.

In creating immunosensors much attention is paid to immobilization of receptor
biomolecules in the formation of the detecting layer whose quality determines the basic
characteristics of the sensor (Ding et al. 2007, Chang et al. 2010), namely sensitivity,
selectivity and stability (reproducibility of measurements and stability for repeated
application of the biolayer). The creation of "bioreactors" with high-density and spatial
availability of binding sites of receptor biomolecules is a new approach to obtaining detecting
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electrode coatings of piezoelectric resonators, which allows multiple determinations without
the regeneration of the sensor’s biolayer.

The largest number of piezoelectric immunosensors presented in the literature is intended
for the detection of such specific antigens as the marker of ovarian carcinomas CA 125;
pancreatic cancer CA 19-9 and prostate specific antigen (PSA); carcinoembryonic antigen
(CEA) that appears with carcinoma of the cervix or with the developing fetus. In order to
determine low concentrations of tumour markers, various techniques aimed at increasing
detection sensitivity are used. One of the methods of immobilizing bioreceptor molecules is
to use nanoparticles of various nature - magnetic (Chen et al 2007, Wei et al. 2010) or gold
(Tang et al. 2006, Tang et al. 2008, Uludag and Tothill 2010), as well as calixarene (Lee et al.
2003).

Magnetic nanoparticles based on CoFe;O,/SiO, are used to obtain a detection layer
containing specific antibodies to SEA (Chen et al 2007). It is possible to determine
carcinoembryonic antigen using this sensor in the range of 2.5 - 55 ngml! with the
detection limit of 0.5 ng ml-l. Since the normal concentration of tumour marker levels does
not exceed 2.5 ngml! for non-smokers and 5 ngml! for smokers, the proposed
immunosensor system can detect even a slight increase in the level of antigen in blood,
demonstrating stability of work and satisfactory reproducibility of measurements.

In addition to magnetic particles, gold nanoparticles (Tang et al. 2006) and chains on the
basis of nanoparticles (Tang et al. 2008) are used to amplify the sensor’s signal and increase
the number of active sites on the selective surface.

Gold nanoparticles of optimal length with immobilized antibodies are proposed as a
biolayer of the sensor (Tang et al. 2008) for the determination of antigen CA 125. These
structures are a result of a multi-stage process with the use of 2-aminoethanethiol (AET)
bifunctional molecules with amino- and thiol terminal groups and the following reduction
of gold by sodium borohydride (Fig. 7).
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Fig. 7. The formation of the receptor layer on the surface of the gold electrode: Stage I -
nano-chains generation of molecules HAuCly and AET; Stage II - immobilization of
antibodies (Tang et al. 2008).
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In the process of the preparation of the biolayer the AET solution (pH 4.5) is put on the clean
gold surface of the electrode and exposed for 2 hours at 4°C. Adjustment of AET molecules
is achieved by coordinating bindings between sulphur and gold atoms. Chains from gold
nanoparticles are formed as a result of multiple successive putting the HAuCly solution and
AET due to the binding of ions [AuCly]- with NH;- and SH-groups of AET and the formation
of self-organizing layers {AuCly/AET}. This technique of obtaining electrode coating
provides the sequence of layers, and after the reduction of anions [AuCly]- by the sodium
borohydride (NaBH,) water solution chains from gold nanoparticles are formed. The
process is accompanied by a change in the colour of the surface from yellow to deep red.
The addition of the antibody solution results in fixation of the molecules of specific
immunoglobulins with the space-available active sites on the gold particles.

Therefore the presence of gold nanoparticles and nanochains (nanosequences) on the surface
of the sensor's electrode increases the number and density of immobilized antibodies, as
well as facilitates the formation of a three-dimensional structure in the biolayer, as
confirmed by the methods of atomic force and electron microscopy at stepwise formation on
the surface of the receptor layer. The detection layers based on gold nanoparticles and
nanochains (nanosequences) exhibit high selectivity which is confirmed by the analysis of
solutions containing interfering antigens such as CEA, CA 199, a-fetoprotein and hepatitis B
surface antigen. It is shown that even high concentrations of impure antigens do not
significantly affect the determination of CA 125, whose concentration in serum does not
normally exceed 25 U ml-l. The biolayer obtained with the use of gold nanoparticles has
high capacity, satisfactory stability and provides good reproducibility of the analytical
signal of the sensor. The linear range of determined concentrations of CEA and CA 17 125
(Tang et al. 2008) is 3.0 - 50 ng ‘ml-! and 1.5 - 180 U ‘ml-! respectively, with the detection limit
being 1.5 ng ml-! and 0.5 U ml-. The results of the analysis of human blood serum obtained
with the use of piezoelectric immunosensors correlate with those of enzyme immunoassay.
However, an advantage of sensor technologies is higher speed and simplicity of
measurement, eliminating the stages of the introduction of an enzyme label, of separation
and washing, which is important when conducting a large number of clinical tests.

A new approach to the formation of the detection layer with a higher capacity is realized in the
design of the sensor, proposed for determining carbohydrate antigen CA 19-9, which is a
marker of pancreatic (Ding et al., 2008, Tanaka et al. 2000), colon (Nakayama et al., 1997), liver
(Uenishi et al. 2003) cancer. The possibility of using organo-inorganic hybrid nanomaterials
based on hydroxyapatite [HA, Caio(PO4)s(OH)] and lysine is shown. Hydroxyapatite is the
main inorganic component of bones, characterized by exceptional biocompatibility and
therefore not causing immune rejection or toxic effects on the body (Ding et al., 2008).
However, the use of pure materials on the basis of hydroxyapatite is hampered by instability,
fragility and low solubility of the mineral. The addition of an organic component improves
physical and chemical properties (such as permeability, solubility, etc.). The biosensor’s
receptor layer is formed on the basis of specific antibodies attached to a hybrid nanocomposite
consisting of poly-L-lysine/hydroxyapatite/carbon nano-tubes (Fig. 8).

In order to obtain the coating, the resonator is initially treated with mercaptopropionic acid,
which leads to the functionalization of the gold electrode surface by carboxyl groups as a
monolayer. Further addition of 1-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC)
and N-hydroxysuccinimide (NHS) provides the activation of carboxyl groups. After
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washing and drying the resonator a suspension composed of poly-L-lysine, hydroxyappatite,
carbon nanotubes is put on the surface of the resonator’s electrode and exposed for 2 h at
37°C, then antibodies to CA 19-9 are immobilized after the washing. The biosensor with
nanocomposite detecting coating provides the direct registration of the immune complex
which is formed in the process of the sorption of the tumour marker (a high molecular
glycoprotein with the molecular weight of approximately 20.000) as an increase of the mass
of the biolayer in the range from 12.5 to 270 U mll. The content of CA 19-9 antigen in
healthy people is less than 37 IU ml-, so a piezoelectric immunosensor can detect even
slight deviations from the norm and diagnose the disease at an early stage.
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Fig. 8. The formation of the biolayer based on antibodies to CA 19-9, immobilized with poly-
L-lysine/hydroxyapatite/carbon nano-tubes (Ding et al. 2008).

The combination of the methods reviewed above (application of new hybrid materials on
the basis of gold nanoparticles and hydroxyapatites (Ding et al. 2007) and subsequent
immobilization of antibodies) increases the sensitivity and widens the range of
concentrations of the marker. The authors have shown that the use of selecting surface of the
sensor with nanoparticles leads to the increase of the biolayer’s binding activity with
immobilized antibodies to a-fetoprotein (Ab-AFP). The immunosensor is designed to detect
a-fetoprotein (a glycoprotein with a molecular weight of 65 - 70 kDa, which is a marker of

trophoblastic tumors (Chou et al. 2002) in the range of 15.3 - 600.0 ng ml'l).

Along with new ways of immobilization, traditional approaches to the formation of the bio-
detecting layer of the sensor still remain popular. Methods of immobilizing specific
monoclonal Ab-AFP (physical sorption, attachment to substrates based on protein A and
concanavalin A, cystamine with the use of a cross-reactant - glutaraldehyde - GA) are
studied in detail. The highest stability was shown for the biolayer obtained using the self-
organizing monolayers on the basis of cystamine. The sensor provides the detection of even
minor deviations of AFP from the norm (20 ng ml! in human serum), as the linear range of
determined concentrations of glycoprotein corresponds to 0.1-100 ng ml! (Tatsuta et al.
1986). The results of determining AFP in serum samples correlated with the data of the
radioimmunoassay.

In order to increase the stability of the biolayer a method of immobilizing protein molecules
(antigens or antibodies) is proposed using the bifunctional linkers and calixarenes
“Prolinkers” (Lee et al. 2003). It is shown that the activation of a solid surface by Prolinkers
(Fig. 9) allows bioreceptor layers to be obtained with high density and vertical position of
the molecules and hence a high concentration of spatially available binding sites for
immobilized antigens or antibodies.
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The active sites of the receptor molecules are not affected, which usually occurs in
immunoglobulin covalent fixing. Immobilization is accomplished by including proteins in
the calixarene cavity with the formation of the host-guest complex, as well as a result of
hydrophobic interactions. The fixation of the linker on the metal surface is achieved by
means of sulphur atoms or carbonyl groups comprising Prolinker B or A, respectively. The
considered method of forming the biolayer provides high sensitivity of determination of
such tumour markers as hCG (chorioiditic gonadotropin), CEA, a-fetoprotein, ferritin, etc. at
the fg ml! level
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Fig. 9. The scheme for obtaining the biolayer based on Prolinkers (Lee et al. 2003)

A flow-injection sensor has been designed to determine mezotelin (a glycoprotein with the
weight of 40 kDa) which like the C 19-9 antigen is associated with pancreatic cancer
processes (Corso et al. 2006) and is present in blood practically in all pancreatic
adenocarcinomas. The detecting coating of the sensor is obtained on the basis of mezotelin-
specific antibodies immobilized on the self-organized alkanthiol monolayers.

The increase in sensitivity and reliability of tumour marker determination is achieved not
only by the formation of the receptor layer with a high concentration of available binding
sites but also by improving the methods of determining the equipment, which allow
monitoring of immunochemical interactions in real time. The improvement of the "signal-
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noise" ratio and the reduction of the contribution of nonspecific interactions occur when
taking measurements using a system of two sensors: the indicator sensor and the
comparison sensor, both placed in individual flow cells (Fig. 10).
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Fig. 10. The diagram of the device for performing the flow analysis (Corso et al. 2006)

The use of two syringe pumps (to feed the carrying solution and the sample solution)
reduces pulsations in the system and allows the stabilization of the sensor signal, while
determining mezotelin at the nano-level (Corso et al. 2006).

As seen from the above examples, piezoelectric immunosensors are a highly sensitive tool
for detecting low concentrations of tumour markers and for identifying the disease at early
stages. Most commonly, however, sensors are used for detecting recurrences of cancer
previously diagnosed and treated for. This is due to the nature of antigenic tumour markers
which can give false positive reactions.

The reliability of diagnosis increases with the use of biochips and multisensor systems
consisting of a set of sensors for determining individual tumour markers and metabolites,
complicating the diagnosis of cancer. Thus, a multi-sensor system is described designed for
highly specific determination of several tumour markers in serum, such as a-fetoprotein,
CEA and carcinoma antigen, prostate-specific antigen (Zhang et al. 2007). The possibility of
the simultaneous determination of several tumour markers, a perfect combination of high
speed and relatively low cost makes the approach attractive compared with traditional
diagnostic laboratory methods. The detection limits of PSA, AFP, CEA, and CA125 are 1.5 -
40 ng ml?, 20 - 640 ng 'ml-, 1.5 - 30 mg 'ml-, 5 - 150 IU ml-, respectively. The comparison of
the results of the analysis of clinical samples using the multichannel immunosensor and the
chemiluminescence method showed no significant differences.

In spite of the fact that specific biomarkers are more informative because they indicate the
emergence of specific forms of pathological processes, non-specific tumour markers,
however, such as human serum albumin (HSA) and ferritin have also proved useful in
assessing the health status of patients.
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A number of studies are aimed at creating a piezoelectric immunosensor for the
determination of HSA. The focus is on methods of immobilization, as well as increasing the
sensitivity of determination from pg ml?! to ppm (for example, signal amplification due to
the use of secondary antibodies in the sandwich-analysis (Sakai et al. 1995) or colloidal
particles of latex (Xia et al. 1997)). The simplest way to fix biomolecules is the physical
adsorption in that it, unlike covalent bonding, preserves the activity of immunoglobulins.
This is due to rather mild conditions of protein immobilization, but the stability of the film
coating is low, the mass of the bio-layer is already lower after 2 - 4 measuring cycles.
Immunosensors (Muratsugu et al. 1993) make it possible to determine HSA with high
sensitivity and selectivity in the range of 0.1 - 100 pgml! even in the presence of a
nonspecific impurity protein - bovine serum albumin (BSA). Further development of
immobilization methods was aimed at increasing the strength of the bio-layer due to a
substrate on the basis of calixarenes and synthetic polymers (Sakti et al. 2001), which ensures
the sensor’s long-term operation in analyzing not only sample solutions but real samples of
biological fluids (e.g., urine).

At present, the problems of increasing the sensitivity of determining the HSA and the
stability of the sensor are fully understood. Considerable attention is paid to both methods
of obtaining the biolayer and ways of amplifying the sensor’s analytical signal. This can be
achieved by increasing the mass of the heterogeneous immune complex. Secondary
antibodies whose mass exceeds that of HSA are used in the sandwich assay to amplify the
signal, which leads to lowering the HAS detection limit to 20 ppm. With the same purpose
the nano-particles of carboxyethyl cellulose polymer (Xia et al. 1997) are used, thus
increasing the sensor signal due to latex agglutination.

Along with the HSA determination considerable attention is paid to the creation of sensors for
the determination of another non-specific marker - ferritin, a backup protein the level of which
increases during the inflammatory processes in the body. Methods of immobilizing poly- and
monoclonal antibodies on the electrode surface have been thoroughly researched. They
include: physical adsorption, covalent attachment to substrates on the basis of concanavalin A
and protein A, and self-organizing monolayers on the basis of cystamine, cystamine/GA
(Chou et al. 2002). It has been shown that the biolayer based on cystamine has the highest
stability. The sensors remain active for 15 days and can be used up to 10 times in ferritin linear
concentration range of 0.1 - 100 ng ml-1. It should be noted that in order to determine tumour
markers, monoclonal antibodies are more frequently used. This increases the reliability of
determinations and ousts polyclonal antibodies from the laboratory practice.

In diagnosing leukemia whole cells (leukocytes) circulating in blood (Wang et al. 2006, Zeng
et al. 2006) are determined. The receptor coating is formed on the basis of Fab'-SH fragments
of specific monoclonal antibodies, thus avoiding overloading the sensor. Performing the
analysis in the automatic mode involves the measurement and regeneration of the biolayer
in one measurement cycle. The application of 8M of urea as a regeneration solution permits
keeping the coating stable for up to 17 measurement cycles. Firm fixation of the fragments of
immunoglobulins is achieved through the formation of covalent bonds between the
biomolecules and thin-film substrates obtained by plasma polarization of n-butyl amine, on
the basis of protein A or gold nanoparticles. The sensor is able to quickly and reliably detect
normal cells, leukemic blasts and to determine the concentration of leukocytes in the range
of 104 - 106 cells ‘ml-1.
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Thus nowadays piezoelectric immunosensors have successfully proved to be promising
tools for express determination of blood cells and tumour markers of different chemical
structure and biological specificity.

3.2 Cardiac markers

Cardiovascular diseases leading to the growth of cardiac infarctions and strokes remain one
of the main causes of death and disablement throughout the world. Myocardial necrosis is
accompanied by the appearance of blood-specific biomarkers - proteins released with the
destruction of myocytes: myoglobin, cardiac troponin and specific enzymes - creatine
kinase, glycogen phosphorylase BB (GPBB), lactate dehydrogenase, etc. (Casey 2004).
Despite a wider application of enzymatic methods of analysis in laboratory diagnostics of
cardio-pathology, several works of the recent years have described piezoelectric chemical,
bio- and immunosensors for determining biomarkers of non-enzymatic nature - myoglobin
(Godber et al. 2005), C-reactive protein (CRP) (Kurosawa et al. 2003, Kim et al. 2009),
troponin (Wong-ek et al. 2010, Mohammed and Desmulliez 2011), heparin (Cheng et al.
2002), thrombin, etc.

Bi-sensor systems are being developed in order to reduce the impact of non-specific effects.
To change the viscous-elastic properties of the receptor films which influence the
comprehensiveness of contact of the vibrating crystal with the surface, which in turn causes
errors in calculating the adsorbed mass. Bi-sensor systems on the basis of high-frequency
resonators (16.5 MHz) have been developed for determining mioglobin, a cytoplasmatic
protein with the weight of 17 xDa, a part of muscular cells (Godber et al. 2007), the presence
of which in blood serves as a good diagnostic marker of cardiac diseases (Casey 2004). The
receptor layer of the indicator sensor includes anti-mouse-Fc-specific antibodies in the rabbit
which are immobilized by means of EDC and NHS. Mouse immunoglobulins G are fixed on
the surface of the control sensor to control a non-specific interaction of mioglobin with the
surface of the protein. The analytical signal caused by the specific interaction is measured
relative to the comparison sensor thus providing the opportunity to differentiate between
the normal level of mioglobin in blood (100 ng ml?) and excess at cardio ischemia because
mioglobin concentration directly after infarction reaches 1000 ngml?! and more and
decreases to 500 ng ml-! after a time.

The combination of a bi-sensor system and the sandwich assay is directed at increasing the
sensitivity in determining C-reactive protein (McBride and Cooper 2008), which is a
multifunctional biomarker of an acute phase playing an important role at inflammations, in
protection against alien agents, at necroses and autoimmune processes. For a number of
years the exceeding concentration of CRP by over 5 mg 1! marked the absence of any
systemic inflammatory process in the organism. Now, new data on the diagnostic
possibilities of CRP, including participation in the development of various pathologies have
been obtained, particularly vascular diseases. The determination of "background" or "base"
(hsCRP) concentrations in biological liquids can be used to forecast the degree of risk from
acute myocardial infarction, a brain stroke, and sudden death in people not suffering from
cardiovascular diseases. Expansion of the diagnostic status of CRP has demanded the
development of methods of high-sensitive determination of a biomarker. It is recommended
to use the calibration graph obtained with the application of human CRP standard solutions
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(0.3 - 116 ng ml?) on the basis of diluted horse blood to decrease irregularities. Sheep anti-
CRP are immobilized on the surface of the indicator sensor, and purified sheep
immunoglobulins G are immobilized on the control sensor. Such an approach enhances the
reliability of revealing patients predisposed to cardiovascular diseases. The use of secondary
antibodies in the second stage of the analysis promotes the increase in specificity and
sensitivity of determination in comparison with the results of the traditionally used ELISA.

The works of Japanese researchers are devoted to determining CRP and providing the
quantitative characteristic of affinity of monoclonal antibodies and their Fab'-fragments
(Kurosawa et al. 2002 and 2004). They studied the influence of the nature of thin plasma-
polymerized coatings of gold electrodes (styrene, allylamine and acrylic acid) on the
orientation of immobilized antibodies and their fragments. It was shown that the highest
analytical signals are observed for biolayers on polyallylamine substrates. Processing the
electrode by a polymer based on phosphorylcholine and methylacrylate derivatives
increases the affinity of the receptor molecules to the determined substance and decreases
the reaction activity in relation to non-specific proteins of human serum. The highest values
of affinity constants were seen for Fab'-fragments in comparison with the whole antibodies.
The application of fragments of antibodies allows the achievement of the linear range of
defined concentrations of C-reactive protein of 0.001 - 100 pg ml! (Kurosawa et al. 2004) in
serum samples.

The suggested approaches increase both the speed of diagnostics and the sensitivity and
reliability of determining cardiac markers.

3.3 Detection of infections

The possibility of the spread of epidemic-causing pathogenic germs and the threat of
bioterrorism necessitate the development of new express methods for detecting pathogens
for early detection of cases and localization of sources of infection. Control over the spread
of extremely dangerous, acute intestinal, septic, sexual, viral diseases (influenza, hepatitis,
HIV) involves not only the identification of bacteria or viruses in biological fluids of patients
but also the determination of markers of infection - specific antibodies and in some cases -
toxins (proteins, glycoproteins or glycolipids) produced by pathogenic causative agents.

The application of piezoelectric immunosensors for determining microbial and bacterial
antigens, toxins and antibodies (which are large analytes) proved to be more promising not
only compared with the traditional methods of analysis (microbiological, immunochemical
and molecular-genetic) but also with other biosensors. This is explained by peculiarities of
gravimetric detection which does not require the introduction of biochemical markers for
the registration of binding. This greatly simplifies and speeds up the analysis procedure.
Piezoelectric micro- and nano-weighing makes it possible both to register the mass of a
microbe or a biopolymer at pg or ng and to calculate the number of individual cells or
viruses according to their mass and size in the concentration range of 102 - 107 cells ml-! or
106 - 1010 particles ml-, respectively (Pathirana et al. 2000, Konig and Gratzel 1992).

In determining microorganisms the direct analysis is used most commonly, while the
sandwich and the displacing assays and the analysis with the amplification of the sensor
signal are used to increase the sensitivity of determination.
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The characteristics of piezoelectric immunosensors for determining microorganisms and
protein molecules are given in tables 1-3.

Method of immobilizing

Linear range.

3104~ 3 107CFU ml-

Analyte recePtor molect.ﬂes or assay Detection limit References
design (detection format)
Immobilization on gold
Escherichia coli electrode on the basis of N- 103 - 108 CFU 'ml-! Su and Li 2002
0157:H7 hydroxysuccinimide and 16- -
mercaptohexadecanic acid
Escherichia coli Covalent immobilization of Ab 8 7107C1F?j_ 11 Adanyi et al.
scrieriama cott cross-linked by GA ) m 2006

Escherichia coli

Biotylated Ab immobilized on
monolayers on protein A

105-107 CFU ml+!
102 CFU 'ml-!

Liu et al. 2007

Ab immobilized on

0139

105 cells ml-1

O157:H7 monolayers on the basis of 16- - Wang et al.
mercaptohexadecanic acid 2.0102 CFU ml1 2008
(MHDA) with NHS
. . . . 104 - 109 CFU ml-; Pohanka et al.
‘ Ab immobilized via protein A 105 CFU ml-t 2007
Francisella Pohanka ot al
tularensis Ab immobilized to monolayer - ohanxa et al.
. 2007
cystamine/GA -
Mycobacterium Immobilization of Ab on silver |  105-108 cells ml-1. He and Zhang
tuberculosis electrode via protein A 105 cells ml-! 2002
Direct detection, ABCD-serogroups Wone et al
Salmonella sp. Ab immobilized with cross- 105 - 108 cells ml-! ong et al
. 2002
linker
Ab immobilized on the films of -
S, fuphimurium PEI-GA 1.510° CFU ml-! Babacan et al.
P Ab immobilized on the films of - 2000
protein A 1.510° CFU ml!
Staphylococcus Ab covalently immobilized by 105 - 109 cells ml-! Boujday et al.
GA to self-assembled
aureus . . - 2008
monolayer of thiolamin
Treponema Ab immobilized on the latex - Aizawa et al.
pallidum particle; latex agglutination - 2001
Direct detection,
4 _ K 4
Yersinia Ab immobilized via (0:30 - 4.90) 10 Kalmykova et
i . cells ml-!
enterocolitica concanavalin A, sulfated al. 2007
. 0.04 104 cells ml-
polysaccharide
Vibrio cholera Adsorption of Ab - Carter et al.

1995

Table 1. Piezoelectric immunosensors for the determination of bacteria
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Most of the modern sensors are designed to determine the causative agents of a widespread
group of intestinal diseases - bacteria E. coli (Plomer et al. 1992, Su and Li 2002, Adanyi et al.
2006, Liu et al. 2007, Wang et al. 2008, Shen et al. 2011, Jiang et al. 2011, Li et al. 2011), Listeria
monocytogenes (Minunni et al. 1996, Vaughan et al. 2002, Wang et al. 2008), Salmonella sp. (Su et
al. 2001, Su et al. 2005, Yang et al. 2009, Park and Kim 1998, Wong et al. 2002, Fung and Wong
2001, Ying-Sing et al 2000 ), Vibrio cholera (Carter et al. 1995), Yersinia enterocolitica
(Kalmykova et al. 2007 and 2008), viruses (Konig and Gratzel 1992). (Adenovirus, and Rotavirus),

as well as toxins (e.g. staphylococcus toxin) (Harteveld et al. 1997, Salmain et al. 2011).

Method of immobilizing .
Linear range.
Analyte receptor molecules or assay L2 References
. . Detection limit
design (detection format)
Direct assay, 1106 -1-1010 Konie et al
Adenovirus Ab immobilized via protein A, particulars ml-1 19ggz '
siloxane, polyethylenamine -
Hepatitis virus Direct assay, - Zhou et al.
A,B Ab immobilized via protein A | 105 particulars ml-! 2002
Hepatitis virus Rl\;f;izfirlf(gg elrrtl;f]l?(ilrlll)zteodawa - Skladal et al.
C (HCV) P . - 2004
monolayer of cystamine
Human Competitive deflmtlon{ 2.5-5pg mlt Susmel et al.
cytomegalovirus monolayers of poly-L-lysine 1 pg ml- 2000
Y and tiosalicylic acid

Table 2. Piezoelectric immunosensors for the determination of viruses and bacteriophages

Salmonellosis diagnostics is successfully carried out with the help of sensors with the
biodetecting layer based on both common and thiolated antibodies (Park and Kim 1998, Kim
et al. 2003), which are specific for the determined bacteria (S. typhimurium, S. paratyphi, S.
enteritidis). Along with the traditional ways of antibody immobilization (physical
adsorption, specific binding to protein A or covalent attachment using a bifunctional cross-
linker to the Langmuir-Blodgett films) in obtaining the biolayer self-organizing monolayers
on polyethyleneimine (Wong et al. 2002, Babacan et al. 2000) and electropolymerization
techniques are used.

It should be noted that the method of electrode coating does not significantly affect the
sensitivity of determining bacterial pathogens (105 - 10° cells ml-), but significantly increases
the reproducibility and stability of analysis. For example, a sensor has been designed to
determine the Staphylococcus aureus bacteria causing purulent-septic diseases (Le et al. 1995,
Boujday et al. 2008). It is designed on the basis of the chromatographic phase (YWG-CisHsy)
with antibodies immobilized with glutaraldehyde and is meant for repeated use and long-
term storage. The sensor (Le et al. 1995) can be used up to 15 times and stored for months
without a decrease in biomolecule activity. However, it is characterized by a few cases of
cross-binding with bacteria of other genera: P. aeruginosa, S. epidermidis E. coli. The formation
of the biolayer on the surface of an electropolimerized film increases the resistance of
sensors that can be stored for more than 5 weeks. The ability to maintain constant values of
the electrode’s potential and current provides for obtaining receptor coatings with identical
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thickness, mass and distribution of functional groups, which is very important for
commercial production of sensors.

Despite the fact that most strains of E. coli are not harmful to humans, some serotypes (e.g.
K12, O157: H7) cause serious food poisoning. Sensors are suggested for the "dip and dry"
analysis with a receptor layer on the basis of antibodies to E. coli K12, immobilized on a

Analyte

Method of immobilizing
receptor molecules or assay
design (detection format)

Linear range.
Detection limit

References

Ab to bacteria F.

Direct detection,
Antigens are attached by means

Titer 40 - 160

Pohanka et al.

immobilized

tularensis of GA to the cystamine- - 2007
monolayer on a gold electrode
Direct detection Kosslinger et
Ab to HIV synthet¥c HIV-pepFlde or Tests yes/no al. 1995 and
recombinant proteins are 1998

Ab to parasites

Antigens (SjAg32, mass 32kD)
covalently immobilized on 3-

3.6 - 42.0 pg ml!

Shistosoma o Wu et al. 2003
ponicum mercaptopropionic SAM-to you -
Jap (MPA) using EDC/NHS
Ab to bacteria D1'rect assay, 3-110 pg ml-l Kalmyken et
Y .enterocolitica LPS immobilized 1.3 pg ml1t al. 2007
) on a lipid substrate o )
. 0 - 300 ME ml!
Immuno- . Direct assay, . 0.1-25pg mlt
elobulin E Physical sorpfaon of protein 0.15 - 175 pig ml- Su et al. 2000
antigen _
Immuno- Direct assay, _
lobulin E Affine immobilization to 0.05 nmol ml-1 Liss et al. 2000
& aptomer on the basis of ssDNA )
Direct assay,
Chemo sorption of protein - .
Human IgG complex IgG-Ab on polystyrene 5 pg ml-t Liu etal. 2003
substrate
. Direct assay,
Surface a.n.t '8N | Ab linked by method of cross- - Chen etal.
of Hepatitis B . . 4.7 nmol 11 2002
linkikg to cystimine monolayer
Sandwich method
. e L - Alfonta and
Cholera toxin amphfle'c'l by ganglloslde— 0.0001 nmol 11 Wilner 2001
modified liposomes
Staphylococcus Competitive assay,
enterotoxin Ab immobilized on god 01 - ml Harte;z ;91;1 etal.
(SEB) electrode L HE

Table 3. Piezoelectric immunosensors for determination of protein molecules
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substrate of protein A (Plomer et al. 1992) and monolayers on alkanthiols (Su and Li 2002).
The detection limit of bacteria E. coli 0157: H7 is 10° CFU ml. In order to increase the
sensitivity of the determination of E. coli O157: H7 streptavidin-conjugated nanoparticles
gold (145 nm), magnetic, silica and polymer nanoparticles of 30 - 970 nm, immunomagnetic
nanoparticles (BIMPs) and affinity-purified antibodies against E.coli treated with biotin (Liu
et al. 2007, Shen et al. 2011, Jiang et al. 2011) are used. After binding cells with immobilized
antibodies nanoparticles of bio-conjugates with streptavidin are injected into the system (Liu
et al. 2007), thus amplifying the sensor’s signal, with the detection limit of bacteria E. coli
0157: H7 decreasing to 102 CFU ml-1.

Besides the research aimed at determining certain types of bacteria, in microbiological
control it is possible to simultaneously determine several of the most dangerous micro-
organisms belonging to the same family (Kim and Bhunia 2008). It is perspective to apply
antibodies against enterobacterial common antigen (ECA) which represents a phospholipid
in the outer membrane and characterized by specificity to the whole Enterobacteriaceae family
comprising the Salmonella and E. coli genera. Using monoclonal antibodies to ECA, Plomer
et al proposed immunosensors for determining any microorganism of the Enterobacteriaceae
family in the range of 104 - 106 cells ml-1.

This displacement analysis is recommended for determining the Pseudomonas aeruginosa
bacteria which cause postoperative or post-burn complications. In order to determine the
bacteria directly in the flow of the solution thiolated antibodies (Kim et al. 2004) were used,
which increases its service life by more than 10%.

A method has been suggested for flow-injection determination of pathogenic "fridge
bacteria" - the Yersinia enterocolitica bacteria, O:3 serotype, in aqueous media. The necessity
to determine Yersinia is caused by the fact that they are agents of an infectious intestinal
disease - yersiniosis which considerably influences human and animal pathology. In order
to determine the Y. enterocolitica bacteria the biolayer of the sensor is formed on immobilized
specific antibodies. The comparative evaluation of methods for obtaining the bio-detecting
layer of the sensor (absorption of antibodies on metal surfaces, covalent binding with
sulfated polysaccharides substrates, concanavalin A, aminosiloxane using glutaraldehyde)
has demonstrated the advantage of polysaccharide substrates, which increase the
reproducibility of the analytical signal and reduce the detection limit to 0.02 104 cells ml-!
(Kalmyken et al. 2007). The widest linear range of determined microorganisms was found
for the siloxane biolayer substrate: 0.30 - 4.90 104 cells ml-!. The methods of flow-injection
determination of the Y. enterocolitica bacteria using a piezo-quartz immunosensor with the
biolayer based on monoclonal homologous antibodies can reliably detect the presence of
microorganisms in aqueous media. The proposed immunosensors can detect bacteria in
water solutions with a minimum concentration of 0.10 104 cells ml-.

Despite very rare occurrences of cholera in this day and age, it is an infection which can
cause rapid dehydration and death. In order to determine the Vibrio cholerae 0139 a highly
specific sensor was developed (Carter et al. 1995) showing no cross-interactions with other
bacteria, such as Ogawa, E.coli, L. monocytogenes and S. marcescens.

Piezoelectric biosensors can be applicable not only in determining individual analytes, but
also for the study of biochemical processes (agglutination, hybridization) in real time, as
well as of the kinetics of reversible reactions. Such sensors can subsequently be used to



100 Advances in Immunoassay Technology

select antibodies as bioreceptor molecules to create immunosensors. For example,
researchers deal with the application of monoclonal antibodies against pathogenic
Francisella tularensis bacteria causing a zoonotic disease - tularaemia, as well as bacterial
endotoxins to determine specific antibodies (Pohanka et al. 2007).

Viruses. Among all infectious diseases the most complicated problems are associated with
viral infections. This is mainly due to the prevalence of viruses, their participation in the
processes of immunogenesis, difficulty in diagnoses, so it is equally important to create
sensors for the determination of pathogenic viruses (hepatitis, herpes, human
immunodeficiency - HIV, etc.).

One of the first researchers who reported on the possibility of detecting not only bacterial,
but viral pathogens of diarrhea (Rotavirus and Adenovirus) in liquid were Konig and Gratsel.
The sensors designed by these authors allow the determination of both the microbial
pathogens in the range of 1106 - 1108 and 1 106 - 11010 virus ml-, respectively, as a result of
direct increment of the mass of the receptor layer. The direct detection is used to determine
the herpes viruses 1 and 2, Varicella-zoster, Epstein-Barr virus at 104 virus ml (Susmel et al.
2001). In the case of hepatitis A and B, the detection limit is 105 viral particles ml! (Konig
and Gratsel 1995, Zhou et al. 2002). When testing serum samples for viral presence with the
application of specific antibodies absorbed on the surface of the crystal, screening was
carried out to determine the content of viral particles; the results were correlated with those
of the enzyme-linked immunosorbent assay.

In order to determine human cytomegalovirus the competitive immunoassay (Susmel et al.
2001) is recommended, as direct cooptation of the virus from the solution gives poor results
(Konig and Gratsel 1995), while the competitive analysis, performed with a monolayer on
poly-L-lysine (covalently bonded to the monolayer of tiosalicylic acid) allows the detection
of the antigen in the range of 2.5 to 5 mg ml-, the detection limit being 1 mg ml-1.

Antibodies and bacteriotoxins. Antibodies of various specificity, and some protein toxins
can act as biomarkers of infectious and somatic diseases. The first researches on determining
antibodies to human immunodeficiency virus (Kosslinger et al. 1995, Kosslinger et al. 1998)
were reported in 1992. Their authors used synthetic peptides of human immunodeficiency
virus (HIV) as receptor molecules immobilized on the surface of the electrode of a high-
frequency resonator (20 MHz). The influence of the dilution of a serum sample on the
reliability of the determination is shown.

The sandwich-analysis with the recombinant protein as receptor molecules and the
amplification of the signal by secondary antibodies labelled with an enzyme was used to
assess patients' contamination by the Helicobacter pylori bacteria, detectable by the presence
of specific antibodies in serum (Su and Li 2001). The sensor can be used both in static and
flow modes.

Determining specific antibodies in infectious yersiniosis (caused by the Yersinia enterocolitica
bacteria) allows differentiating an acute intestinal infection from surgical pathology (e.g.
acute appendicitis), which provides the correct choice of therapeutic measures and the
identification of chronic forms of the disease. A sensor is proposed with the receptor layer
on the basis of lipopolysaccharides (LPS) - components of the outer membrane of the cell
wall of Gram-negative bacteria, consisting of covalently linked (Kalmykova et al. 2006 and
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2007) carbohydrate and lipid parts. In determining specific antibodies it is necessary to
provide spatial availability for carbohydrate, and not lipid, LPS (O-specific polysaccharides)
macromolecules. Activation of silver electrodes is carried out with lipids of oil, Fig. 11.

The application of a hydrophobic electrode modifier for the immobilization of
lipopolysaccharides leads to the interaction of the lipid part of macromolecules with a lipid
coating and the orientation of O-specific polysaccharide chains (O-antigenic determinants)
in the direction of the hydrophilic eluent (Fig. 11). At the same time the biolayer is
characterized by maximum binding activity with corresponding antibodies.

antibody

A
—ry.l

\4

LPS

&

lipid part

\4

C

oil electrode
Fig. 11. The interaction of LPS with antibodies immobilized on a hydrophobic substrate (oil)

(Kalmykova et al. 2007)

The significance of this research lies in both determining antibodies and establishing a
correlation between different ways to express the activity of sera (activity titre and the
concentration of specific antibodies). The sensor allows the determination of antibodies in
serum with a higher sensitivity compared with the reaction of passive hemagglutination. This
is useful for identifying yersiniosis at an earlier stage and monitoring treatment efficiency.

Another area in the application of sensors is the detection of parasites Shistosoma japonicum
(Wu et al. 2003, Wu et al. 2006, Cheng et al. 2008) when specific antibodies are determined in
blood as a result of polymer agglutination.

Of special interest are sensors for the determination of certain classes of antibodies - IgA,
IgG, IgM, which can serve as indirect indicators of candidiasis and facilitate the diagnostics
of fungal infections.

Determination of antibodies to DNA. One of the clinical forms of yersiniosis is the arthritic
one, when patients with rheumatoid arthritis have antibodies to the Y. enterocolitica bacteria,
serotype O:5. However, more often the arthritic pathology is an indicator of developing
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autoimmune diseases: systemic lupus erythematosus, rheumatoid arthritis, chronic
glomerulonephritis, etc. when antibodies to DNA are formed in the body itself.
Immunosensors have been designed based on denatured DNA molecules for determining
antibodies to DNA in blood serum (Fakhrullin et al. 2007, Kalmykova et al. 2003) in the
range of 0.1 - 25 pg ml! (0.03 - 8 IU), the detection limit being 0.01 pg ml-! (0.003 IU). Other
substances of protein nature in blood plasma does not interfere with the quantitative
determination of antibodies to DNA.

4. Conclusion

Possible practical applications of piezoelectric immunosensors are not limited to the
examples discussed above. The analysis of papers published over the past 15 years shows
that the new research direction, connected with the development and application of
piezoelectric immunosensors, causes a growing concern around the world. Sensors are used
in clinical diagnostics to identify high and low molecular compounds, to monitor the
effectiveness of drugs action and their metabolism, to identify the causes of the intoxication
of the body, to detect drug and doping agents in biological fluids.

The relatively low cost combined with high sensitivity and selectivity, plus the possibility to
analyze just one drop of blood, saliva, or urine with little or no additional sample
preparation, the resumption of the activity of the bioreceptor layer and multiple use make
piezoelectric immunosensors a real alternative to the existing methods used in medicine.

Besides, the combination of piezoelectric micro- and nano-weighing with other methods
(e.g. optical or electrochemical methods, the surface plasmon resonance method, the method
of atomic force microscopy) will contribute to a better understanding of biochemical
processes at the cellular level, leading to various diseases.
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1. Introduction

Neurotoxins produced by the Clostridium genus are the cause of botulism, a neuroparalytic
disease (Dembek et al., 2007). Besides Clostridium botulinum, strains of other species such as
Clostridium argentinense, Clostridium baratii and Clostridium butyricum can also produce
botulinum neurotoxins (BoNTs) (Aureli et al., 1986; Hall et al., 1985). BoNTs are a complex
containing the neurotoxin itself (molecular weight of 150 kDa) and its associated non-toxic
proteins (Cai et al.,, 1999; Inoue et al., 1996). After synthesis, BoONTs are activated by a
protease, forming a di-chain molecule consisting of a heavy chain (HC) (100 kDa) and a light
chain (LC) (50 kDa) linked by a disulfide bond (Singh, 2000). At its C-terminus, the HC
binds to the presynaptic membrane through gangliosides and a protein receptor (Cai et al.,
2007). The toxin is then internalised by endocytosis whereby the HC N-terminus aids the
translocation of the LC into the cell cytoplasm (Montecucco & Molgo, 2005; Simpson, 2004;
Singh, 2006). The internalised LC is then able to block the release of acetylcholine by
inhibiting the fusion of synaptic vesicles with the plasma membrane (Montecucco & Molgo,
2005; Simpson, 2004; Singh, 2006; Singh, 2000). This is done by cleaving and thereby
inactivating the enzymes that carry out the fusion of synaptic vesicles.

BoNTs are the most potent biological toxin known (Arnon et al., 2001; Gill, 1982). There are
seven BoNT serotypes, A through G, which are structurally related but antigenically
different proteins (Dembek et al., 2007; Wictome et al., 1999). Botulinum neurotoxin A
(BoNT/A) is the most potent of the seven serotypes (Poras et al., 2009). For example, just
one gram of BoNT/ A crystalline toxin, when evenly dispersed and inhaled, would kill more
than one million people (Arnon et al., 2001; Hicks et al., 2005). From extrapolation of animal
studies, an estimated human dose (assuming a 70-kg person) of BONT/A that is lethal to
50% (LD50) of a population exposed is approximately 0.09 to 0.15 pg intravenously or
intramuscularly, 0.70 to 0.90 pg by inhalation and 70 pg orally (Gill, 1982; Schantz &
Johnson, 1992; Scott & Suzuki, 1988). There are no currently licensed vaccines available to
prevent botulism. An investigational vaccine, pentavalent botulinum toxoid (PBT), is
accessible only to people who are deemed to be at high-risk, such as laboratory workers and
military personnel (Bossi et al., 2004).

The extreme potency and lethality, the ease of distribution, and the need for prolonged
intensive care among affected individuals make BoNTs ideal bioterror agents and
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bioweapon threats. A deliberate release of BoNTs in a civilian population may originate
from a point-source aerosol release or contamination of a food supply. If successful, such
bioterrorist attack would very likely overwhelm the existing public health system (Dembek
et al.,, 2007), leading to public fear and social unrest (Cai et al., 2007). As a result, the US
Centers for Disease Control and Prevention (CDC) has classified BoNTs as one of the six
highest risk threat agents (Category A agent) for bioterrorism (Arnon et al., 2001). Like
many other biological threats, rapid detection of BoNTs, in particular in the environment,
food and/or clinical samples, is crucial not only to aid in early supportive care for those
affected, but also as the key in minimising and managing the impact of a bioterrorism attack
involving such potent toxins.

Currently, the mouse bioassay is the widely accepted standard and approved test for
laboratory confirmation of botulism (Barr et al, 2005; Ferreira et al., 2003; Kautter &
Solomon, 1977; Sharma et al., 2006; Sugiyama, 1980). In this assay, mice after being given
suspected BoNT samples were observed for symptoms of botulism for a period up to four
days (Barr et al., 2005; Kulagina et al., 2007). Although sensitive, the mouse bioassay is
cumbersome, time-consuming and expensive, and it also presents an ethical dilemma due
to the use of large numbers of laboratory animals (Lindstrom & Korkeala, 2006; Varnum et
al., 2006). As a result, there has been a concerted effort over the last few decades to develop
alternative detection methods, some of which have surpassed the detection limit of the
mouse bioassay (Lindstrom & Korkeala, 2006). The majority of these alternative assays are
immunoassays, and the specificity and sensitivity of the assays are greatly dependent on the
quality of the antibodies used.

In this chapter, we describe the development of a new immunoassay based on a surface
plasmon resonance (SPR) biosensor for the detection of botulinum toxin serotypes A and B,
using formalin-inactivated toxoids (BoTds). We demonstrate that the SPR assay does not
cross-react with other closely-related BoTds, and is able to detect BoTds in environmental
aerosol samples.

2. Surface Plasmon Resonance technology

Surface plasmon resonance (SPR) is a biophysical method that monitors real-time
biomolecular interaction of two interacting molecules (often named ligand and analyte).
Besides real time detection, SPR technology is also able to offer kinetic parameters of the
measured biomolecular interaction. It allows the direct determination of separate association
(ka) and dissociation (kq) rate constants; only a few techniques to date are able to offer this
kind of information (Hahnefeld et al., 2004). The knowledge of separate k, and kq rate
constants is valuable in characterising and selecting the most effective binding partners
whether they are for applications of drug discovery or detection. Another major advantage
of the SPR over other traditional methods is its label-free detection. Fluorescence and
luminescence detections in enzyme-linked immunosorbent assays (ELISA) or radioactive
labelling in radioimmunoassays (RIA), in some cases, may not seem favourable, as the
labelled tag may occupy important binding sites or cause steric hindrance which could
interfere with the biomolecular recognition and interaction events (Gopinath, 2010). Another
drawback in labelling of materials for biomolecular interaction is the additional steps
required; some can be difficult.
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SPR enables real time monitoring of a binding event between an immobilised ligand and a
free flowing analyte in solution. It is the measurement of this interaction that underpins the
basis of how a SPR biosensor works. To understand the optical phenomenon of SPR, one
must understand the physics of light and its behaviours under certain conditions. When a
beam of light at a particular angle (termed as the angle of incidence, 0) strikes at the
interface of two materials with different refractive indices; one material (glass) having a
refractive index higher than the other material (biological buffer solution), the light is
completely reflected. This is known as total internal reflection. This total internal reflection
continues until the angle of incidence reaches a critical angle, 8¢; at this angle some of the
light is refracted across the interface (Figure 1a). If a semi-transparent noble metal (in this
example, gold) film is thinly coated on one side of the glass surface (the side that is exposed
to buffer solution) then under conditions described above for total internal reflection,
surface plasmon resonance can occur. The reason is that at a particular light incident angle,
known as the surface plasmon resonance angle, 65, total internal reflection will not occur
(Figure 1b), because some of the light energy is ‘transferred’ to the metallic gold film. If the
intensity of the reflected light is plotted against the angle of incidence, we will observe that
at Bspr angle the intensity of reflected light is at its minimum (Figure 1c).

intensity

angle (6)

a. b. c.
Fig. 1. Schematic diagram of surface plasmon resonance phenomenon. The refractive indices
of glass and buffer solution are n; and ny, respectively; where n; > n,. Refracted beam at the
critical angle, 0., is shown in red. At angles greater than 0, light is completely reflected (a).
When a thin metallic gold film is coated onto one side of the glass surface, at the surface
plasmon resonance angle, Ospr, light will not be completely reflected (b). Instead, some of the
light energy is transferred to the gold film causing a drop in the intensity of the reflected
light at Ospr angle (c).

The 65, angle is sensitive to a number of factors such as the incident light wavelength, the
nature and thickness of the conducting film and the temperature (Hahnefeld et al., 2004). If
all these factors are kept constant, then any shift in the 65, angle will purely be dependent
on the refractive index of the buffer solution medium at close proximity to the interface.
Changes in the refractive index of this medium during binding events of immobilised
ligands and free flowing analytes can then be closely monitored via any shifts in the O
angle by a photo-detector array equipped as a biosensor instrument. The measurement of
the photo-detector array can be visually plotted (Figure 2a). The biosensor instrument
processor would convert and quantify these small changes in the 65, angle to absolute
resonance units or response units (RU), and plot them against time as sensorgrams (Figure
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2b), where 1 RU is equivalent to a small change in the 0, angle of about 104 degrees
(Hahnefeld et al., 2004).
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Fig. 2. Schematic illustration of a surface plasmon resonance biosensor. The direction flow of
analyte solution is as indicated. As analytes come into contact with immobilised ligands,
associations (k,) and dissociations (kq) between the molecules occur. These binding
interactions, monitored in real time, will shift the Ospr angle from I to II - visually plotted as
reflected light intensity against angle of incidence (a). The biosensor will process this change
in Ospr angle to absolute resonance or response units (RU) and plots the result as a
sensorgram (b).

SPR-based biosensors have been used increasingly in the past decade, especially in the post-
genomic era where the need to understand the function of biologically important molecules
are ever increasing (Gopinath, 2010). The technology is widely used to generate bio-
recognition information from protein-protein, lipid-protein, nucleic acids and molecular
interactions. This information will aid in the screening, discovery and development of
therapeutic antibodies and new drugs, the detection and analysis of human pathogens and
toxins; and also as a research tool in aptamer selection, epitope mapping, antibody
development, ligand fishing and mutant analysis to name a few.

In any application of SPR technology, a single or multiple ligands of interest will need to be
firstly immobilised onto the surface of a sensorchip. Ligands can be chemically immobilised
onto the sensorchip surface by covalent coupling via primary amines, aldehydes or reactive
thiols. Alternatively, high-affinity and specific capture of ligands can also be performed via
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streptavidin interactions, fusion tags, interactions between antibodies or ligand-specific
interactions. This step aims to change the surface chemistry in preparation for subsequent
interaction with injected free-flowing analytes. When analyte solution is flown over ligands;
immobilised or captured, the interactions between the molecules are monitored in real time.
A sensorgram is shown in Figure 3, three phases are involved in a typical biomolecular
interaction study on a SPR biosensor.
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Fig. 3. A typical SPR sensorgram showing the three phases involve in a biomolecular
interaction study. The three phases are: association, dissociation and regeneration.

These phases are association, dissociation and regeneration. Understanding the events and
significance of each phase is important, as they are required in obtaining kinetic data about
the interaction; such as the association (k.) and dissociation (kg) rate constants as well as the
apparent equilibrium binding constant (kp or ka). In an SPR experiment, biomolecular
interaction analysis can only be performed after a stable sensorgram baseline is achieved
with continuous running buffer flown over immobilised or captured ligands. In the
association phase, an analyte solution is injected and flown over the ligand surface where
biomolecular interaction between the two, if exists, will occur. This interaction is amplified
by an increase in the response unit (RU) on the sensorgram as shown in Figure 3. As more
interactions take place between analytes and ligands this will also translate to a
corresponding increase in the RU on the sensorgram, which will continue until it reaches its
highest binding RU value, usually at the end of an analyte injection. This highest RU
sometime can also be the maximum binding capacity (Rmax). This occurs when analytes are
fast and strong binders to the ligand causing these analytes to fully occupy all available
ligand binding sites.

Dissociation phase starts when the injection of the analyte solution stops and the system
switches to continuous flow of running buffer. Under this condition, dissociation between
analytes and ligands is greatly favoured over association. As analytes dissociate from
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ligands, this event is reflected by a decrease in RU on the sensorgram as shown in Figure 3.
In many cases, analyte dissociation is never complete or it takes far too long to observe
complete dissociation. Hence, an additional step to aid this process may be incorporated
into the regeneration phase, which involves the injection of an appropriate regeneration
solution to remove excess bound analytes that have not yet dissociated. The ultimate goal is
to elute non-covalently bound analytes but at the same time not adversely disrupt the
biological activity of the ligand in the process. At the end of the regeneration phase, a
baseline RU is reached and ready for subsequent use, hence saving time and resources.
However, it is often that ideal regeneration conditions are hard and time consuming to
establish, in which cases it may be more effective to settle for non-ideal regeneration.

3. Reagents and instruments used for assay development

Several anti-BoNT rabbit polyclonal antibodies (PAb), purchased from Metabiologics Inc
(Wisconsin, USA), were used as the ligands in this study; they were Anti-BoNT/A PAb (Lot.
No. A011708-01) and Anti-BoNT/B PAb (Lot No. B082203-01), each supplied in 100 mM
Tris/ glycine buffer (pH 7.9). Purified botulinum toxins (BoNTs) and formalin-inactivated
toxoids (BoTds) (also from Metabiologics Inc) were used as the analytes, including BONT/A
(Lot No. A031009-01), BoNT/B (Lot No. B031009-01), BoTd/A (Lot No. A090805-01) and
BoTd/B (Lot No. B090705-01). The toxins were supplied in 0.22 pm filtered phosphate-
buffered saline (PBS) (pH 7.0). All toxins and antibodies were kept refrigerated before use.

For enzyme linked immunosorbent assay (ELISA), the following buffers were prepared:
coating buffer [0.05 M carbonate-bicarbonate buffer, pH 9.6]; wash buffer [PBS containing
0.05% Tween 20 (PBST)]; blocking solution and reagent diluent [3% skim milk in PBST
(M-PBST)]. Substrate para-nitrophenyl phosphate (pNPP) tablets were purchased from
Sigma-Aldrich (Sydney, Australia). A working volume of 100 pl per well was used in the
ELISA, except for the blocking step, which was 350 pl per well. BoONTs or BoTds, diluted in
coating buffer, were coated onto the wells of a Nunc-Immuno MaxiSorp microtitre plate
(Invitro Technologies, Melbourne, Australia, cat. no. 43954) and incubated overnight at 4°C
(~ 16 hours). Antibodies were subsequently added, all of which were diluted in M-PBST.
Incubations of primary (anti-BoNT PAb at 0.5 ug/ml) and secondary (anti-rabbit IgG-AP
diluted 1:10,000) antibodies were carried out for 1 hour at room temperature with shaking.
After each incubation step, the plate was washed with PBST (3 X 350 pl per well). The final
washing step (after anti-rabbit IgG-AP incubation) involved PBST washes (3 times) and a
distilled water wash. This was followed by the addition of substrate solution. Substrate
incubation was 1 hour at room temperature with shaking before the plate was read at
wavelength 405 nm.

The instruments used included the SPR BlAcore® X (GE Healthcare, NSW, Australia),
Labsystems Wellwash Mk2 plate washer (Pathtech, Melbourne, Australia), Ratek plate
shaker (Ratek Instruments, Melbourne, Australia) and Labsystems Multiskan Ascent
Photometric plate reader (Pathtech, Melbourne, Australia). The BIAcore® X system
comprises the BIAcore® X instrument, BIAcore® X Control Software (Version 2.2) and
BlAevaluation software (Version 4.1). The following reagents were also purchased from GE
Healthcare: CMb sensor chip (research grade), HBS-EP running buffer (0.01 M HEPES pH
74, 0.15M NaCl, 3 mM EDTA and 0.005% v/v Surfactant P20), and amine coupling kit
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containing 115 mg/ml N-hydroxysuccinimide (NHS), 750mg/ml 1-ethyl-3-(3-
dimethylamino-propyl) carbodiimide hydrochloride (EDC) and 1.0 M ethanolamine-HCI,
pH 8.5. All other chemicals used for buffer preparations were purchased from Sigma-
Aldrich (Sydney, Australia).

4. Surface functionalisation

In the SPR assay system, specific antibodies need to be immobilised onto the surface of a
SPR sensor chip in order to create favourable surface chemistry that is necessary for
interaction between BoTd and its antibody. In this study, commercial PAbs produced in
rabbits immunised with BONT/A and BoNT/B were immobilised onto a CM5 sensor chip.
Firstly, carboxymethylated dextrans covalently attached to the gold surface of the sensor
chip were activated by chemical treatment to form N-hydroxysuccinimide esters. This was
performed with an injection (35 pl) of a mixture of equal volumes of EDC and NHS at a flow
rate of 5 pl/min. This activation permitted the reactive succinimide ester surface to
covalently bind injected anti-BoNT PAbs (50 ul at concentration of 50 pg/ml diluted in
immobilisation buffer, 10 mM sodium acetate, pH 4.5) via its free amino groups. A final 35
pl injection of 1M ethanolamine, pH 8.5 was passed over the sensor chip surface to
deactivate and block residual active esters from any further reaction.

The assay procedure involved injecting a continuous flow of sample solution (50 ul at a flow
rate of 5 pl/min), over a sensor chip surface immobilised with a specific antibody. This
sample solution first passed over a blank control channel (Flow Cell 1) before flowing over
an anti-BoNT PAb immobilised surface channel (Flow Cell 2). Interactions between the
injected BoTd and the immobilised anti-BoNT PAb were monitored by plotting the output
signal as a sensorgram. During the injection period, BoTd detection could be observed in
real-time from rising sensorgram signal. At the completion of sample injection, the final
observed sensorgram signal in resonance units (RU) corresponded to the maximum binding
that had occurred for a particular sample. At the chosen flow rate of 5 ul/min, an assay took
approximately 10 minutes to complete. At the completion of an assay, the sensor chip was
regenerated for further assays. This was performed by injecting short pulses of a
regeneration buffer over the sensor chip surface to remove non-covalently bound BoTd. The
regeneration buffer chosen for this assay was 10 mM glycine-HCI, pH 1.75 with 0.01% (v/v)
Tween 20. The generated sensorgram data was analysed by the BIAevaluation software
(Version 4.1).

5. Assay development and optimisation

Our preliminary ELISA results revealed that the two anti-toxin PAbs could recognise both
the native toxins and the formalin-inactivated toxoids for serotypes A and B (data not
shown). For safety reasons, only the toxoids were used for the BIAcore® X system. Each
CMS5 sensor chip contained two flow cells, but only one of which (i.e. Flow Cell 2) had anti-
BoNT PAbs immobilised. The difference in Resonance Units (ARU) obtained between pre-
ligand (anti-BoNT PAb) injection and post sensor chip deactivation indicates the amount of
anti-BoNT PAb immobilised. As a general rule, 1 ng of immobilised antibodies per mm?
equates to approximately 1,000 RU. For our anti-BoNT PAbs used, ARU values in the range
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of 2,500 to 3,500 RU were obtained consistently using the immobilisation conditions
described above. This corresponds to approximately 2.5 to 3.5ng of anti-BoNT PAbs
immobilised per mm? for either serotype. On the same sensor chip, Flow Cell 1 was used as
a negative control, for which the same immobilisation procedure was carried out without
ligand injection. This means the surface on Flow Cell 1 was activated, exposed to ligand-free
immobilisation solution and deactivated. Flow Cell 1 was required for non-specific and
background signal corrections as sample solution was injected onto the sensor chip flowing
through Flow Cell 1 first and then onto Flow Cell 2.

A flow rate of 5 pl/min was selected in order to enhance binding conditions of the assay.
This slow flow rate allowed sufficient time for the injected BoTds and the immobilised anti-
BoNT PAbs to interact. Samples containing BoTd/A or BoTd/B at various concentrations
were each assayed in triplicate to determine the assay’s standard deviation and co-efficient
of variation. After each sample injection, sensorgram signals (RU) at intervals of 50 pl and
100 pl were recorded and plotted (Figure 4). Similar detection signals were obtained with
each serotype SPR assay even though each sensor chip had different anti-BoNT PAbs
immobilised on it. As predicted, at the same BoTd concentration, SPR detection signals
observed at 100 pl of the loaded sample were greater than that of 50 pl. The increase in
detection signals obtained from injections of 100 ul of sample compared to 50 pl was less
than two-fold. This increase was not deemed significant to justify doubling of the assay time
(at flow rate of 5 pl/min, an assay of 100 pul injection would take 20 minutes to complete). On
the other hand, a 50 pl sample injection would only require 10 minutes to complete an
assay and still produced considerable and observable RU signals. Therefore, it was
concluded that a sample injection volume of 50 pl, corresponding to an assay time of just
10 minutes, would be appropriate, sufficient and beneficial for rapid detection methods
such as this SPR assay.

The co-efficient of variations amongst the triplicate results varied from 5% to 13% (data not
shown). Compared to other similar SPR assays, these values were considered to be
relatively high although they were still acceptable. Ineffective regeneration conditions could
be a reason for this higher than expected variation. Ideally, conditions for sensor chip
regeneration should be such that they are harsh enough to dissociate all bound analytes
while at the same time having minimal to neutral effects on immobilised antibodies of the
assay. Despite repeated efforts, the final procedure developed for the assay regeneration in
this study does not appear to be optimal and effective (data not shown). This could result in
(i) ineffective dissociation of the bound BoTds and/or (ii) partial inactivation of the anti-
BoNT PAbs immobilised on the sensor surface. Either or both of these could reduce the
number of accessible binding sites after each regeneration cycle, hence leading to higher
than expected variations in replicate results.

Based on experimental results, the assay’s limit of detection (LOD) was estimated to be
less than 50 ng of loaded BoTd amounts, for either serotype (Figure 4). For BoTd amounts
below the LOD, RU signals were found to be in the range of 1 to 4 RU. This RU signal
range was similar to or below that of the assay LOD signal. This indicates that the assay
signal had reached its lower limit, hence stabilising around this RU range even at sub
LOD levels. Compared to a blank control injection, negative RU values were often
observed.
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Fig. 4. SPR assay derived standard curves for BoTds; serotypes A (A) and B (B). Error bars
are mean * standard deviation where n = 3.

6. Detection of environmental samples and cross-reactivity

Environmental aerosol samples were collected at different Melbourne sites using a
horizontal wet wall cyclone (HWWC). The cyclone is a large volume air sampler that
collects ambient aerosol particles at the rate of ~800 litres of air per minute and concentrates
these particles into a 10 ml solution. This solution, termed cyclone buffer, was made up of
water and Tween 80 (0.01% v/v). These liquid samples were centrifuged and the
supernatants were collected as environmental samples (ES). Five ES were assayed, each
sample was spiked with BoTds (50 ng loading amounts). Table 1 shows that the assay could
be used to detect BoTds, albeit with reduced sensitivity, in environmental aerosol samples.
The reduced signals obtained from these spiked ES, compared to spiked cyclone buffer, may
suggest inhibitory effects on assay sensitivity from ES testing.
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Recovery (%)
S y
ample
BoTd/A BoTd/B

cyclone buffer 100.0 (13.3) 100.0 (7.7)
ES00338 59.3 (15.2) 72.6 (6.5)

ES00352 453 (11.5) 263 (5.0)

ES00285 58.7 (8.9) 51.6 (8.4)

ES00316 59.3 (7.2) 51.6 (5.1)

ES00304 87.3 (9.8) 90.7 (5.2)

Table 1.BoTd-spiked environmental samples. An amount of 50 ng of toxoid was loaded onto
the sensor chip for each sample. Percentage recovery was calculated based on spiked
cyclone buffer signal. Each sample was assayed in duplicate. Values next to recovery
percentage, in brackets, are the calculated percentage CV.

A simple examination of the assay for cross-reactivity was performed by observing the
detection signal generated by another closely related serotype toxoid, in this case, an
injection of BoTd/A onto anti-BoNT/B PAb immobilised sensor chip, and vice-versa.
Neither SPR assay showed any cross-reactivity with its related serotype BoTd. The RU
signals generated are shown in Table 2. Visually, there was little or no cross-reactivity in
either SPR assay, as illustrated by the respective sensorgrams, shown in Figure 5.

RU signal
Immobilised Sensor Chip

BoTd/A BoTd/B
Anti-BoNT/A PAb 22.0 2.3
Anti-BoNT/B PAb 3.6 44.0

Table 2. SPR assay cross-reactivity testing using toxoids BoTd/A and BoTd/ B, each loaded
at 250 ng onto the sensor chip.
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Fig. 5. SPR assay sensorgrams showing minimal cross-reactivity for (A) toxoid BoTd/A and
(B) BoTd/B.
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7. Estimation of assay sensitivity for active toxins

To estimate the sensitivity of the SPR assay to detect active toxins, ELISA was used to
evaluate the two anti-BoNT PAbs used in the SPR assay for their relative binding affinities
to the toxins and their toxoids. Toxins BoNT/A and BoNT/B and their corresponding
toxoids were coated separately onto the wells of microtitre plates. These analytes were then
assayed using their respective anti-BoNT PAbs. ELISA detection signals, measured as
optical density (OD) at 405 nm, at various BoNT and BoTd concentrations were plotted for
comparisons. Typical ELISA signal curves of BoNTs and BoTds are shown in Figure 6. The
anti-BoNT PAbs were found to have a higher binding affinity for the toxins than for the
toxoids for both serotypes. Based on the data obtained, both BoNTs were calculated to be at
least 40-fold more reactive than their counter-part BoTds with the anti-BoNT PAbs. This was
to be expected because the anti-BoNT PAbs were raised specifically against the BoNTs,
hence they recognised the BoNTs more favourably and effectively than the BoTds. From the
correlation curves, the detection limit of our SPR assay of 50 ng for toxoids can be estimated
to an approximate amount of 1.3 ng for BoNTs.
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Fig. 6. Correlations in detection sensitivity between toxin BONT/B and toxoid BoTd/B.
ELISA signal, OD at 405 nm, plotted against coated toxin or toxoid concentrations.

The stability of the toxins stored at 4 °C was also investigated. It was found that ELISA signals
obtained for 5 ng/ml of coated toxins were gradually reduced over a period of a year, despite
refrigeration storage of the toxins. The signals reduced significantly, more than 50 percent,
within 6 months of toxin production and it appeared that the rate of degradation was greater
for BONT/A than for BONT/B (data not shown). This is in agreement with other publications
that BoNT itself is less stable than BoNT complex (Brandau et al., 2007). The complex consists
of BoNT and its non-toxic associated proteins, which is believed to protect the neurotoxin
against damage from exposure to extreme conditions. The increased thermal stability of the
BoNT complex may have risen from the internal structure of the complex generated by
interactions between BoNT itself and the associated non-toxic proteins (Brandau et al., 2007).
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8. Discussion and concluding remarks

Here, we report the development of a real-time optical SPR assay using formalin inactivated
toxins, BoTds. The data were then correlated back to their active toxin BoNT values by
assessing the same anti-BoNT PAbs for their binding affinities to both BoNTs and BoTds in
an ELISA setting. This indirect evaluation of an SPR assay for BoNT detection is less than
ideal, but it is a requirement for the SPR instrument due to safety concerns. Unlike other
models, the BIAcore® X does not have an enclosed sample injection compartment or an
automatic injector. Therefore, samples need to be manually injected into the BIAcore® X in
an open area environment where toxin aerolisation and inhalation would pose a possible
risk.

The SPR assay developed has several advantages over other assays in that it is rapid,
provides real-time detection following sample injection, and requires no reagents to be
labelled. The assay has an estimated LOD of 1.3 ng of loaded BoNTs for both serotypes, a
value obtained based on BoTd experimental data. A similar SPR assay has been
previously reported by Ladd et al (Ladd et al., 2008), which, however, requires at least 60
minutes to complete an assay plus a further 2 hours for preparation prior to the actual
assay. In comparison, our SPR assay takes only 10 minutes to complete, and in fact, the
entire procedure from antibody immobilisation to completing an SPR assay takes less
than 40 minutes. Furthermore, our assay does not require the preparation for antibody
biotinylation, purification and immobilisation and the addition of another antibody to
achieve the LOD.

Examples of other technologies being used for BONT detection include ELISA (Ferreira et al.,
2003; Poli et al., 2002; Sharma et al., 2006; Wictome et al., 1999; Wictome et al., 1999), mass
spectrometry (Barr et al., 2005; Boyer et al., 2005; Kalb et al., 2005; Kalb et al., 2006),
enzyme-amplified protein micro-array immunoassay (Varnum et al., 2006), fluorometric
biosensor (Dong et al., 2004), and a modified immunoassay (Bagramyan et al., 2008), which
measures the intrinsic metalloprotease activity with a fluorogenic substrate. Although some
of these assays are more sensitive than the SPR assay, they do not offer real-time detection,
often require antibodies to be labelled, which can create problems in antibody-antigen
recognition, and most importantly these assays are laborious. Assays based on polymerase
chain reaction (PCR) have also been reported; however, these assays can only detect the
presence of residual bacterial DNA if present in BONT samples (Fach et al., 2009; Lindstrom
& Korkeala, 2006). Therefore, they are not applicable to toxin samples of high purity (i.e.
toxin samples where they do not contain any residual bacterial DNA).

The option of incorporating another antibody into our SPR assay was not investigated. This
additional step would theoretically provide a larger SPR response, effectively amplifying the
output signal and increasing the assay sensitivity. The significance of enhanced sensitivity
should be investigated to determine whether the benefit warrants a longer assay time.

Successful regeneration of sensor chip surface is critical for any SPR assay as it allows
multiple assays to be performed. An ideal regeneration condition should be such that it
dissociates and removes all bound molecules but does not damage the biological activity of
immobilised antibodies on the chip. The present assay has a coefficient of variation ranging
from 5% to 13 %, which was a rather high value compared to other SPR assays. This could
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be caused by an ineffective regeneration of the chip surface. It was also possible that the
immobilised antibody surface might have been damaged or that the bound BoTds might
have not been effectively removed. Either, or both, of these would contribute to a reduction
in the number of accessible binding sites after each regeneration cycle.

The cross reactivity of the assay was evaluated against two closely related serotypes
BoTd/A and BoTd/B. Although the experiment was simple and limited, our results showed
that the assay did not cross-react with its closely related BoTd serotype, suggesting minimal
cross-reactivity issues with other non-related toxins. Both assays also detected BoTd-spiked
environmental samples, although all signals were reduced when compared to spiked
cyclone buffers. The signal reduction suggests possible inhibitory effects of the sample on
the immobilised anti-BoNT PAbs, and consequently on their assay sensitivity. Further
studies with a larger number of environmental samples should be performed to provide
more information concerning the detection of native toxins in different sample matrices and
cross-reactivity with other toxins or contaminants. In addition, more stable anti-BoNT
antibodies should be sought because like other immunoassays, the SPR assay also relies
heavily on the use of high quality antibodies that are not only highly specific for their
targets but are also able to withstand the harsh regeneration process.
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1. Introduction
1.1 Scope

Artificial nanopores can be loosely defined as materials possessing one or more nanometer-
size pores (1-100 nm in diameter). This recent class of nanostructures is generating great
interest in the scientific community as a platform for biomolecular analysis. The first
fabrication of an artificial nanopore with true nanometer control dates to 2001 (Li et al.,
2001) but the application of nanopores for biological studies started 10 years earlier.
Following a rapid review of the highlights of 20 years of nanopore science, we explore the
advancement of nanofabrication techniques that allowed the creation of individual
nanopores, nanopore arrays, and nanoporous materials. Although most of the methods
currently used to fabricate nanopores require expensive equipment and highly-skilled
technicians, we focus here upon those technologies that allow the fabrication of nanopores
at the bench and discuss signal transduction mechanisms that allow nanopores to be used as
biosensors. In particular, we review the creative application of nanopipettes, artificial
nanopores that can be easily fabricated from inexpensive glass capillaries, as a biosensing
platform and discuss their potential for immunosensing.

1.2 History of nanopores

The concept of employing a nanopore for biological studies was initiated in the early 1990's
by David Deamer (UC Santa Cruz) in collaboration with Daniel Branton (Harvard
University), and independently by George Church and Richard Baldarelli (Harvard Medical
School). Their hypothesis was that a DNA molecule threaded through a nanopore would
perturb the ionic current in a sequence-specific fashion. This concept, however, required a
very small pore of molecular dimensions to thread a long strand of DNA.

The first experimental evidence of whether a nanopore could detect nucleic acids was
reported by Kasianowicz and coworkers in 1996 (Kasianowicz et al., 1996). The authors
threaded single stranded DNA and RNA molecules through an a-haemolysin pore by
means of an external applied voltage. Isolated from Staphylococcus aureus, a-haemolysin is a
33 kDa membrane pore protein whose channel remains open at neutral pH and high ionic
strength and whose pore diameter is ~2 nm (Song et al., 1996). The passage of each molecule
was detected as a transient decrease of ionic current whose duration was proportional to the
polymer length. From the very first paper published using nanopore technology, the



126 Advances in Immunoassay Technology

authors envisioned that such a device would allow direct, ultra-fast DNA sequencing. The
initial optimism was boosted by the discovery that one can distinguish adenine from
cytosine within an RNA molecule with a heterosequence A3Cyo (Akeson et al., 1999).

The initial excitement diminished when scientists realized that the signal-to-noise ratio was
insufficient to ever reach single-base resolution in translocation experiments under typical
conditions. The main obstacle is that translocation through a-haemolysin occurs at such a
high rate that statistical fluctuations mask subtle differences among the four different bases.
The fact that well-defined chemical and structural changes can be introduced to o-
haemolysin by genetic engineering still offers the promise that a sequencing device can be
built out of a biological nanopore. However, biological nanopores hold some inherent
limitations. In particular, they need to be embedded in a supporting lipid bilayer whose
stability is closely dependent on pH, temperature, electrolyte concentration, and mechanical
stress. Even as research on these protein-based pores was progressing, improved
nanofabrication techniques have made it possible to artificially sculpt nanopores into
inorganic surfaces with nanometer precision. The possibility of precisely tuning nanopore
size and geometry has made possible an expansion of nanopore-sensing technologies (Fig.
1). Applications include the detection of small molecules, peptides, enzymes, proteins and
protein complexes (Siwy&Howorka, 2010).
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Fig. 1. Scheme illustrating the principle of nanopore measurements. a) A transmembrane
potential causes a constant ion flow which is b) temporary perturbed by analytes passing
through the nanopore.

Until now, DNA sequencing has been the application of choice for nanopores. The potential
of a sequencing device that doesn’t require (labelled) nucleotides, polymerases or ligases,
requires a minimal sample preparation and allows long reads (>10,000 nt) still inspires
several research groups (Branton et al., 2008). Nanopore research is, however, by no means
limited to DNA sequencing, and the goal of this chapter is to highlight the recent advances
in immunosensing using artificial nanopores, a platform that has the potential for myriad
applications.

2. Fabrication of artificial nanopores

Naturally occurring and synthetic zeolites are perhaps the archetypical nanoporous
materials, but their sub-nm pores make them more suitable for gas storage rather than for
biosensing (Morris&Wheatley, 2008). In this section, we review the fabrication of nanopores
and nanoporous materials with cavities of ~2 nm and above. We will first discuss the
fabrication of individual nanopores and nanopore arrays using nanolithography, while we
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dedicate separate sub-sections to bench-top fabrication methods and fabrication of
nanoporous materials.

2.1 lon and electron-beam sculpting

In 2001, Li and coworkers (Li, et al., 2001) reported the first fabrication of a nanopore with
true nanometer control using a method called ion beam sculpting. The authors developed a
focused ion beam (FIB) machine that uses ions to mill a tiny hole in a silicon nitride
membrane. Their system was equipped with ion detectors as a milling feedback-control.
Interestingly, they observed that ion rate and temperature affected pore dimensions, causing
shrinkage and enlargement, fine-tunable with nanometer precision. Cees Dekker’s group
(Storm et al., 2003) developed a different approach based on electron beam lithography
followed by etching. As with Li's method, pore size could be modified, in this case by
exposure of the nanopore to a high-intensity wide field illumination (Fig. 2D). Holes with a
diameter greater than the membrane thickness grew in size, whereas smaller holes shrank.
Several other groups reported the use of a transmission electron microscope (TEM) to drill
nanopores in thin membranes thus making the laborious preparation for electron-beam
lithography unnecessary (Zandbergen et al., 2005) (Kim et al., 2006) (Krapf et al., 2005).
Traditionally, insulating oxides were used as the material of choice for nanopore fabrication
due to their robustness, chemical stability, and wide availability. More recently, scientists
started fabricating nanopores into conductive or semi-conductive materials.

Graphene is a two-dimensional layer of carbon atoms packed into a honeycomb lattice with
a thickness of only one atomic layer (~0.3 nm). Despite its minimal thickness, graphene is
robust as a free-standing membrane. In addition, graphene is an excellent electrical
conductor (Geim&Novoselov, 2007). Independently, three groups showed the fabrication of
nanopores in graphene (Garaj et al., 2010, Merchant et al., 2010, Schneider et al., 2010) by
electron beam milling (Fig. 2E). Preliminary results showed that current blockades due to
DNA translocation through graphene nanopores are larger than what has been observed for
silicon nanopores of the same diameter. On the other hand, the authors showed that bare
graphene devices exhibited large ion current noise and suffered from low yields.

Another very popular technique to fabricate artificial nanopores is the track-etching method
(Fig. 2B,C). This technique is based on the irradiation of a polymer foil with energetic heavy
ions followed by preferential chemical etching of the particle tracks (Siwy et al., 2003).
Cylindrical or conical pores with diameters from a few nanometers to the micrometer range
can be obtained. Individual nanopores can be fabricated by masking the polymer foil with a
metal during the ion irradiation. Track-etched nanopores can be coated with gold to create
individual conical gold nanotubes or nanotube arrays (Martin et al., 2001).

2.2 Bench top fabrication

All nanopore fabrication methods described above require expensive equipment, such as
TEM or FIB, or access to heavy ion accelerators. Nanopipettes are a class of artificial
nanopores that can be easily fabricated at the bench starting from inexpensive glass
capillaries (Fig. 2A). Quartz is the material of choice to fabricate nanopipettes. It possesses
many advantages compared to other glasses in term of optical transparency, electrical noise,
and mechanical properties. The most widely adopted fabrication method for nanopipettes is
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Fig. 2. Electron microscopy of nanopores A) laser-pulled nanopipette, adapted with
permission from (Umehara et al., 2006). Copyright 2006 American Chemical Society. Track-
etched nanopore in polycarbonate showing respectively B) surface of the membrane
exposed to the etch solution and C) surface exposed to the stop solution showing tip
opening, adapted with permission from (Harrell et al., 2006). Copyright 2006 American
Chemical Society. D) Nanopore in a SiO, membrane. Adapted with permission from (Storm,
et al., 2003) and E) graphene nanopore. Adapted with permission from (Merchant, et al.,
2010). Copyright 2010 American Chemical Society.

laser pulling of a glass capillary. A laser beam is focused on the glass tubing until it reaches
its softening point. A hard pull is then applied with a preset delay to generate two identical
nanopipettes. The major advantage of the laser pulling method is the simplicity of the
approach; there is no need for expensive equipment, clean rooms, or specialized technicians.

Fabrication of nanopipettes with nanometer precision remains technically challenging and
alternative methods have been proposed to increase the reproducibility of pore dimensions.
Ding and colleagues (Ding et al., 2009) reported an etching protocol to enhance the
reproducibility of the nanopore size. First the capillary was pulled into a micropipette and
then the very tip was sealed by a heat treatment. A nanopore was opened by external etching
and monitored through electrochemical measurements, in order to attain the desired pore size.

Significant effort has been invested in fabricating nanopipettes from materials other than glass.
Kim and colleagues (Kim et al., 2005) fabricated carbon nanopipettes with large aspect ratios
(length/diameter) based on the glass pulling technique. First, they created an aluminosilicate
nanopipette with a conventional laser puller, after which they catalytically deposited carbon
layers onto the exterior and interior of the nanopipette. The exterior carbon layer and the glass
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layer are subsequently removed by chemical etching, exposing the interior carbon nanopipette
tip structure. Freedman and coworkers (Freedman et al., 2007) employed magnetic techniques
to affix a magnetized carbon nanotube (mCNT) to the tip of a conventional glass nanopipette.
The resulting mCNT-tipped nanopipettes were sufficiently robust that they could be used to
penetrate cell membranes and to allow fluidic transport.

Zhang and coworkers (Zhang et al., 2004) developed the “nanopore electrode” which
consists of atomically sharp platinum wire sealed into a glass capillary. By fine polishing,
they exposed a platinum disk of nanometer dimension, and a subsequent etching step
produced a truncated cone shaped nanopore embedded in glass, where the bottom of the
pore is defined by the platinum disk.

2.3 Nanoporous materials

Numerous methods have been developed to fabricate nanoporous films and materials. We
will limit the description to materials already employed for immunosensing whose
applications will be described in the Section 3: “Nanoporous structures as loading materials
for immunoassays”.

Anodized aluminum oxide (AAO) has been one of the substrates of choice for the fabrication
of nanoporous materials. AAO membranes are fabricated by anodic oxidation of an aluminum
substrate in acidic solutions. The resulting membrane consists of densely packed hexagonal
pores of 10-200 nm in diameter, whose size depends on the oxidation conditions
(Stroeve&lleri, 2011). Architectures consisting of long-range ordered nanochannel arrays can
be fabricated out of AAO on the millimeter scale (Masuda et al., 1997).

Nanoporous films can be prepared by template-assisted synthesis as well. The self-assembly
of polystyrene nanospheres and 5 nm SiO, nanoparticles on a glass slide followed by a
calcination process produces an ordered array of nanopores embedded in a SiO, matrix
(Yang et al., 2008). The application of more volatile template materials was used to create
both carbon (Lee et al., 2001) and silica (Schmidt-Winkel et al., 1998) mesocellular foams.
Moreover, nanoporous structures can be fabricated out of metallic materials. Ding and
coworkers (Ding et al., 2004) demonstrated the synthesis of nanoporous gold film by
selective dissolution (dealloying) of silver from a silver/gold alloy. Upon silver dissolution,
gold atoms re-organize into an interconnected network of nanopores whose size can be
tuned in the nanometer range via simple room-temperature post-processing.

Lin and coworkers (Lin et al., 2010) developed a very original method based on biogenic
silica to create a nanoporous film on top of electrode materials. Diatoms are eukaryotic,
unicellular photosynthetic algae that are ubiquitous in nearly every aquatic habitat. Diatoms
produce diverse three-dimensional, regular silica structures (a.k.a. “frustules”) with pores
from nanometer to micrometer dimensions.

3. Nanoporous structures as loading materials for immunoassays

As discussed in the previous section, nanoporous materials are fundamentally different than
solid state, “single-track” nanopores due to fabrication methods, size and geometry of the
nanopores. A distinguishing feature is that nanoporous materials have a very large surface
area, a property used in many immunoassay applications. Herein, we will review the
application of nanoporous materials for immunosensing.
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Piao and co-workers constructed a highly stable immunoassay using signal-generating
enzyme (as ELISA label) immobilized in mesocellular carbon foam (Piao et al, 2009).
Mesoporous carbon possesses large pores (D ~ 31 nm), interconnected by smaller windows (D
~ 21 nm) that are surrounded by small pores (D ~ 5.6 nm). Acid treatment can easily introduce
carboxylic moieties at the surface of mesoporous carbon, thus enabling immobilization of
horseradish peroxidase (HRP) by cross-linking with glutaraldehyde. HRP can readily enter the
large pores while small pores can act as a substrate transporting channel, facilitating the
enzymatic reaction. Furthermore, the immobilization of enzyme into nanoporous materials
leads to high enzymatic activity and stability, and protection from proteolysis while enhancing
mass transport (Wangé&Caruso, 2004). The same group demonstrated that this approach give
similar results when mesoporous silica was used (Piao et al., 2009).

Li et al (Li et al, 2011) used ultra-thin nanoporous gold leaf to enhance the
electrochemiluminescent detection of carcinoembryonic antigen (CEA). Nanoporous gold
leaves are large-area, highly conductive and ultra-thin nanoporous gold membranes with
uniform pore size distribution centered around 20-30 nm. The authors showed that the
nanoporous film reduces electron injection barrier to quantum dots thus enhancing
electrochemiluminescence. Shulga and coworkers synthesized a nanoporous gold (NPG)
film by selective dissolution (dealloying) of silver from silver/gold alloy. Upon silver
dissolution, gold atoms re-organize into an interconnected network of nanopores. Antibodies
were immobilized within the nanoporous gold allowing the spectrophotometric detection of
prostate specific antigen (PSA) (Shulga et al., 2008). Wei and coworkers employed the same
material for the detection of PSA but used a label-free electrochemical transduction (Wei et al.,
2011). Li and coworkers constructed a composite material from a nanoporous gold film and
graphene sheets. The synergy between these two materials yielded to a highly conductive
composite that could detect human serum chorionic gonadotropin (hCG) within the range 0.5-
40.00 ng/ml with a detection limit of 0.034 ng/mL (Li et al., 2011). Ding et al. developed an
electrochemical immunoassay using nanoporous gold (NPG) electrodes and enhanced the
sensitivity of the method by using gold nanoparticles conjugated with horseradish peroxidase
(HRP) labeled secondary antibody. They demonstrated the detection of hepatitis B surface
antigen (HBsAg) with a dose response in the range of 0.01-1.0 ng/mL with a detection limit of
2.3 pg/mL (Ding et al., 2010).

Yang and coworkers constructed a highly efficient chemiluminescent immunoassay based
on a biofunctionalized three-dimensional ordered nanoporous SiO: film (Yang, et al., 2008).
Lin and coworkers employed biogenic nanoporous silica (diatoms) to create a high density
of nanowells where capture antibodies were immobilized. The performance of the biogenic
silica membrane biosensor was tested in comparison with nanoporous alumina and plain
metallic thin film biosensor. The authors showed an impressive linear range spanning 6
orders of magnitude, from 1 pg/mL up to 1 pg/mL. Significant enhancement in the
sensitivity and response time was attributed to enhanced diffusion of fluids within the
diatoms nanochannels (Lin, et al., 2010).

4. Methods of detection using nanopores

Because nanopores comprise a wide variety of materials, there are many possible
mechanisms to measure a signal for a nanopore-based assay. The most common techniques
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involve measuring electrolyte flux, or ionic current, through a pore that bridges two
chambers. These methods are discussed in detail below (Section 4.1), as they often involve
properties that only arise with nanopores. Other methods, employing functionalized
nanopore sensors, are discussed in Section 4.2.

4.1 Resistive-pulse sensing

The technique known as resistive-pulse sensing derives from the well-known Coulter
counter, in which particles such as individual cells pass through an aperture. If the aperture
bridges two electrolyte-filled chambers containing polarized electrodes, then a particle
causes a “pulse” of electrical resistance as it passes through the opening. By definition, then,
this is a single-channel technique. Performing this technique with nanopores provides the
exciting potential for the particles to include many types of biomolecules, including proteins
and nucleic acids (Siwy&Howorka, 2010).

For the purposes of immunoassays, the resistive-pulse technique offers a way to analyze
biomolecules without labelling. The shape and duration of pulses can discriminate
biomolecules, reveal conformational states of proteins, and show antibodies that are bound
to antigens. As described by Charles Martin’s group (Sexton et al., 2010), the size of proteins
as well as their affinity with the pore walls contribute to their electrical translocation
signature (Fig. 3). Techniques for analyzing proteins with artificial and biological pores have
been recently reviewed (Movileanu, 2009). The wide range of sizes covered by proteins,
antibodies, and even viruses makes artificial pores an important tool for analyzing
biomolecules.
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Fig. 3. Left: Ion current pulses arising from translocation of three proteins from tip to base of
a conical nanopore with tip diameter of 17 nm. The proteins are bovine serum albumin (A),
phosphorylase B (B), and beta-galactosidase (C). Right: scatter plot of the pulse amplitude
(Al) and pulse duration (1) for the three proteins. Reprinted with permission from (Sexton, et
al., 2010). Copyright 2010 American Chemical Society.

T(ms)



132 Advances in Immunoassay Technology

Several recent examples in the literature demonstrate the potential of resistive-pulse sensing
to develop powerful immunoassays. In the context of translocation through a nanopore,
“immunoprecipitation” can simply mean a change in pore blockade properties compared to
individual antigens or individual antibodies. Also, because particles such as viruses can be
on the order of 500 nm, we will include micron-scale pores in our consideration of resistive-
pulse assays. Using 600 nm pores in glass, Uram, et al. were able to determine antibody
binding to a virus based on translocation (Uram et al., 2006). The virions, with diameter of
200 nm, increased in size roughly 60% on antibody binding. A few years earlier, pores of
comparable size (1 micron diameter in PDMS) were used to detect binding of antibodies to
biotin-derivatized colloids (Saleh&Sohn, 2003).

Moving to pores less than 100 nm in diameter brings the technique of resistive pulse sensing
into the realm of detecting native proteins and antibodies. These applications require no
labelling of the protein, which can sometimes change binding properties. For example, the
Martin group has shown that the electrical signature of a protein can be distinguished from
that of the protein bound to an antibody fragment (Sexton et al., 2007). In that report, track-
etched nanopores were coated with gold to make a conical nanotube of tip opening 9 to 27
nm in diameter. Electrophoretic translocation of biomolecules from tip-to-base of the
nanopores gave characteristic pulse durations that were significantly longer for the
immunocomplex than for protein or antibody fragment alone. Silicon nitride pores have
been used in several studies of protein translocation. Using 28 nm pores in a membrane 20
nm thick, protein-protein interactions were observed in real-time (Han et al., 2008). More
recently, 20 nm pores prepared using the focused ion beam (FIB) technique in silicon nitride
membranes were used to discriminate native from unfolded proteins (Oukhaled et al., 2011).
Another dimension was recently added to the resistive pulse nanopore techniques, in which
artificial nanopores were coated with a “fluid wall” within which biotin was attached
(Yusko et al., 2011). The translocation of streptavidin was markedly influenced by the
interaction with the antigen. The promise of these new techniques is that they may one day
replace immunoassays that require labelling, such as ELISA, and offer greater sensitivity
and discriminatory power.

4.2 lon current modulation methods

The resistive pulse technique measures brief translocation events recorded as “pulses” of
resistance (or current). However, ion current can be modulated in other ways in order to
give an analytical signal. For example, if a receptor is immobilized to the nanopore surface,
then the presence of the target will cause a change in ion current as long as the target is
bound. There is a growing arsenal of techniques for chemically modifying the surface of
nanopores (Nguyen et al., 2011, Sexton, et al., 2007, Wanunué&Meller, 2007). There is nothing
about this particular sensing mechanism that requires nanoscale pores. But as with resistive
pulse sensing, bringing the opening down to the scale of biomolecules provides increased
sensitivity. Furthermore, there are some properties of ion current in nanopores that are not
present in larger structures, and these can be exploited as a signalling mechanism.

The sensitivity of receptor-appended nanopores as analytical instruments depends not only
on the binding affinity of the receptor for the analyte, but also on the ability for the binding
to result in a modulation of ion current. Predictably, binding many large particles such as
antibodies will increase resistance to ion flux through a pore. This was demonstrated with
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biotin-modified conical nanopores which showed a dramatic decrease in ion current in the
presence of streptavidin at concentrations as low as 1 pM (Ali et al, 2008). Quartz
nanopipettes functionalized with biotin likewise responded to streptavidin, and were also
responsive to the 18 kD protein VEGF after immobilization of antibodies to the pore surface
(Umehara et al., 2009) .

Another important consideration is the property of ion current rectification in conical and
other types of asymmetric nanopores. This is a true nanoscale effect, and results from the
interaction of ions with the electrical double layer formed at the surface of charged
nanopores (Wei et al., 1997). The result is a “nanofluidic diode” (Vlassiouk et al., 2009) in
which the ion current shows nonlinear dependence on applied voltage. This property is
highly sensitive to surface charge, and thus such conical nanopores lend themselves to
detection of charged analytes such as polyelectrolytes (Actis et al., 2011, Fu et al., 2009,
Umehara, et al., 2006). To date, polyelectrolytes have been the primary targets for assays
using this mechanism. Furthermore, it should be possible to target any analyte in which the
binding results in a modulation of surface charge.

The use of receptor-appended nanopores for ion current modulation, rather than Coulter
counting methods, broadens the technique to include all manner of nanoporous materials
and is not limited to single-channel technique (Gyurcsanyi, 2008). Despite the availability of
many types of functionalized nanoporous materials, there are few examples of these used as
ion current-based biosensors (Wang&Smirnov, 2009). Two recent reports illustrate how
nanoporous materials can be used for label-free immunosensing. Using a suspension of
nanoparticles functionalized with streptavidin, biotin could be detected at a concentration as
low as 1 nM (Lei et al., 2010). This method is particularly versatile because there are many
established techniques to functionalize nanoparticles. It is also noteworthy that in this case
the analyte is very small compared to the receptor. In another example of modulating ion
current with a small molecule analyte, glucose was detected using a receptor protein
obtained from E. coli (Tripathi et al., 2006) where the histidine-tagged receptor was
immobilized to a hybrid material consisting of nanoporous polycarbonate onto which gold
was deposited using electroless plating. While the measurement of ion current through such
membranes is relatively straightforward, reports in the literature of such sensors are scarce.
This could be due to the difficulty in functionalizing nanomaterials, or perhaps to insufficient
sensitivity in modulations of ion current.

A more common electrochemical technique for biosensing with nanoporous materials is to
perform voltammetry using a redox indicator which can be detected as it diffuses through
the nanoporous material. The nanoporous membrane can be affixed directly to the working
electrode. A recent example is the measurement of biomarkers in whole blood using a
nanoporous membrane derivatized with antibodies (de la Escosura-Mufiiz&Merkogi, 2011).
To amplify the signal, a secondary antibody was tagged with gold nanoparticles, which then
catalyzed the deposition of silver to further block the pores. While this added some
complexity to the assay, the device was able to perform using whole, unfiltered blood.
Simpler schemes measuring diffusion of a redox active species have also been successful
with a variety of nanoporous materials (Lin et al., 2009, Nguyen et al., 2009, Wei, et al.,
2011). Singh and co-workers also showed the application of electrochemical impedance
spectroscopy to detect peanut protein Ara hl with an antibody-functionalized nanopore
(Singh et al., 2010).
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5.1 Label-free immunoassays with functionalized nanopipettes

Our group pioneered the application of nanopipettes as a platform for label-free biosensing
(Umehara, et al., 2009). The principles that govern transport properties through nanopipette
are similar to conical nanopores in general. The ion current is rectified due to the surface
charge and the conical shape of the pore (Wei, et al., 1997). When receptors are attached, the
nanopipette can become an electrical biosensor.

We named this technology STING, as Signal Transduction by Ion Nano-Gating. The tip of a
nanopipette was functionalized with protein A/G, a commercially available chimeric
protein that captures the Fc region of an IgG molecule. This strategy allows the control over
the orientation of antigen-binding sites which are always exposed to the analyte. As a proof
of concept, two proteins associated with human colorectal cancer were detected, interleukin-
10 (IL-10) and vascular endothelial growth factor (VEGF). Exogenously added antigens
instantly reduced the ionic flow through the nanopipette, an effect that was not detected in
the control nanopipette functionalized with nonspecific antiferritin IgG. Unfortunately, a
lack of reproducibility of pore dimensions and lot-to-lot variations in the surface
functionalization did not allow for a more quantitative analysis of the observed current
reduction. Theoretically, the limit of detection of the nanopipette platform is determined by
the number of molecules that generate a detectable signal at the 50-nm tip. In practice,
however, consumption of target molecules on surfaces of no sensitivity, such as the outer
nanopipette sidewalls, could prevent devices from achieving the theoretical detection limit.
Once the protocols were improved to limit the nanopipette functionalization to its inner
walls, we were able to demonstrate the analytical applications of nanopipettes for the
detection of mycotoxins (Actis et al., 2010)(Fig. 4).
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Fig. 4. Comparison between standard curves from ELISA kit (red triangles) and the STING
sensor (black squares) for mycotoxin detection. Results show a dynamic range for the
STING platform of at least 2 orders of magnitude with a detection limit 3 orders of
magnitude lower than ELISA. Adapted with permission from (Actis, et al., 2010).

Mycotoxins are small, non polar molecules produced by fungi and are extremely toxic to
mammals even in low concentrations. Using a nanopipette functionalized with antibodies
specific to a mycotoxin, we showed a concentration dependent response. Indeed, the
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nanopipette platform achieved a dynamic range of 5 orders of magnitude with a detection
limit 3 orders of magnitude lower than that of a commercially available ELISA kit for
mycotoxin.

Despite these successes, antibody-based detection schemes suffer from several drawbacks
including: production, cost, limited target analytes, and limited shelf life. To address these
imitations, the use of aptamers instead of antibodies as specific receptors was explored.
Aptamers are single-stranded oligonucleotides, designed through an in vitro selection
process called SELEX (Systematic Evolution of Ligands by Exponential Enrichment)
(Ellington&Szostak, 1990, Tuerk&Gold, 1990). Aptamers have similar affinity and selectivity
for targets as antibodies, but they can be chemically synthesized, stored in ambient
conditions, and easily regenerated. In addition, they can be engineered to undergo a large-
scale conformational response to specific molecules, largely affecting the ion transport
through the nanopipette.

As a proof-of-concept, a thrombin-binding aptamer was immobilized on the surface of a
nanopipette using standard carbodiimide coupling. The interaction of thrombin with its
specific aptamer tethered on the nanopipette caused a partial occlusion of the nanopipette
pore thus decreasing the ion flow. The decreased ion current can be directly correlated with
thrombin concentration in both pure buffer solution and diluted serum. A major advantage
of aptamers over antibodies is their ability to reverse the analyte binding. We showed that
nanopipette sensors can be reused up to 5 times with minimal degradation of the sensor
performance (Actis et al., 2011). In the long term, nanopipette technology promises to open
new avenues for biomedical research, and promises breakthroughs in understanding of
diseases at the single cell level.

5.2 Potential of nanopipettes for single-cell immunoassay

Nanotechnology-based tools having high sensitivity and low invasiveness hold great
promises as new biomedical devices for single cell manipulation and intracellular analysis.
We are currently developing a single-cell manipulation platform based on nanopipettes. As
a nanopipette approaches the surface of a cell the ionic current through the pore will
decrease due to “current squeezing”, a well known effect, exploited to great benefit in
scanning ion conductance microscopy (Hansma et al., 1989). By monitoring the ionic current
the precise position of the nanopipette can be determined and controlled within ~200 nm of
the cell membrane. After initial positioning above the cell membrane the nanopipette can
either be scanned over the cell membrane to render a topographical image (Klenerman &
Korchev, 2006) or inserted into the cell. The comparatively small size of the nanopipette
combined with controlled penetration conditions maximizes cell viability.

By employing functionalized nanopipettes, detection of the interaction of intracellular,
soluble antigens with antibodies immobilized on the nanopipette pore should be possible.

6. Other detection methods

To round out the discussion of nanopores and nanoporous materials in immunoassays, we
will mention some non-electrochemical techniques. As with redox indicators, the diffusion of
an optical indicator can be measured through a nanoporous membrane (Jagerszki et al., 2007).
Such sensing schemes can potentially take advantage of distinctive recognition/transport
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phenomena that occur in nanostructures. Many of the other properties of nanoporous
materials, such as high surface area, can also be exploited for sensing schemes. A recent
example is the use of porous alumina functionalized with a capture protein (Alvarez et al.,
2009). The binding of an antibody can be detected by optical interferometry. In theory, this
method can be used with many types of nanomaterials and is not restricted to nanoporous
structures.

7. Conclusions

Artificial nanopores represent a fundamental technological breakthrough. As with many new
technologies, nanopores required interdisciplinary collaboration. Fittingly, then, the potential
applications of this new technology are equally broad, ranging from sequencing to diagnostics,
cell biology to biophysics. Going forward, the integration of nanopores with microfluidic or
optofluidic platforms may generate self-contained biodetectors with single molecule
sensitivity (Holmes et al., 2010). The fabrication of nanopores into materials of atomic
thickness, such as graphene can dramatically improve signal-to-noise ratio in biosensing
experiments. Graphene nanopores may lead to sensing devices where the electric potential is
controlled locally at the nanopore and transverse current can be measured across the pore
aperture. Although artificial nanopore technology is at its infancy, we believe that it holds a
tremendous potential for single-molecule sensing as well as single-cell analysis and
manipulation.
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1. Introduction

Immunoassay has been widely used for quantification of proteins and small molecules in
medical diagnostics, proteomics, drug discovery, and various biological research.! ELISA
(Enzyme-Linked ImmunoSorbant Assay) is the most commonly used immunoassay format.2
Traditional ELISA assays used in clinical settings are laborious and expensive and often
consume large quantities of reagents and patient specimen. Meanwhile, armed with the
knowledge from genomic and proteomic study, there is an increasing demand for technologies
that are capable of extracting high density of bio-information from limited sample volume for
better disease diagnosis, prognosis and treatment.3 This demand has driven the development
of low-cost, flexible and high throughput methods for simultaneous detection of multiple
proteins in parallel in a single assay (multiplexed immunoassay). Although the first concept
towards multiplexed immunoassay was already described in 1961 by Feinberg for “microspot’
test of antibody-antigen reaction in the thin agar films4, it was not demonstrated until 1989
when Ekins described microarray technology principles in the ‘ambient analyte theory” and
envisioned the immense potential application in biomedical research and clinical diagnostics®.
Since then, a great number of multiplexing platforms have been developed. Particularly, recent
advances in technology (e.g. fluidics, optics, automated sample handling device) and
informatics have enabled a real high-throughput multiplexed immunoassay.t® Today,
multiplexed immunoassays are becoming popular and have been widely used in basic
biomedical research due to their advantages in performing a large number of different assays
all in a single reaction vessel from a relatively smaller sample volume with high efficiency.
Multiplexed immunoassays are also becoming important for clinical diagnostic purpose by
identifying multiple biomarkers for a wide range of diseases. Patterns of several biomarkers
have better predictive value compared to detection of single analyte using ELISAs. Although
there are still some challenges (e.g. complexity, expensive, validation requirement) for these
tests, multiplexed protein test panels are now slowly penetrating into clinical diagnostics
market and the time of their significant implementation is probably about to come. Several
commercial multiplexed immunoassay platforms are available on this emerging market,
including Luminex bead based platform, Meso Scale Discovery’s Multi Array Technology, and
protein array platforms from Whatman, Arrylt and others.

This article will provide an overview of multiplexed immunoassays, and will evaluate existing
platforms with multiplexing capabilities and their applications in biomedical research and
clinical diagnostics, and will also discuss technical challenges and future prospective.
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2. Principle of multiplexed immunoassays

Current multiplexed immunoassays are based on multi-marker strategies, in which high-
affinity capture ligands (antibodies or proteins/peptides) are immobilized in parallel assays.
When incubated with biological samples, target analytes are bound to corresponding
capture ligands, respectively. After washing to remove unbound proteins, captured targets
are usually detected by using various labeled reporter ligands. Then target analytes are
quantified by measuring the signal intensity of the detection label, which is either converted
to mass units of target analyte using calibration curves (i.e. quantitative assay) or evaluated
using cutoff calibrator (i.e. qualitative assay). Generally, there are two major approaches to
realize multiplexed immunoassay: the use of planar microarrays or encoded-microparticle
arrays.

2.1 Planar microarrays

Planar microarrays, such as protein microarrays,® 10 are characterized by surface-
immobilized capture ligands in microspots onto a two dimensional grid. The identity of
capture ligand at each microspot in the array is distinguished by its physical coordinates (x,
y) in the grid (Figure 1A). Planar microarrays are highly miniaturized and parallelized
assays, which consist of high density of microspots (usually ~300 pm in diameter; ~2000
spots/cm?). Recent development of nanotechnology has enabled the fabrication of highly
dense protein nanoarray (~10¢ spots/mma?2).1l Fluorescence and chemiluminescence
reporters are common used in planar arrays due to their high sensitivity and wide dynamic
range. Planar microarray systems are perfect tools for ultra high-throughput screening of
proteins due to their simplicity in preparing an array of high density of elements and in
subsequent signal readouts. Many companies have produced protein microarrays for
research purpose (www.biochipnet.com), and these protein based microarrays have been
applied in the detection of many protein biomarkers, such as viral infection, cancers, and
auto-immune diseases.12-16

Fig. 1. (A) A scheme of planar microarray, which consists of two-dimensional grid of probe
molecules (antibodies, peptides, or oligonucleotides). The identity of the probes at each spot
in the array is known from its location in the grid. (B) An encoded particle array is
composed of probe molecules attached to encoded particles. The identity of the probes is
revealed by reading the particle code (Reprinted with permission of ref. 17)
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However, planar microarrays are limited by some disadvantages, including slow reaction
kinetics (due to surface diffusion), problems with localization of capture ligands bound to
the 2D chip (due to the use of physical coordinates to indentify), and inflexibility of probe
combinations used in an array (due to pre-fabricated flat surface).

2.2 Encoded-microparticle arrays

Encoded-microparticle array based systems (so called suspension arrays) have emerged as a
very interesting alternative.1”.18 They are composed of encoded mciroparticles suspended in
solution and pre-attached with capture ligands (Figure 1B). The nature of the capture
ligands attached to each particle is revealed by deciphering the particle code. Encoded-
microparticle arrays have several advantages over planar microarrays. First, an encoded
mciroparticle array exhibits greater sensing flexibility where different capture ligands can be
mix-and-matched at different combinations at will. Second, suspended particles with curved
surfaces benefit from faster diffusion and smaller steric hindrance whereas the reaction
kinetics on a planar array is limited by a flat surface. Third, encoded microparticle arrays
have greater reproducibility due to the use of hundreds to thousands of replicates for each
target molecule in the same assay, which allows for high precision measurements.
Accordingly, in this review, we will focus more on encoded microparticle array based
multiplexed immunoassay.

Encoded microparticle based multiplexed immunoassays use microparticles as solid phase
and therefore require the encoding of microparticle arrays used for the efficient
simultaneous measurement of large numbers of biological binding events in a single sample.
An ideal microparticle encoding technique must satisfy a number of requirements, it must
be: 1) machine-readable (decoding); 2) unaffected by the biochemical reactions; 3) robust,
with low error rate; 4) able to encode large numbers of particles, each with a unique code; 5)
are compatible with biomolecule attachment; and 6) able to mass production with low-cost.
To this end, since the 1990s, different technologies for multiplexing have emerged (optical>-
28, graphical?933, electronic3* 35, or physical®6 37 encoding) for different platforms (flow
cytometry or fluorescence microscopy). The features of each encoding strategy are listed in
Table 1.

Of the many encoded technologies developed for multiplexing, optical encoding is the most
well established encoding technique, in which the identity of the probe molecules attached
to particles is uniquely correlated to the absorbance, fluorescence, Raman, or reflection
spectrum of particles. The most common optical encoding method is using polymer
microspheres internally doped with one or more fluorescent dyes.1% 20 By using fluorescent
dyes with different emission spectra and doping at different intensity levels, microspheres
of different codes can be obtained (Figure 2). The maximum number of codes that can be
achieved in this way is determined by the formula: C = Nm-1, where C is the number of
codes, N is the number of intensity levels and m is the number of dyes. For a typical
multiplexed immunoassay, each set of microspheres with unique combinations of
fluorescent spectral is used to attach specific capture ligand and constitutes the platform for
specific molecular reaction (like each ELISA microwell). After coupling with the appropriate
capture ligands, different sets of encoded microspheres can be pooled and multiplexed
immunoassay is then carried out in a single reaction vial. The presence of bound targets to
their respective capture ligands on the different microsphere sets can be detected with an
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Encoding Encoding Decoding & e
Strategies Materials Detection Methods Limitations Ref.
Fluorescent dye Fluorescence e Limited codes 16,17
Quantum dots Fluorescence e Relied on 18
Chromophores Absorption sophisticated 19
Multiple instruments for
Optical |wavelength/spatial Fluorescence readouts, 20
fluorescence e DPotential
Raman tags Raman interfgrence of 21-24
Silicon photonic Fluorescence and encodmg and
. detection spectra 25
crystals reflectivity
. Reflectance and
Metal strips fluorescence e Sequential particle 26
. synthesis
Selective Fluorescence; e Decoding are time-
Graphical | Photobleaching cenees '8 27
code confocal microscope consuming
Structural patt e High throughput
fucture’ pattetn Physical pattern limited 28-30
particles
e Size limited
Radio frequenc ¢ Instrument limited
Electronic quency Radio frequency |e Synthesis of the 31,32
memory tags .
particle are
expensive and slow
. Particle size Physical pattern e Limited codes 33
Physical . . s
Particle shape Physical pattern | Special instrument 34

Table 1. Summary of different microparticles encoding methods

antibody conjugate coupled to a reported fluorescent dye. The signal intensities of reported
dye are measured, which is used to quantify the amount of captured targets on each
individual microsphere. Each microsphere type and thus each binding target are identified
using the color code measured by a second fluorescence signal. Flow cytometric principle is
the basic technology used in the analysis of optically encoded microsphere based multiplexed
immunoassay, which generates robust, rapid, high-throughput, sensitive, and reproducible
results for a wide range of biomedical application.

To date, several multiplexed immunoassay platforms that based on optically encoded
microspheres have been developed and commercialized. Three major companies market the
instruments and materials that required for optically encoded microsphere based multiplexed
immunoassay: the xMAP technology by Luminex, the CBA technology by Becton Dickinson
BioSciences, and the VeraCode™ technology by Illumina, as summarized in Table 2.

The Luminex xMAP (Multi-Analyte Profiling) technology uses 5.5-pm microspheres that are
internally doped with two fluorescent dyes (red and infrared) at ten different concentrations
to produce up to 100 different sets of microspheres.3.39 Each set of microspheres can then be
derivatized by a specific type of capture ligand. As shown in Figure 3 for a typical sandwiched
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Microspheres
- materials : polystyrene
- diameter : 5.5 M

2 fluorochromes
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Fig. 2. Optically encoded microspheres: unique microsphere sets are optical coded using a
blend of different fluorescent intensities of two dyes and decoded by a flow cytometry.
(Courtesy of Luminex Corp.)

immunoassay, binding of target analyte brings reporter molecules to the microsphere
surface. A green fluorescent dye (phycoerythrin, PE) is pre-conjugated to the reporter
molecules and is used to indicate the occurrence of positive binding and quantify the
amount of target analytes. The multiplexing detection is performed on a Luminex analyzer,
where two lasers are used to quantitate the green, infrared, and red fluorescence of the
individual microsphere as they pass through the sample cuvette. The red laser excites the
dye molecules inside the microsphere and classifies the microsphere to its unique set (red-
infrared fluorochrome ratio measured by FL1, the classifier signal), and the green laser
quantifies the immunoassay on the microsphere surface (reporter signal FL2). Only those
microspheres with a complete sandwich will fluoresce in the green part of the spectrum, and
the signal is proportional to the amount of capture analyte. The reporter signal is measured
as the mean or median fluorescence intensity (MFI) for each microsphere set. And
quantitation of capture analyte can be achieved with a built in standard curve in the assay.
The Luminex xMAP technology has a unique combination of features: high through-put
capacity, analyte quantification over a wide range of concentrations, small sample volume,
high reproducibility, and high sensitivity. Multiplexed immunoassays have been designed
for up to 100-plexed detection (Luminex 100/200™). Recently, Luminex has developed a
new instrument (FLEXMAP 3D™) that can perform up to 500 multiplexed immunoassays
by using three internal dyes encoded microspheres. More recently, Luminex also introduced
the MAGPIX™ system which was based on the principle of fluorescence imaging, where
Light Emitting Diodes (LEDs) and a CCD camera were used to replace the lasers and Photo
Multiplying Tubes (PMTs) to deliver a cost-effective, compact, and reliable multiplexing
platform. The features of these xXMAP systems are listed in Table 3. The xXMAP technology
has been demonstrated as a powerful multiplexing method and has found applications in
detection of human cytokines40, single nucleotide polymorphisms (SNPs)4, allergy testing?2,
infectious disease diagnosis#3, and biological warfare agent screening?4.
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Bio-conjugation

Fluorescence
Detection

Multiplexing
Capacity

Key Features

Applications

Covalent: Sulfo-
NHS,/EDC

Fluorescence signal
detector system; PE
(phycoerythrin) is
normally the reporter
molecule

Up to 500

Most widely distributed
platform; flexible, can
test up to 100 analytes

simultaneously;
commercial kits are
available. (New
FlexMAP 3D system
allows up to 500
multiplexing capability
and is compatible with
both 96-and 384well
plates

Assays for cytokines,
hormones, growth
factors, proteinases,
cancer markers, cardiac
markers, metabolic
markers, kinases/
phosphorylated
proteins are available;
can be used for
autoimmune disease
diagnostics, infectious

Luminex xMAP (Multi-| BDT™ CBA (Cytometric [llumina
S ore Veracode™/
Instrumentation Analyte Profiling) Bead Arrays)
] . BeadXpress
(www.Luminexcorp.com) | (www.bdbiosciences.com) . .
(www.illumina.com)
g 5.6 pm 7.5 um 240 pm (L) X 28 pm
Microsphere . (D)
Polystyrene/Magnetic Polystyrene

Covalent: Sulfo-SMCC

Fluorescence parameters
and two size
discriminators

Up to 30

Compatible with
conventional flow
cytometers and capable
of cell-based assays

Assays for complement-
derived inflammatory
mediators, intracellular
signaling molecules, and
apoptosis have been
described. Kits for viral
proteins and cytokines
are available

disease diagnostics etc.

Cylindrical silica glass
Covalent: Sulfo-
NHS,/EDC
Bead identification
based on optical
“signature”
generated by
diffraction; four
fluorescent dyes can
be used for labeling
Up to 48 for protein
assay
High-purity silica
glass beads are used to
minimize fluorescence
background, two-color
laser system, digital
coding enables
customizable tracking
of multiplex assay
markers and critical
identifiers such as
sample ID, laboratory
ID, and reagent kits
(up to 24 bits)

Feasible for up to 384-
plex genotyping
assays. For protein
analysis, only a 10-
plex cytokine assay is
currently available.

*See Ref.6 for more information

Table 2. Overview of commercially encoded-microsphere based multiplexing technologies
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Fig. 3. A schematic illustration of the Luminex xMAP technology: (A) Antibody detection
and sandwich immunoassay formats performed on dye encoded microspheres. Any
antigen-antibody-based format can be designed with a terminal reporter molecule specific to
the laser detection system and distinct from any fluorescence of the microspheres; (B) At the
completion of the binding assay, fluorescence intensities associated with each microsphere
are measured by flow cytometry (Luminex 100); (C) The dot plot displays 100 distinct
regions for each Luminex microsphere population classified on the basis of the intensities of
two internal fluorochromes. The instrument was set to acquire at least 100 microspheres
each of spectrally distinct populations of microspheres. (D) Multiplexed data from a random
sample in an 8-plex assay was calculated. (Reprinted with permission of ref. 44)

Another similar optically encoded microsphere based multiplexing platform was developed
by Becton Dickinson BioSciences, named Cytometric Bead Array system (BD™ CBA). This
system uses a series of 7.5 pm microspheres doped with one fluorescent dye at different
intensities to simultaneously detect multiple analytes from a single sample.45 4 The BD™
CBA combines bead-based immunoassay with sensitivity of amplified fluorescence
detection by flow cytometry, creating a powerful multiplexed immunoassay system. The
specific capture beads are incubated with tested samples and then mixed with PE conjugated



150

Advances in Immunoassay Technology

Features* Luminex 100/200™ FLEXMAP 3DT™ MAGPIX™
Optics Lasers/ APDs/PMTs | Lasers/APDs/PMTs | LED/CCD Camera
Hardware Flow Cytometry based | Flow Cytometry based | Fluorescent Imager
MagPlex® MagPlex®
MicroPlex® MicroPlex®
Beads ® ® ®
Compatibility SeroPlex SeroPlex MagPlex
LumAvidin® LumAvidin®
xTAG® xTAG®
Multiplexing | 04 (80 for MagPlex®) 500 50
Capacity &
Read Time ~40 mins/96 well plate | ~20 mins/96 well plate ~60 mlpnlsa{e% well
Applications Protein/Nucleic Acid | Protein/Nucleic Acid | Protein/Nucleic Acid
Dynamic Range >3.5logs 24.5]logs >3.5logs
Microtiter Plate 96 well 96 well& 384 well 96 well
* For more detail visit www.luminexcorp.com
Table 3. Technical features of three Luminex XMAP systems
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Fig. 4. A schematic illustration of the BD™ CBA technology: After completion of the binding
assay, the multiplexing assay was performed on a BD FACSCalibur flow cytomerry.
Particles (7.5 pm in diameter) were internally labeled with different concentrations of a dye
that emits strong fluorescent signals measured in the FL3 channel while displaying minimal
fluorescence measured in the FL2 channel as shown in the two-color analysis dot plot (insert
left). The non-overlapping nature of histograms for the bead populations are shown on the
inset right. (Courtesy of BD Biosciences).
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detection antibodies to form sandwich complexes. Sample data is then obtained using flow
cytometry. The CBA analysis is designed to run on FACScan and FACalibur flow
cytometers, where microsphere population are gated in the forward and side scatter channel
(FSC and SSC) to draw an FL3 (bead channel) histogram (Figure 4). Each of the fluorescence
intensity peaks identified in the FL3 histogram is first classified as an individual assay (one
peak represents each type of analyte-bead complex). The corresponding target analyte
concentrations are then measured by their fluorescence intensities in the FL2 reporter channel.
While the number of assays that can be performed simultaneously (i.e. multiplexing capacity)
is limited due to the use of one fluorescent dye for coding, the CBA assays are compatible with
any cytometer that is equipped with a 488 nm laser, and capable of distinguishing emissions at
576 and 670 nm. This advantage enables CBA assays to be performed on widely available
commercial benchtop flow cytometry. The BD™ CBA systems have commercialized a larger
number of multiplexed immunoassay kits for measurement of a variety of soluble and
intracellular proteins, including cytokines, chemokines, growth factors, and phosphorylated
cell signaling proteins.

The third commercialized multiplexing platform is VeraCode™ technology from Illumina,
which is different from above two platforms that are based on fluorescent dye encoded
microspheres. It uses cylindrical glass microbead (240 pm in length and 28 pm in diameter)
etched with pre-calculated digital holograms. When illuminated with a red laser beam, the
holographic elements diffract the beam to produce a unique image code, where each bright
stripe represents ‘1" and dark strip represents “0” (Figure 5). By sequential etching
holograms onto microbeads, different patterns of codes can be obtained. The surface of the
microbead is functionalized with carboxyl groups for covalent binding of capture ligand.
Each set of microbead with a unique digital holographic code is used to attach a specific
type of capture ligand for target analyte of interest. Consequently, multiplexed assays can be
performed by pooling different microbeads embedded with unique “optical signatures” in
the same reaction mixture. And the analytes are labeled with standard fluorescent reporters
such as PE, Cy3, Cy5, or AlexaFluor dyes. The multiplexed assays are carried out on the
Mlumina BeadXpress reader, where the microbeads are deposited into a grooved plate so
that they are aligned for reading. During analysis, the fluorescence and code are recorded
for each microbead by using a red code-readout laser and a green report laser. The
holographic code image in each microbead diffracts the incident read laser beam to make up
the optical patterns of the bead code and can be detected with a CCD camera. And the green
laser quantifies analyte binding. The company has provided carboxylated microbead sets for
custom probe attachment.

3. Applications of multiplexed immunoassays

Multiplexed immunoassays allow simultaneous measurement of multiple analytes in a
single biological sample, which enables people to obtain high density of biomolecule
information with minimal assay time, cost and sample volume. After overcoming the
technical hurdles in encoding, functionalizing, decoding, detecting, and improving the
limited number of assays to be performed simultaneously, a great number of multiplexed
immunoassay platforms, especially optically encoded microsphere based technologies, have
been applied in wide range of fields in the biomedical research and clinical diagnostics.
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Fig. 5. A schematic illustration of Illumina VeraCode™ techonology: a glass bead containing
an etched hologram is illustrated with a laser beam producing a code image. Multiplexed
immunoassay can be performed by attached specific capture ligand to individual set of
bead. (Courtesy of Illumina, Inc.)

At present, the most successful and robust multiplexing technology is Luminex xMAP
platform, which combines advanced fluidics, optics, and digital signal processing with
proprietary microsphere technology to deliver multiplexed assay capabilities. Importantly,
Luminex is an open technology and numerous companies have marketed the Luminex
system, including Bio-Rad, Qiagen, Invitrogen, and Millipore ect.. And a steadily growing
list of ready-to-use multiplexed immunoassays have also been provided by these companies
for applications in biomarker discovery4’-76, autoimmune disease diagnostics?7-80, infectious
disease diagnosticss!-93, neurological diseases+101, HLA testingl02-104, and drug discovery05
106 (Table 4).

For example, encoded microsphere based multiplexed immunoassays have been used to
analyze the expression of cytokines, chemokines and growth factors in diverse samples
(serum, plasma, and tissue culture), and therefore serve as a very straightforward approach
for biomarker discovery.#”-63 Cytokines, chemokines, and growth factors are cell signaling
proteins that mediate a wide range of physiological responses including immunity,
inflammation, and hematopoiesis. Changes in the levels of these biomarkers are associated
with a spectrum of diseases ranging from tumor growth, to infections, to Parkinson's disease.
One of the many commercially available panels for analysis of cytokines, chemokines and
growth factors is a 53-plex by Bio-Rad. This panel can simultaneously measure levels of 53
proteins in biological samples using encoded magnetic microspheres, which allows an
investigator to take advantage of flexibility of microsphere arrays to develop a customized
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Biomedical Research

(www.rbmmaps.com)

Partners* Assays/system Applications
Cardiac Markers; Celluar Signaling;
Affymetrix/Panomics QuantiGene®, |Cytokines, Chemokines and Growth
(Www.panomics.com) Procarta® Factors; Endocrine; Gene Expression
Profiling; Transcription Factors
Bio-Rad Laboratories X-Plex, Bio- Cellua.r Signaling; Cglluar Signaling;
. Cytokines, Chemokines and Growth
(www.bio-rad.com) Plex® . .
Factors; Endocrine; Isotpying
Cayman Chemical Company Apoptosis; Cancer Markers; Cytokines;
(www.caymanchem.com) Endocrine
Accute Phase Inflammation;
Charles River Laboratories Autoimmune; Cancer Markers; Cardiac
(Www.criver.com) Markers; Cytokines and Chemokines;
Endocrines; Infectious Disease
EMD Chemicals Novagen . . . o
(www.emdbiosciences.com) | Widescreen™ Celluar Signaling; Enzymatic Acitvity
Hitachi/MiraiBio Group Reagent; Hardware/Software Provider
Indoor Blote.chr}010g1es, Inc. MARIA™ Allergy Testing; Custom Development
(www.inbio.com)
Accute Phase Inflammation; Apoptosis;
Invitrogen Autoimmune Disease; Cytokines,
i (;g 0] Chemokines and Growth Factors;
: gen. Endocrines; Matrix Metalloproteinases;
Neuroscience; Signal Transduction
Milliplex™ Apoptosis; Cancer Markers; Cardiac
Millipore Corporation LINC Op lexTﬂff Markers; Cytokines, Chemokines and
(www.millipore.com) P " | Growth Factors; Endocrines; Isotyping;
Beadlyte® .
Metabolic Markers
Origene (Www.Origen.com) Genotyping; Transcription Factors
PerkinElmer Assay Automation; Hardware/Software
c Autoplex™ :
(www.perkinelmer.com) Provider
Qlag.e n, Inc. Hardware/Software Provider
(www.qiagen.com)
Autoimmune Diseases; Cytokines,
LD (e Fluoreokine® | Chemokines and Growth Factors;
(www.rndsystems.com) . . .
Endocrines; Matrix Metalloproteinases
Autoimmune Diseases; Cancer Markers;
. Cardiac Markers; Cytokines,
Rules Based Medcine Human MAPs | Chemokines and Growth Factors;

Endocrines; Infectious Diseases;
Isotyping; Metabolic Markers

“Visit www.luminexcorp.com for more information

Table 4.A List of Luminex xMAP biomedical research partners and their application areas
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Clinical Diagnostics Partners® Assays/system Applications
Abbott Molecular Molecular Infectious Disease
(www.abbottmolecular.com)
. Human Genetic Testing,
Asuragen (Www.asuragen.com) Signature
Oncology
FIDISTV, . .
BMD (www.bmd-net.com) CARIS™ Autoimmune Disease
Bio-Rad Diagnostics (www.bio- . Autoimmune Disease; Infectious
Bio-Plex® .
rad.com) Disease
Eragen Biosciences MultiCode Infectious Disease
(Www.eragen.com)
Celera D}agnost.lcs Human Genetic Testing
(www.celeradiagnostics.com)
Fisher HealthCare Prima Human Genetic Testing;
(www.fishersci.com) Molecular Infectious Disease
Focus Diagnostics Infectious Disease
(www.focusdx.com)
Im?ogenetlcs.NV Alzheimer's Disease
(www.innogenetics.com)
INOVI.X DI QUANTA Plex™ | Autoimmune Disease
(www.inovadx.com)
Inverness Medlcal .Professwnal AtheNA Multi- . .
Diagnostics Autoimmune Disease
] ] Lyte®
(www.invernessmedicalpd.com)
Microbionix GmbH
5 s Custom Development
(Wwww.microbionix.com)
Multimetrix/Progen Biotechnik Infectious Disease; Custom
GmbH (www.multimetrix.com) Development
One Lambda, Inc. LABSCreen, .
(www.onelambda.com) LABType HLA Testing
. . LiquidChip ™; . .
Qiagen, Inc. (Www.qiagen.com) QIAPlex™ Molecular Infectious Disease
Gen-Probe (www.tepnel.com) LifeMatch ™ | HLA Testing
Zeus Scientific AtheNA Multi- | Autoimmune Disease; Infectious
(www.zeusscientific.com) Lyte® Disease

“Visit www.luminexcorp.com for more information

Table 4.B List of Luminex xMAP clinical research partners and their application areas

multiplex panel for efficient detection of protein of interest. Rules Based Medicine (RBM)
also offers a special panel (Human DiscoveryMAP250*) for analysis of up to 250 human
biomarkers from human serum sample using minute quantities of sample volume.

Moreover, encoded microsphere based multiplexed immunoassay technology has also been
used in cancer biomarker discovery.t476 Rapid advance in the genomics and proteomics has
generated a plenty of candidate cancer biomarkers that could be useful in early cancer
detection and monitoring. However, the capacity to verify and validate these candidate
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cancer biomarkers is limited, due to the requirement of rigorous testing in a large sample set
from many diseases. Recently, Rules Based Medicine has developed a cancer biomarker
panel (Human OncologyMAP®) for quantitative measurement of 101 cancer-associated
serum proteins. This novel tool is based on encoded microsphere multiplexing technology
and offers a powerful tool to aid in the discovery and development of new oncology drugs
and diagnostics.

Another example of application of encoded microsphere based multiplexed immunoassay
technology is in clinical diagnostics such as autoimmune diseases or infectious diseases.
Autoimmune diseases include a wide variety of systemic or organ-specific inflammatory
diseases that are characterized by the aberrant activation of immune cells. Many autoimmune
diseases are characterized by the presence of specific autoantibody types, which can be used in
the diagnosis and classification of autoimmune diseases.””-80 The BioPlex™ 2200 ANA screen
(Bio-Rad) and the AtheNA Multi-Lyte™ ANA test system (Zesus Scientific) have obtained
marketing approval from the US FDA. These two tests are used in the diagnostics of
autoimmune diseases and based on the simultaneous measurement of multiple auto-
antibodies. Moreover, encoded microsphere based multiplexed immunoassay technology
could improve diagnostics of infectious diseases by enabling the simultaneous detection of
antibodies or antigens to multiple infectious pathogens, such as human immunodeficiency
virus (HIV), the Hepatitis A, B, C virus, Mycobacterium tuberculosis, as well as a large number of
other viral, bacterial and parasitic pathogens.81% FDA-approved assays for infectious diseases
(e.g. EBV, HSV, MMRYV, Syphilis, and ToRC assays on BioPlex™ 2200 or Multi-Lyte™) are
already available on market.

Encoded microsphere based multiplexed immunoassays are also effective tools for
simultaneously measurement of several biomarkers in Alzheimer’s disease (AD).% 9%
Alzheimer disease is the most common form of age-related neurodegenerative disease,
which is a neurodegenerative disorder characterized by accumulation of intracellular
neurofibrillary tangles and extracellular amyloid plaques throughout the cortical and limbic
brain regions. The development of validated biomarkers for Alzheimer’s disease is essential
to improve diagnosis and accelerate the development of new therapies. As the list of AD
biomarkers is constantly growing, the ability to validate a panel of biomarkers becomes
essential. To this end, Innogenetics has offered a multiparameter bead-based immunoassay
(INNO-BIA AlzBio3) for the simultaneous quantification of 3 key AD markers in human
cerebrospinal fluid (CSF): beta-amyloid 1-42, total tau, and tau phosphorylated at threonine
181.

4. Challenges and limitations of current multiplexed immunoassays

Although hundreds of multiplexed immunoassays are introduced to the research market in
recent years, only a limited numbers of them have been approved by the FDA for clinical
use. The multiplexed immunoassay, as an emerging technology, is not without limitation.
Most FDA approved multiplexed immunoassay platforms are based on encoded
microsphere arrays by flow cytometry. Development of robust multiplexed immunoassay
required rigorous validation of assay configuration and analytical performance to
minimized assay imprecision and inaccuracy. Current limitations associated with
multiplexed immunoassay technologies include selection of multiple matched antibodies
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pairs; cross-reactivity between antibodies and analytes and assay diluents; interference from
matrix effect; the required compromise of the assay parameters when developing multiple
assays; and the requirement for pre-labeling reporter molecules for detection

A major challenge of developing multiplexed immunoassay is the need to obtain a large
number of highly specific antibodies for a wide range of analytes. Although there are many
monoclonal and polyclonal antibodies commercially available, it is difficult to standardize
and screen several hundreds of these antibodies to produce reliable assay in a multiplexed
format while fulfilling the required assay sensitivity and specificity. Particularly, antibodies
suitable for monoplex immunoassays may display cross-reactivity with other analytes in the
multiplexed format. Cross reactivity between antibodies and nonspecific analytes limits the
number of antibodies that can be used in a given multiplexed assay. To solve this problem,
several attempts have been made to optimize antibodies characterization and selection by
using high-throughput methods based on multiplexed immobilized proteins or peptides.
For example, Poetz et al.197 reported the use of a protein microarray to simultaneously
analyze epitope recognition and binding affinity of antibodies to determine their specificity
and affinity.114 And Schwenk et al.198 also reported the use of Luminex platform to determine
antibody specificity towards up to 100 antigens.

Another major problem is that multiplexed immunoassays are prone to interference due to
matrix effect, like any other immunoassay.!® A matrix consists of all the components in the
sample other than the analyte. The interference from matrix would limit the performance of
multiplexed assays. Potential sources of interference in the multiplexed immunoassay
include endogenous plasma/serum proteins, heterophilic antibodies, soluble receptors,
complement components, immune complexes, histidine-rich glycolproteins, lysozyme,
fibrinogen, lectins, and some acute phase proteins.!0112 To minimize matrix effect, it is
important to select suitable blocker, assay diluents and appropriate dilution factor for the
sample matrix that mimics real sample during assay development.l’®> However, it is a
challenge in the multiplexed format to select assay diluents that interact effectively with all
the reagents and proteins, because each protein requires specific conditions to maintain its
conformation. Minor changes in buffer pH and ionic strength may change the protein
structure, thus impairing assay performance.

Multiplexed immunoassays involve two or more capture molecules and allow the
simultaneous measurement of different target analytes. In a monoplex immunoassay
(ELISA), the assay parameters such as antibody pairs, sample diluents, and conjugate
concentration can be easily optimized for a particular assay. However, in a multiplexed
format, those parameters would be different from one analyte to another. They have to be
adjusted to suit all the analytes within the multiplexed assay. The required compromise of
the assay parameters would limit the assay performance of multiplexed immunoassay.
Another major issue that limits the assay performance of multiplexed immunoassay is that
an increasing number of detection antibodies results in an increase of background noise,
which subsequently decreases assay sensitivity. For example, it has been found that the
sensitivity of an 11-plex assay decreased by a factor of 1.75-5.0, compared with monoplex
ELISA, due to an increasing in background signal in the multiplexed format.114

Current multiplexed immunoassay platforms, based on either planar microarrays or
suspended encoding particle arrays, often require an extra labeling step for the detection
ligand with reporter molecules (e.g. fluorescent dye), which prolongs the assay time and
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increases the assay cost. Therefore, challenges in simplifying the tagging process and
eliminating the need for pre-labeling reporter molecules for detection still remain. The need to
overcome such hurdles has motivated research into the development of a label-free
multiplexed assay system, where progress has been made in surface plasmon resonance (SPR)
and fluorescent conjugated polymers-based optical detection, nanowire-based electrical or
electrochemical measurements, and mass spectrometry (MS)-based high-throughput
screening.115118 Conjugated polymers, especially conjugated polythiophene derivatives, can
display remarkable changes of optical properties due to conformational changes of polymer
chains when binding to biomolecules, therefore offer a potential opportunity as the optical
probe for multiplexed assay in a label-free fashion.119121 We have integrated fluorescent
conjugated polymers into metallic encoded nanorods for label-free, multiplexed detection of
DNA and cancer biomarkers with high specificity and sensitivity.122.123

5. Summary and future prospect of multiplexed immunoassay

Multiplexed immunoassays allow simultaneous measurement of multiple proteins in a
single biological sample. They have demonstrated comparable sensitivity to traditional
ELISAs, making them great potential for both basic research and clinical diagnostics where
assays required multiplexing in small sample volume. Currently, a great numbers of
multiplexing technologies have been developed and used in the biomedical research and
clinical diagnostics. The optically encoded microsphere-based technology is the most
advanced multiplexing technology and has been commercialized on the market. Optically
encoded microsphere-based technology offers a robust and efficient approach for setting up
multiplexed assays and makes multiplexing assays feasible by flow cytometry. However,
there are still a number of challenges to be overcome before encoded microsphere based
multiplexing platforms can be fully applied in the field of clinical diagnostics. The need to
overcome these challenges motivate people to continue to develop robust, sensitive, specific,
rapid, and high-through assays with multiplex capabilities that can fulfill the expectations
and demands for basic biomedical research and clinical application. Prospective technology
development and research direction of multiplexed immunoassays would focus on the
following main areas:

5.1 Miniaturization

Miniaturization has been a driver in assay development for many years. The goal is to
obtain increasing amounts of molecular information from ever decreasing volumes of
sample. Miniaturized multiplexed immunoassays can be regarded as an ideal solution for
applications in which several parameters of a single sample with limited volume needed to
be analyzed in parallel.12¢ Recent development in the microfluidic system offers great
potential in the miniaturized immunoassay.!?> The most common microfluidic platform relies
on networks of enclosed micron-dimension channels, where fluids exhibit laminar flow (i.e.
fluidic streams) that flow parallel to each other, and mixing occurs only by diffusion.126
Microfluidic immunoassays have several advantages over conventional methods'?”: (1)
increased surface area to volume ratios speeds up molecule binding reactions; (2) smaller
dimensions reduce the consumption of expensive reagents and precious samples; and (3)
automated fluid handling can improve reproducibility and throughput. These advantages
can potentially improve assay performance and reduce the operation cost of conventional
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immunoassays. Diercks et al. have reported the integration of optically encoded
microspheres with microfluidic platform for miniaturized multiplexed immunoassays.12 In
this work, the encoded microspheres were trapped in a microchannel and imaged using a
confocal microscope. They detected four different analytes from a 2.7-nL sample.

5.2 Automation

Immunoassay automation promises to be the most rapidly growing area for research and
development in the clinical diagnostics industry.1? In the automated assays, all stages of
assays, from sample preparation to instrument operation to data processing are highly
compatible with robotics and automation. Therefore, automation can reduce labor
requirements and reduce testing costs. Quality testing can be achieved with immunoassay
automation due to improved assay performance resulting from improved precision,
sensitivity, and wide dynamic ranges, as well as from the elimination of sample handling and
processing errors. Bio-Rad has developed a fully automated, random access multiplexed
testing platform, Bio-Plex™ 2200. It combines the encoded magnetic microsphere with
automated liquid handling workstation. This system addresses the needs for high-throughput
analysis of clinical samples, which automatically processes up to 100 samples per hour, for a
maximum of 2200 reportable results with eight hours of walk-away capability. First results are
available in approximately 20-45 minutes (assay dependent), with subsequent patient samples
completed approximately every 30 seconds.

5.3 Improved capture ligands

A key step for development of robust immunoassays is generation and characterization of
capture ligands. These systems required high quality of capture ligands with high specificity
and sensitivity of recognizing target proteins. Current available antibodies may display
cross reactivity with other proteins in the multiplexed assay format. To solve this problem,
alternative capture ligands such as engineered protein scaffolds and nucleic acid scaffolds
are being evaluated to replace antibodies for the specific protein detection!30132, For
example, aptamers, highly specific oligonucleic acids or peptide molecules that bind to
protein due to their unique three dimensional structure, possess target recognition features
as antibodies 133

5.4 Improved encoding technology

The development of new encoding technology for microparticles may also offer higher and
more stable multiplexing capacity. Recent advances in Quantum dots studies have shown a
potential for new alternative optical encoding technology. Quantum dots are
photoluminescent semiconductor nanocrystals, which typically consist of a core of cadmium
selenide (CdSe) surrounded by a shell of zinc sulfide (ZnS).134 135 Quantum dots have many
advantages over traditional fluorescent dyes as ideal fluorophores for wavelength and
intensity multiplxing: (1) their emission spectra are tunable by the size of quantum dots, (2)
Quantum dots of different emission profiles can be excited simultaneously at the same
excitation wavelength, (3) their emission bands are relatively narrow, which allow more
emission bands to be resolved with minimal spectra overlap, and (4) Quantum dots have
higher quantum yields than most fluorescent dyes and have better photochemical stability
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against photo-bleaching. Multicolor optical coding can be achieved by embedding different
size of Quantum dots into polymeric microsphere at precisely controlled ratios. 136138 For
example, the use 10 intensity levels and 6 colors can generate up to 106 codes, which open
up new opportunities for gene profiling, high-throughput screening, and medical
diagnostics.

5.5 Improved clinical applications

Early stage detection of many diseases requires distinct pattern recognition of various
protein biomarkers to identify at-risk individuals with adequate confidence. Multi-
biomarker strategies improve medical diagnostic and prognostic information. Therefore,
multiplexed immunoassays are becoming more and more important for clinical diagnostics
in the future due to their ability of identifying multiple clinical biomarkers for a wide range
of diseases. Multiplexed protein test panels for use in cancer, stroke, diabetes, and
cardiovascular diseases would be the interest in the future.
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1. Introduction

The development of flow cytometric bead-based technology has afforded new perspectives
in basic and clinical investigation, allowing for the simultaneous measurement of multiple
analytes in biological samples. In this chapter, we will analyze this innovative technology
based upon the use of small fluorescent particles coated with highly specific antibodies.

When performing an immunoassay, a specific antibody is used to identify and quantify the
concentration of target molecules or analytes in complex samples, such as serum or urine.
The use of monoclonal antibodies, highly specific, was a great improvement in these assays.
Currently, the combination of these specific antibodies with different fluorophores and
novel detection technologies has allowed the achievement of higher sensitivity and several
improvements in this technique.

This review will be focused on the multiplexed bead immunoassay (MBIA), which has
emerged as a powerful tool to simultaneously quantify several analytes in limited sample
volumes. This is of great interest in Pediatrics, given the difficulty to obtain biological
samples, particularly in newborns and the clinical interest of this specific type of analysis
has increased in recent years (Lee et al., 2008). In fact, MBIA presents several advantages
over the classically used immunoassays in pediatric samples, showing better reliability and
consistency in the measurements, what is of great interest in longitudinal studies and
clinical trials (Bomert et al., 2011).

This multi-analyte analysis method is a solid-phase immunoassay sandwich that uses a
capture monoclonal antibody for every molecule aimed to study, that are joined to a specific
microsphere with unique features. This microsphere combines two fluorescent compounds
that allow for the discrimination from other particles in the assay. A second antibody
recognizes another epitope, and detects each analyte bound to the complex, by using several

* Corresponding Author
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detection methods, such as secondary or tertiary antibodies with fluorescent probes or the
use of phycoerytrin-streptavidin, among others (Chandra et al., 2011). A flow cytometer,
based in X-map technology, recognizes and integrates the emission of the last signal
discriminating it according to the specific emission of each microsphere (Vignali et al., 2000).
Currently, the color-coded microspheres allow the simultaneous performance of up to 100
determinations.

However, the development of assays focused on the diagnosis in pediatric disorders is still
sparse, with new antibody detection panels needed, especially in growth and pubertal
disorders. The acceptance of MBIA depends on the acquisition of comparable results to
those achieved by using classical techniques, such as radioimmunoanalysis (RIA) or
enzyme-linked immunosorbent assay (ELISA), accepted as “gold standards” to date.
Although some studies have comparatively quantified the measurement of some hormones
by using classical inmunoassays and MBIA (Liu et al., 2006), further comparisons are
needed, especially for analytes present at low concentrations, that show significant
differences in their values according to the methodology used. Therefore, the establishment
of reference values for the pediatric population and the improvement in the detection of
those parameters present in a low concentration in samples constitute new challenges for
both, the investigators and the MBIA manufacturers.

2. Multiplexed bead immunoassays: principles and technology development

The limited sample volume and time-saving gains of the MBIA have made it an election
technique for studies involving multiple factors, such as cytokines and pituitary hormones,
among others (Djoba-Siawaya et al., 2008). In fact, these complex profiles require an arduous
procedure and high volume samples when numerous analytes were analyzed by classical
methods. Nevertheless, this laborious process has been improved by the introduction of
fluorescent bead assays.

2.1 General considerations

The analytes measured by the immunoassays are extensive, including proteins and low
molecular weight molecules, and have been widely utilized in the diagnosis for over forty
years (Tetin & Stroupe, 2004). Immunoassays were applied initially to the determination of
hormones and the antibodies used were polyclonal (Yalow & Berson, 1959). Its routine use
led to a revolution in the field of endocrinology, as well as to the introduction of new tests
for the diagnosis and management of endocrine disorders. Subsequently, the use of this
technique was extended to other areas, such as biochemical disorders and oncology, by the
determination of enzymes, vitamins and tumor markers.

Nevertheless, these classical assays show several limitations. Probably the most important,
is that they only measure the levels of one analyte as a time. Proteins are a part of a complex
system and clinical diagnosis requires the determination of multiple factors to interpret the
pathophysiology of a single health problem. Thus, these requirements increase the cost, due
to the number of assays, with the subsequent economic pressures for the Health Systems. In
addition, the time spend in their performance is increased and this must be optimized in a
diagnostic setting. Besides, the determination of several analytes included into an endocrine
system may lead to different error degrees in each individual determination that may avoid
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a desirable interpretation of the illness. In addition, there is a minimal risk of radiation and
the problems of stability of radioisotopes may interfere in the quality of radioimmunoassay.

All these concerns have been minimized in the past decades. As previously reported, one of
the greatest advances has been the use of monoclonal antibodies, which represents a
continuous source of identical molecules with high affinity and specificity (Hoogenboom,
2005). Also, the development of software for data processing and the incorporation of non-
isotopic reporters, such as enzymes that generate chromogenic, fluorescent and
chemiluminescent products have improved these classical assays. The development of
amplification methods (Figure 1) together with the use of above mentioned products has
improved the sensitivity of these assays, allowing for the progressive use of smaller sample
size, making it possible their application to pediatric samples (Barrios et al., 2007).

2.2 Basic principles

The discovery of new fluorescent compounds has improved the sensitivity of classical
immunoassays. In recent years, protein microarrays have emerged as a powerful tool to
provide quantitative data of proteins in biological samples. In traditional protein
microarrays, capture reagents are immobilized in defined locations and in the presence of
substrates, microspots are generated. After that, the deconvolution of the multiplexed
measurements, allows for the identification and quantification of the set of selected proteins
(Mirzabekov & Kolchinsky, 2002).

A key advance in multiplexed measurements has been the spatial segregation of the
mentioned immobilized protein, encoded beads yield so-called MBIA. Multiplexed bead
immunoassay kits contain microspheres, that are highly uniform with the same size (around
3-6 pm, depending of the manufacturer) and are polystyrene beads cross-linked during
polymerization for physical and thermal stability. These microspheres are grouped into sets;
each one is subsequently embedded with specific quantities of red and orange fluorescent
dyes. The different proportion of these dyes gives each specific set of microspheres a unique
spectral signature. Each specific set of microspheres is used as the solid support for the
conjugation with a distinct reactant for each particular analyte. Among the reactants, there
are enzyme substrates, antigens, receptors and antibodies.

In the MBIA, the capture antibody of each immunosorbent assay is coupled to one of 100
different microsphere bead sets, a 10 x 10 matrix with capacity and the combination of red
and orange florescent dyes. After the capture of the analyte, the complexes are washed
applying vacuum separation. The vacuum is applied to a 96-well plate, in order to separate
the liquid, whereas the microspheres are retained in the filter. Afterwards, the addition of a
solution with a second biotinylated antibody followed by resuspension allows for the
creation of a “sandwich”. After a new washing, a complex of streptavidin conjugated to
phycoerythrin is added. The amount of the analyte binded to the beads is then quantified
through the use of phycoerythrin, a green-fluorochrome reported dye, excited by the array
reader at a wavelength of 532 nm, whereas the emission is detected around 575 nm (Figure
2). Thus, in each immunosorbent assay, the intensity of this green fluorochrome measured
by the reader is directly proportional to the amount of analyte bound to the surface of each
microsphere (Thrailkill et al., 2005; Van der Heyde & Gramaglia, 2011).
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A, fluorescent bound detection antibodies. B, fluorescent labeled compounds-tertiary antibodies. C,
biotinylated detection antibodies with streptavidin-phycoerythrin conjugate. D, streptavidin-phycoerythrin
conjugate staining amplified with biotinylated anti-streptavidin-phycoerythrin antibodies. E, streptavidin-
linked horseradish peroxisade linked to a species-specific tertiary antibody activates chemiluminiscent
substrates or generates different flourophores. F, resonance light-scattering colloid gold particles coated
with an antibiotin antibody. Modified from Nielsen & Geierstanger. ] Immunol Methods 2004; 290: 107-120.

Fig. 1. Signal generation and amplification methods.

A= 532 nm
Biotinylated
detection
antibody
_ Common emission
A = 430 nm Analyte {around 575 nm)

Capeure anibody

Epecific emission
(575665 nm)
The capture monoclonal antibody is coupled to the bead (microsphere). After binding of the analyte a
second biotinylated antibody is added. After addition of a streptavidin-phycoerythrin conjugate, dyes
embedded in the beads and phycoerythrin are excited (wavy lines) and both compounds give two types
of light emission. Modified from Barrios et al., Rev Esp Pediatr 2007; 63: 157-161.

Fig. 2. Schematic representation of an isolated reaction of a MBIA with the reagents used in
this technique.
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There are two lasers in the adapter array reader for MBIA, the first laser classifies each
microsphere and its bound analyte and the second quantifies the amount of analyte bound
to each microsphere. The first laser, known as red laser, excites the dyes of each microsphere
and the fluorescent signal of each microsphere is separated with selective filters and
converted in intensity units by the combination of fluorescent detectors and a digital
processor, being the microsphere arranged. The second laser, named green laser, stimulates
the fluorochromes bound to the analytes (in our case, phycoerythrin) and the signal is
distinguished with emission filters and translated to intensity units by specific detectors and
a signal processor, and the amount of analyte is measured. This data are acquired by
different adapted flow cytometers attached to computers with special software (Figure 3).

Fig. 3. Suspension array system with high throughout put fluidics system.

This special cytometer is a dual-laser, flow-based microplate reader system. The content of
each well is drawn up into the reader. The laser and associated optics detect the fluorescence
of the individual beads and the fluorescence signal on the bead surface. This identifies each
assay and reports the levels of target protein in the well. The detected intensity of
fluorescence on the beads indicates the quantity of analytes. Thus, the system calculates the
green fluorescence and the combination of red and orange fluorescence of each microsphere
by using three detectors. The software separates the pool of microspheres using the orange
and red fluorescence data and integrates these data with the average amount of green
fluorescence for each bead set (Figure 4). A high-speed digital processor manages the data
output, analyzed as fluorescence intensity on the software.

2.3 Assay guidelines and technical considerations

One of the main focuses of this review is to analyze the assay procedure in order to obtain
reliable results with this technique. The current literature contains many examples of user
and manufacturer product evaluations; however, some recommendations that will improve
the performance of MBIA must be taken into account.
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Each set of microbeads is quantitated in the histogram (A) and separated by the Luminex® system in a
two-dimensional bead map (B), permitting the simultaneous quantitation of different analytes in the
same sample. Results are given as fluorescence mean intensity (C) and the concentration of the analyte
in the problem sample is obtained by extrapolation from a standard curve (D).

Fig. 4. Separation and quantification of the analyte concentrations by the suspension array
reader system.

As the microspheres have different fluorescent dyes that are light sensitive, we must protect
the beads from direct light by covering the tubes with aluminium foil. Sometimes, this
procedure is not necessary, because the manufacturer provides the MBIA kits with dark
tubes, thus avoiding light exposition. We also must keep the microspheres at 4°C, avoiding

freezing.

Another problem is the eventual aggregation of the microspheres. Sonication during 15-60
seconds keeping the tubes on ice is a procedure to separate aggregated microspheres, but it
may cause hurt in the microsphere suspension. We usually used gentle vortexing during 5-
10 minutes to obtain a homogeneous mixture. Thus, we may avoid not only a potential
harmful effect on the sample, but also the possible loss of a part of the liquid phase during
sonication. Another common alternative process is the use of a bath sonicator, by placing the
probe sonicator tip in a bath of water and inserting the tube with microspheres near the tip,

avoiding touching it.

Multiplexed bead immunoassays require washing during the assay period to separate the
analyte of second antibody bound to the microsphere surface from the unbound reactants.
The most common procedure is the vacuum separation. The reactions are performed in

microtiter filter-bottom 96-well plates and vacuum is applied to the plate allowing the liquid
to filter through while retaining the microbeads on the filter (Figure 5A). A new procedure
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is the use of magnetic microbeads and conventional 96 well plates. In this situation, a
microplate washer with a magnetic platform is used to separate these microspheres of
unbound fraction (Figure 5B).

A, vacuum manifold system. The microtiter filter-bottom 96-plate is on a support and vacuum is
applied with a conventional pump. Liquid is collected into a manifold. B, Microplate washer with
magnetic platform. Conventional ELISA 96-plate and magnetic microbeads are used to separate liquid
of microbeads.

Fig. 5. Separation of microbeads and liquid containing unbound fraction.

We may also develop new MBIAs, coupling the capture antibodies to the microspheres. First,
we must choose a set of microbeads with significant diverse proportion of dyes fluorescence
compounds (red and orange) in order to maintain sufficiently separated the reading areas
obtained in the two-dimensional diagram by the suspension array reader system (see figure
5B). In this way, we will avoid potential overlapping among different bead readings.

Microspheres with fluorescent dyes are supplied at standard concentrations, but during the
coupling process may diminish due to loss during washing. This loss is not uniform and it
may change for multiple causes, such as pressure of vacuum manifold, and reactant
employed in coupling, among others (Bio-Plex Manager Software, User Guide). It is difficult
the optimization of the assay because we must take into consideration the different
proportions of reactants (antibodies, analytes, fluorophore conjugates, assay buffers, etc.),
temperatures and times of incubation and perhaps the most critical variable, the total
surface area (total number of microbeads). To obtain reliable results, it is necessary to know
the number of microspheres by counting them in a hemocytometer. These are also crucial
aspects in the new MBIA using small quantity of sample, the microfluidic bead-based
immunoassay that it was be developed to perform a multiplexed assay in a capillary,
requiring only 1 ul assay volume (Yu et al., 2010).

Monoclonal capture antibodies must be bound to a specific each set of microspheres. There
are some Kkits to perform this procedure; however is difficult to establish not only the
adequate number of beads and concentration of the capture antibody, but also the quantity
of secondary antibody to obtain a good assay performance (Djoba-Siawaya et al., 2008).
Assay performance of new developed MBIAs must be compared with classical methods,
such as radioimmunoassay o ultra-sensitive enzyme-linked immunosorbent assay,
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considered as “gold standards” in the laboratory (Krouwer et al., 2002; Elshal & McCoy,
2006). The development of new panels using MBIA requires testing the effect of the
biological matrix. Serum or plasma specimens are complex samples that are frequently
diluted before addition in the well. The diluent has to imitate the sample matrix in order to
obtain the same fluorescent background. There are many commercially available diluents
and it is also necessary to analyze the effect of dilution and its addition to interpolate
unknown concentrations (Pfleger et al., 2008).

Another aspect is the optimization of the parameters of the acquisition of data and analysis
of results in the reader, by using the associated software. We must start by adjusting the
needle according the manual instructions. The height of the array reader sample needle
must be adjusted when the style of microtiter plate has been modified, to optimize the
sample acquisition. The next step is the calibration of the array reader, necessary for optimal
performance and reproducibility of results (Bio-Plex Manager Software, User Guide).
Commercial manufacturers provide some kits containing calibration microspheres with
stable fluorescent intensities in the emission wavelength ranges of the classification
channels. The calibration process employs these microbeads to regulate voltage settings for
optimal microsphere classification and reporter readings over time.

After preparation of the protocol, we need to define additional characteristics, as the
number of bead counts, sample size and bead map selection to obtain an adequate
histogram and bead map (Figures 4A & 4B). These graphs are updated during the reading
(Figure 4C). Results are extrapolated from each standard curve for each analyte (Figure 4D).
At the end of the reading process, the software generates a results file, containing the data,
protocol parameters used and analysis tools for interpreting the data. Thus, we can
reanalyze raw data by testing the effect of dilution or the regression method used. We are
also able to change the double discriminator gate range and to recalculate the data based in
the new range. During the reading, this discriminator of the array reader determines the
amount of light scatter of the beads detected by the red laser. Particle size is proportional to
light scatter and an internal discriminator gate identifies particles smaller o larger than
single microbeads, including aggregates that may interfere in the results.

In addition to these studies, development of a new MBIA or the inclusion of a new analyte
to a pre-existent multiplexed panel also requires the analysis of classical assay
characteristics, as sensitivity, specificity, precision, recovery and linearity, among others
(Krouwer et al., 2002; Liu et al., 2005; Dossus et al., 2008; Martos-Moreno et al., 2010).

3. Interest of MBIA in pediatrics

The study of growth hormone axis, pituitary hormone panel or cytokine expression profiling,
among other examples, have become as established guidelines for the identification and
characterization of several diseases. However, the determination of multiple parameters by
classical immunoassays is a laborious process requiring a big amount sample volume, a
problematic aspect for patients, especially when these subjects are newborns or children.

Multiplexed immunoassays based on protein microarray platforms have been used in the
detection and confirmation of biomarkers associated with several diseases (Hsu et al., 2008;
Sauer et al.,, 2008; Paczesny et al., 2009). Nevertheless, most of these studies have been
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performed in adults and it is necessary to carry out these determinations in children. Among
studies in children, most of them have been conducted to analyze serum cytokine profiling
(Pranzatelli et al., 2011). In addition, most of the parameters determined in boys and girls
during pubertal development show variations in their concentrations, due to
anthropometric and biochemical changes influencing some of these variables. Thus, MBIA is
a good method, because it allows for the simultaneous determination of multiple
parameters in a single assay, avoiding inter-assay variations. This property offers reliable
data and could help in the diagnosis and or follow up of pediatric patients. Thus, different
studies, clinical trials or monitoring of pediatric patients during disease treatment require
the determination of multiple parameters during extended periods of time (Martos-Moreno
et al., 2011a). As an example, in the Table 1, we show the effect of weight loss on several
adipokines in obese children after dietary intervention.

This technique also facilitates in obtaining a “pool” of reference values during childhood
and puberty and may improve the knowledge of the physiology of any given endocrine
axis. As it is mentioned above, the determination of several analytes at the same time, avoid
the variability among them and allows a better interpretation of the physiology of the
studied axis. In addition, the obtaining of reference data in children involves the recruitment
of boys and girls in different Tanner stages, due to the effect of sex and biochemical changes
through pubertal development. MBIA could be a choice method, as not only integrates all
parameters in one determination, but also allows analyzing longitudinal changes in all of
them. Here we show reference data of different adipokines in boys and girls through
childhood and adolescence (Table 2).

Group Adiponectin Leptin Resistin TNF-a IL-6

Control 158 +6.3 43+3.1 13.8+6.2 46+22 22+20
Obese B 163+74 36.9 +13.6** 147+65 6.1+20 25+20
Obese -1 19172 164 +13.3**##  12.2+55 54+3.2 21+15
Obese -2 25.7£11.4*  161+11.3#*  15.7+84 48+24 2013

Adiponectin, leptin, resistin, tumoral necrosis factor-a (TNF-a) and interleukin-6 (IL-6) levels were
measured by MBIA in healthy children (control) and prupubertal obese subjects at baseline (Obese B)
and after reduction of their body mass index by 1 SDS (Obese -1) and 2 SDS (Obese -2). Data expressed
as mean * standard deviation. *p<0.01, **p<0.001 vs. control; #p<0.01, #p<0.001 vs. obese B. Modified
from Martos-Moreno et al. Clin Chem Lab Med 2010; 48: 1439-1446.

Table 1. Serum concentrations of adipokines in control and obese children

Another aspect of special interest in Pediatrics is the sensitivity of the MBIAs. Serum
samples of children and newborns have low levels of some analytes and sensitivity is crucial
to determine them. The fluorescent readout if MBIA is more sensitive than the colorimetric
signal of ELISA, where it is required a step of enzyme amplification. Moreover, the
sensitivity can be augmented by reducing the number of bead in each assay, increasing in
this manner the ratio of analyte to capture antibody without reducing the number of capture
antibodies per bead. In addition, MBIA may be more reproducible than ELISA. Thus, the
replicates usually show little variation in fluorescence, whereas ELISA significant variations
between experiments and between plates within assays (Leng et al., 2008). Multiplexed bead
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assays are more accurate because the data are calculated from the mean of 50-100 beads,
each of which functions as an individual replicate. This is an additional advantage in
longitudinal studies, very frequents in pediatric population.

The MBIAs may be adapted to carry out immunoassays for identifying antibodies. It is
necessary to introduce variations in the assay design (Morgan et al., 2004). Here, purified
antigens are conjugated to the beads and incubated with any sample of interest, followed
with species-specific anti-immunoglobulin reagent, labelled with a fluorochrome. The mean
fluorescence intensity is directly proportional to the amount of antibody bound to the
antigen on the bead. These adapted assays have been employed to detect antibodies in
diagnosis of celiac disease (Yiannaki et al., 2004), autoimmune thyroid disease (Tozzoli et al.,
2006) and meningitis (Shoma et al., 2011) during childhood.

Multiplex applications are not restricted to the detection of proteins and antibodies, as this
technique has also been used during a decade for the simultaneous detection of different
DNA sequences. Among the specific applications include genotyping of single nucleotide
polymorphisms, screening of genetic diseases, genotyping of the major histocompatibility
complex and molecular analysis of infectious organisms (Ye et al.., 2001; Cesbron-Gautier et
al., 2004; Dunbar et al., 2003). The main use of MBIA in this field has been the detection of
mutations associated with disease; so, one of the first applications of genotyping was the
analysis of multiple variants of B-globin in capillary blood of neonates (Colinas et al., 2000).
Also this technology has been used for genotyping in samples from patients with a
predisposition to thrombophilia (Musher et al., 2002) and detection of fusion transcripts of
chromosomal translocations in children with acute lymphoblastic leukemia (Wallace et al.,
2003).

Tanner stage  Adiponectin Leptin Resistin TNF-a IL-6
I
Female 15.6+4.2 48+3.6 13.5+5.0 42+1.6 26+22
Male 16.2+5.6 39+£27 126 +6.3 42+20 19+£18
I
Female 16.7+£12.2 57+27 159+43 40+1.6 26+22
Male 17.0+5.0 41+238 16971 40+13 24+18
I+ 1V
Female 18.0+6.2 114+42 16.5+3.8 46+17 1.3+04
Male 134+6.8 6.4+27 16.8+7.0 44+13 1.5+£0.6
\%
Female 121+49 121+43 29.4+89 49+11 1.5+1.2
Male 183+5.2 6.2+3.1 22.8+85 46%1.6 1.0+£05

Adiponectin, leptin, resistin, tumoral necrosis factor-a (TNF-a) and interleukin-6 (IL-6) levels were
measured by MBIA in healthy girls and boys in the different pubertal stages (Tanner stage). Data
expressed as mean * standard deviation. Modified from Martos-Moreno et al. An Pediatr (Barc.) 2011b;
74: 356-362.

Table 2. Reference values of adipokines in children throughout development
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4. Limitations

In spite of the advantages of this technology, it is important to keep in mind the scarce
development of assays in the field of pediatric disorders. Therefore, the development of new
multiplexed panels is needed, especially in those pediatric pathologies related to
endocrinology of growth and pubertal disorders.

Special attention should be paid when reporting absolute values with MBIA. The
acceptance of this technique depends on the acquisition of comparable results to those
achieved by using classical techniques, accepted as the “gold standards” in the laboratory.
To date, we and others have compared these methodologies for some hormones (Martos-
Moreno et al., 2010; Liu et al., 2005), but further comparisons are needed, especially for
analytes that are present at very low concentrations in pediatric samples, since the
concentrations obtained with MBIA and classical ultra-sensitive immunoassays are
distinct for some analytes and also show that the differences between the methods are
composed of both constant and proportional components, preventing a direct
comparability between both assays.

A limitation in some MBIAs is the interpretation and reporting of analyte values at
extremely low concentrations. One of the possible advantages of this assay is that the
dynamic range seems to be much broader than classical ELISAs. However, many sensitivity
issues in the very low range of concentrations remain unresolved (Liu et al., 2005; Leng et
al., 2008), especially for several cytokines.

Therefore, the establishment of reference values for the pediatric population and the
improvement in the detection of determined parameters that are present at low levels in
serum is a challenge for the investigators and the MBIA manufacturers, respectively.

5. Future research

These methods have an excellent accuracy and reliability, together with an excellent
sensitivity for most analytes. However, some analytes are currently determined by ultra-
sensitive immunoassays. A challenge of this technology is to improve the sensitivity of some
analytes present at very low concentrations in biological fluids, as well as in tissues, in order
to its applicability in new areas of routine diagnosis.

Another important aspect is the improvement of specificity for some parameters, which is
essentially limited by the quality of antibodies employed in the MBIA (Vignali, 2000). Thus,
the use of some monoclonal antibodies in classical immunoassays, such as
enzimoimmunoassay or radioimmunoassay, does not affect in a significant manner the
results, but it may be a big issue for MBIA. The near future will show whether MBIA exhibit
a greater applicability in diagnostics in Pediatrics.

Another objective is the development of commercial kits that allow the simultaneous
analysis of factors that require extractive procedures or alternative processes for assessment,
such as growth factors, together with other molecules in which it is not necessary this
preliminary stage. It is also required the improvement of MBIAs to evaluate the molecular
heterogeneity of certain hormones that have several isoforms (Popii & Baumann, 2004). In
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this sense, the development of immunology allows characterizing new monoclonal
antibodies against different epitopes, solving some problems of inadequate sensitivity or
cross-reactivity with classical antibodies (Feldhaus et al., 2003).

These assays will improve the throughput by greatly enhancing the quantity of information
achieved from a single experiment. Moreover, the development of new microfluidic bead-
based immunoassays will allow diminishing the expenditures of reagents and reducing the
requirements of biological sample, very important in pediatric patients. Based upon their
capabilities, MBIA will be proposed for use in disease screening and probably will open up
new possibilities in the follow up of patients during therapy.

6. Conclusion

Multiplexed bead immunoassays could result more cost-effective for the measurements of
selected analytes, diminishing inter-assay variations and reducing the volume of sample
needed, what would be particularly interesting in Pediatrics, especially when limited
amounts of samples are available, which is usually the case of young children. The current
advantages in time, ability to simultaneously measure analyte concentrations in the same
conditions and high performance of multiplex analysis will allow MBIA to be a more useful
tool in evaluating the pediatric diseases.
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