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Abstract—The immuno-PCR (iPCR) method combines advantages of enzyme-linked immunosorbent assay and poly-
merase chain reaction, which is used in iPCR as a method of “visualization” of antigen—antibody interaction. The use of
iPCR provides classical PCR sensitivity to objects traditionally detected by ELISA. This method could be very sensitive and
allow for detection of quantities of femtograms/ml order. However, iPCR is still not widely used. The aim of this review is
to highlight the special features of the iPCR method and to show the main aspects of its development and application in

recent years.
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Immuno-PCR (iPCR) was first described by Sano,
Smith, and Cantor in 1992 [1]. The method combines the
advantages of polymerase chain reaction (PCR) and
immunoassay, allowing the detection of targets of interest
present in a sample in extremely low concentration.

Since the first publication in 1985 [2], PCR has
proved to be an efficient technique for detection of small
amounts of DNA, down to one molecule per test tube [3,
4]. Due to high sensitivity, PCR became widely used in
clinical diagnostics of viral and bacterial diseases, hered-
itary diseases, in genetic mapping, etc. However, this
method can be used only for detection of nucleic acids,
while other molecules, such as hormones, antibodies,
proteins, toxins, etc., apart from DNA or RNA of an
organism need to be specifically detected. For these pur-
poses, the major method of choice is ELISA: high speci-
ficity of antibodies towards their antigens allows identifi-
cation of a broad range of molecules, although with much
lower sensitivity compared to PCR. Thus, a method hav-
ing sensitivity of PCR and the potential of ELISA is need-
ed for a wide range of studies.

Abbreviations: BA, binding antibodies; (b)DA, (biotinylated)
detecting antibodies; ELISA, enzyme-linked immunosorbent
assay; iPCR, immuno-PCR; PCR, polymerase chain reaction;
PLA, proximity ligation assay; qPCR, quantitative PCR (real-
time PCR); RT-PCR, PCR with reverse transcription; sulfo-
SMCC, sulfo-N-succinimidyl 4-(maleimidomethyl)cyclo-
hexane-1-carboxylate.

* To whom correspondence should be addressed.

The iPCR method, which combines the two above-
mentioned approaches, has become such a tool; this
highly sensitive method allows the detection of a wide
range of analytes. It is based on the use of a DNA—anti-
body conjugate with further amplification of marker
DNA. In the original iPCR method proposed by Sano et
al. [1], a streptavidin—protein A chimera was used as a
linker between an antibody and DNA: streptavidin bound
biotinylated DNA, while protein A bound an Fc-frag-
ment of an immunoglobulin G (IgG) molecule. Such
conjugate limited the possibility to use this technique
only to the direct format of target molecule detection
(which is not very often used), since in a “sandwich” for-
mat reaction protein A will bind primary antibodies,
increasing the background signal [5]. Later, another type
of conjugate was proposed, composed of a biotinylated
antibody, streptavidin, and a biotinylated DNA-tag [6].
The advantage of this approach is its possible use for
immunoanalysis in direct, indirect, and “sandwich” for-
mats. Covalent conjugates, when a DNA-tag is bound
directly to an antibody by means of various reagents, are
also used [7]. This reduces the number of steps in a pro-
tocol, shortening the time of analysis and increasing the
signal-to-background ratio.

Like ELISA, iPCR can be performed in various for-
mats depending on the aim of the experiment. A
schematic representation of the main reaction formats —
direct, indirect, sandwich, indirect sandwich, and com-
petitive — is shown in Fig. 1, as well as the standard con-
centration ranges detected by iPCR and ELISA. In the
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Fig. 1. Comparison of iPCR and ELISA methods and their sensitivity. Solid line — iPCR, dotted line — ELISA. Immunoassay formats: a, c)
noncompetitive: direct, indirect, direct sandwich, indirect sandwich; b, d) competitive. See details in text.

direct format [7], an antigen is immobilized on a support
and is directly detected by a conjugated antibody. In the
indirect format, immobilized antigen first forms a com-
plex with a specific antibody, which is then detected by
secondary detecting antibodies (DA) conjugated with a
DNA-tag [8, 9]. In the direct sandwich format, an anti-
gen is detected by two types of antibodies: primary anti-
bodies (binding antibodies, BA) are immobilized on a
support and bind the analyte; secondary antibodies con-
jugated with a DNA-tag are then used for detection [10,
11]. The first steps of the indirect sandwich format are
like those of a direct sandwich except that secondary anti-
bodies carry no DNA-tag, and the detection is carried out
by tertiary antibodies [12, 13]. The competitive format is
generally used for detection of low molecular mass com-
pounds [14-17]: studied material, containing an antigen
(antibody) of interest, is added simultaneously with a
detecting conjugate to the antigen (antibody) immobi-
lized on the support. If antibodies are analyzed, a labeled
antigen is used for qualitative assessment (rarely), while if
antigens are analyzed — labeled antibodies are used. This
review discusses only the competitive format analysis with
labeled antibodies. The result of the reaction is inversely
proportional to the amounts of the analyte of interest.
Detection of a DNA-tag is made by electrophoresis
or by real time PCR (quantitative PCR, gPCR). In most
published articles, the latter method is used because the
exclusion of an electrophoresis step reduces substantially
the time of analysis, minimizes contamination, and allows
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estimation of the initial amount of the template and,
therefore, the analyte. Works that have used other methods
of DNA amplification are not discussed in this review.

In this review, we give an overview of the use and
main aspects of the development of iPCR during last 10
years.

SPECIAL ASPECTS OF iPCR METHODOLOGY

One of the variants of a universal iPCR technology is
detailed elsewhere [18]; nevertheless, it is worth dis-
cussing the key steps of this process because of its com-
plexity. High sensitivity of PCR as a method for detection
of iPCR results is its main advantage and its disadvantage
at the same time. Nonspecific binding of antibodies, anti-
gens, or DNA—antibody conjugate lead to a certain level
of DNA-tag amplification in all samples (background
level). The main aim of optimization of the iPCR method
is to increase the ratio between the level of amplification
in the samples containing analyte and the level of ampli-
fication in negative control samples.

Many early studies have described a complete
absence of amplification in samples not containing the
analyte of interest. Thus, absence of a signal in negative
control samples after 25, 35, 40, and 52 cycles of amplifi-
cation has been described [7, 19-21]. It is extremely diffi-
cult and, in most cases, impossible to obtain such results,
since the sensitivity of PCR allows detection of as few as
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a single DNA molecule in a test tube. Amplification of
DNA-tag is almost always observed in negative control
samples after 30-40 cycles of amplification, which is
apparently a consequence of a nonspecific binding of
components including DNA-tag [12, 22-24].

The problem of contamination of the working zone
and the reagents must be mentioned specifically. The
working zone for immunochemical manipulations, the
zone for working with DNA-tag, and the zone for gPCR
must be physically separated from each other.

Thus, a decrease in background level is one of the
key steps in optimization and improvement of the iPCR
method. At the same time, a background signal can be
radically decreased by using a proximity ligation assay
(PLA) [25], which will be discussed later.

Choice of support and its influence on binding.
Ninety-six-well microplates are widely used for ELISA
and PCR methods, which predefined the prevalence of
this format in iPCR also. The characteristics of a plate
used for iPCR differs from that for ELISA or PCR. The
material should have high antigen binding capacity and
be compatible with the thermoblock of a PCR machine to
avoid an additional step of DNA-tag detachment from
the antigen—antibody complex with subsequent transfer
onto another plate for amplification.

Originally, polypropylene PCR microplates were
used for iPCR, but they did not provide the needed level
of antigen binding [26, 27]. Later, TopYield polycarbon-
ate 8-well strips (Nunc) with improved protein-binding
capacity, specially designed for iPCR, became popular
[28-30]. However, Barletta [21] and Potuckova [31] claim
that experiments carried out in TopYield strips showed
low sensitivity. It turned out to be the result of nonuni-
form distribution of heat in wells during PCR, because
the wells of TopYield strips did not fit the wells of the PCR
machine. The problem was solved by optimization of
PCR conditions — increasing denaturation temperature
[21] and increasing elongation time [31]. Another draw-
back, associated with the form of the wells in TopYield
strips, was revealed during qPCR: apparently, several
zones of refraction and reflection of light appear, result-
ing in additional steps in a PCR curve that complicate the
analysis (at least for DT-prime 96 thermal cycler). Use of
TopYield strips is also difficult without application of a
layer of mineral oil on the top of the reaction mixture [32-
34]. Despite certain drawbacks, the TopYield 8-well strips
remain the most popular option for iPCR today. Apart
from TopYield strips, Corning Costar 6511 polycarbonate
PCR plates and Greiner Thermoquick 651570 plates are
used. Experiments made with these plates gave similar
results to those obtained with the Nunc TopYield plates.
With these plates, PCR curves were close to an ideally sig-
moid, which means that all wells were considered in the
experiment. Also, Robostrips (Roboscreen) polycarbon-
ate plates with increased sorption were developed espe-
cially for iPCR. The Robostrips have the same form as
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standard 0.2-ml PCR strips that provided their tight fit to
the thermocycler well, as well as uniform heat distribution
[21]. The Robostrips do not have the limitations of the
TopYield strips, but automatic washings in Robostrips can
be difficult.

Some authors have proposed using enzymatic or
thermal cleavage of DNA from an antibody with further
transfer of an aliquot of the reaction mix into PCR tubes
[9, 35], or doing several PCR cycles using TopYield strips
with subsequent transfer of an aliquot of a reaction mix
into a qPCR plate [21].

An alternative way to increase the sensitivity of anti-
bodies is to use different microparticles (detailed in the
section “Use of Nanostructures in iPCR” below).

Methods of conjugation of antibodies with DNA-tag.
A fundamental difference between iPCR and ELISA is
the use of DNA amplification for quantification of an
analyte; for this, a DNA-tag must be conjugated with an
antibody (Fig. 2).

In the original iPCR format [1], streptavidin—pro-
tein A chimera provided two binding sites: streptavidin
bound with biotinylated DNA, while protein A bound an
Fc-fragment of an immunoglobulin G (IgG). Such linker
has several drawbacks. First, it can be used only in a direct
format immunoassay [5]. Second, affinity of protein A
differs significantly depending on class/subclass and host
species of an antibody, which reduces the versatility of this
method [36]. In other early works on iPCR [37], avidin, a
tetrameric protein with high affinity and specificity to
biotin, was used as a linker. Avidin can form different
conjugates because of its tetrameric structure, which
might cause a decrease in sensitivity and reproducibility
of the results. Unlike avidin, streptavidin lacks a carbohy-
drate fragment and has a low isoelectric point (p/ = 5,
whereas p/ of avidin is 10), which finally leads to a
decrease in nonspecific binding [38].

Conjugates based on biotin—streptavidin interactions.
Zhou et al. [6] proposed a way to conjugate DNA to an
antibody in situ (Fig. 2a). This approach consists in con-
secutive addition to a test tube of bDA, streptavidin and
biotinylated DNA. Such complex can be used in any
iPCR format: direct, indirect, or sandwich, so it was
referred to as “universal iPCR” [39]. Despite all positive
features, use of a streptavidin—biotin conjugate has some
drawbacks: numerous long washes are needed to prevent
nonspecific binding, which increases the time of analysis;
it is difficult to choose the optimal stoichiometric ratio of
reagents. To assure complete binding, the system should
reach thermodynamic equilibrium at each step of incuba-
tion, which requires an optimization of the time of each
step. In most iPCR protocols, time of incubation is limit-
ed to 1 h. During this time, a heterogeneous system might
not reach equilibrium, which might lead to a decrease in
the number of complexes and the signal strength [40].

It should be mentioned that for a streptavidin-
biotinylated conjugate it is better to use an oligonu-
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Fig. 2. Techniques of conjugation of an antibody with a DNA-tag. a)

Binding of a biotinylated antibody with a biotinylated oligonucleotide

by streptavidin. b) Covalent conjugation based on a heterobifunctional linker, which reacts with different functional groups of DNA (with
artificially introduced reactive group, such as SH-, NH,-, etc.) and antibody. ¢) Supramolecular complex of biotinylated antibody with bis-
biotinylated DNA-tag. d) Biobarcode assay — bifunctional nanoparticles (gold or magnetic) covered with DA and DNA-tag. ¢) Phage dis-
play — an antibody fragment is exposed on the surface of a recombinant M 13 phage, while phage DNA plays a role of a signal DNA. f)
Biobarcode assay — magnetic particles bear BA, while gold particles bear DA and DNA-tag. g) Proximity ligation assay — after binding of
PLA-probes to adjacent epitopes DNA molecules come closer to each other, so that a ligase connects two oligonucleotides, generating a new

DNA strand that can be amplified.

cleotide biotinylated from one end. Christophe Niemeyer
[28] first described supramolecular complexes formed by
biotinylated at both ends double stranded DNA frag-
ments, streptavidin and antibodies (Fig. 2c). Use of such
supramolecular complexes increases specific signal, since
for one DA molecule there are dozens or even hundreds
of DNA-tag molecules; moreover, it is important that
such system is universal. We improved the technique of
making complexes with relatively short (60-70 nt) single-
stranded oligonucleotides biotinylated from both 5'- and
3'-ends and a streptavidin [32, 34]. When using strepta-
vidin—biotin complexes, the level of nonspecific signal
can be decreased by reduction in the number of steps, if
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pre-synthesized and purified conjugates of a biotinylated
antibody/DNA or streptavidin-labeled antibody/DNA
are used. In addition, preparation of an antibody—strep-
tavidin complex takes less time than biotinylation of an
antibody [41].

Covalent conjugates. Another efficient method of
conjugation is covalent binding of DA with DNA
(Fig. 2b). Generally, a heterobifunctional fusing agent is
used containing two reaction groups that interact with
different substrates: DNA (with an artificially introduced
reaction group, such as SH-, NH,-, etc.) and the amino
group of an antibody, binding them together. The scheme
of DNA covalent conjugation of an antibody with N-suc-
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cinimidyl 4-(maleimidomethyl)cyclohexane-1-carboxy-
late (SMCC) as a binding linker is widely used (Fig. 3). In
this case, a DNA-tag bearing a thiol group and NH,-
groups of an antibody can be used [42], or an SH-group
of an antibody and an amino group of DNA [43-46]. As
one variant of this reaction, Weissleder et al. proposed use
of a photocleavable bifunctional agent, which has an
advantage for the detection of cellular proteins in single
living cells, since very often conditions of DNA amplifi-
cation are not compatible with cellular media [47].
Unfortunately, in the literature there is not much
data about the final conjugate yield and about the purifi-
cation procedure, including purification from reaction
byproducts: oligonucleotide dimers in case of thiolated
oligonucleotide, or aggregates of reduced antibody mole-
cules with disulfide bonds formation. Gel filtration under
high pressure can be used for purification [7], which
allows separation of the final conjugate from unused anti-
bodies or oligonucleotide, although it is not possible to
separate the conjugate from the reaction byproducts with
this method. Hashimoto et al. [48] described conjugation
of an antibody with DNA by means of hydrazone through
benzaldehyde-modified 5'-end of DNA.
Functionalization of an antibody by introduction of
genetically coded non-natural amino acid (p-
acetylphenylalanine or p-azidophenylalanine) into the
recombinant antibody has been described [49]. The
oligonucleotide bearing a thiol group is modified with an
aminooxy-maleimide linker, and conjugation is achieved

\ / O\ /O ? S
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antibody ) o/; C
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through an aminooxy-group of an oligonucleotide and a
modified amino acid.

Promising methods of conjugate production are
known as “click chemistry”; they comprise a reaction of
azide-alkyne cycloaddition, a [4+2]-cycloaddition reac-
tion between the dienophile and a conjugated diene
(inverse-electron demand Diels—Alder reaction), etc.
[50]. It was shown that azide-alkyne cycloaddition cat-
alyzed by monovalent copper can lead to precipitation of
an antibody; use of a reaction triggered by strained
cyclooctene or a [4+2]-cycloaddition reaction between
dienophile and conjugated dienes (“Cu-free click”) is
better [51]. Production of an antibody—DNA conjugate
using several modifying agents has been described [51].
Tetrazine is first added to the amino group of an antibody
through a succinimide ether; frans-cyclooctene is added
to an oligonucleotide through the reaction of cycloaddi-
tion of azides and alkynes; and finally, conjugation is
achieved in phosphate buffer through a [4+2]-cycloaddi-
tion reaction between dienophiles and conjugated dienes.

Like streptavidin—biotin conjugates, covalent conju-
gates are suitable for all iPCR formats. Preliminary
preparation of DNA—antibody conjugates simplifies the
reaction, eliminating several incubation steps and
decreasing the level of nonspecific binding of reagents
[38]. Commercial ready-to-use covalent conjugates
(Imperacer®; Chimera Biotec) or kits for their produc-
tion (Thunder-Link®, Innova Biosciences; Imperacer®,
Chimera Biotec) are now available. The Chimera Biotec
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Fig. 3. Schematic representation of a covalent conjugation with N-succinimidyl 4-(maleimidomethyl)cyclohexane-1-carboxylate. a) Using
thiolated DNA-tag. b) Using DNA-tag with introduced amino group. Two main steps can be designated: 1) binding of a linker sulfo-SMCC
to an NH,-group of antibodies; 2) binding of activated antibody with thiolated DNA-tag and generation of a final conjugate. When a DNA-
tag with an artificially introduced amino group is used, an additional step is needed: reduction of disulfide bonds of an antibody by reducing
agents, such as DTT, etc. [62], N-succinimidyl-S-acetyl-thioacetate [44, 46], tris-(2-carboxyethyl)-phosphine hydrochloride [45].
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company provides antibody—DNA conjugates with broad
specificity. For example, an anti-biotin conjugate, which
can be used as a tertiary antibody specific towards
biotinylated DA [52, 53], or an anti-digoxygenin conju-
gate are known [13]. In addition, Chimera Biotec pro-
duces conjugates with specificity needed for a customer:
anti-rotavirus [54], anti-tau-protein [55], etc. Thus,
researchers are freed from time- and labor-consuming
procedures of preparation of antibody—DNA complex,
and, in the case of ready-to-use conjugates, there is no
need for optimization of its synthesis and purification.
Use of covalent conjugates shortens even more the time of
analysis (even if compared with pre-assembled
biotin—streptavidin complexes).

The PLA method (Fig. 2g) should be described sep-
arately. This is a technology that uses “double recognition
of a target molecule” for detection of proteins, pro-
tein—protein interactions, and posttranslational modifi-
cations [56]. Two antibodies specific to different epitopes
of one antigen carry different DNA-tags referred to as
PLA-probes. When the probes are bound to adjacent epi-
topes, DNA molecules are situated near each other and
can be hybridized. Addition of a ligase seals the gap
between two strains, and the newly generated DNA mol-
ecule can be amplified with oligonucleotides homologous
to the initially separated chains. This method is highly
sensitive since the level of a background signal is extreme-
ly low; the probability that two DNA molecules will acci-
dental meet each other and be ligated under these condi-
tions is extremely low [25, 57, 58].

In addition to antigen—antibody interaction, specif-
ic interactions of other molecules are used for preparation
of conjugates for iPCR, for example, interaction between
ganglioside GM1 and cholera toxin or Tus—Ter interac-
tion. Tus protein is a terminator of replication in prokary-
otes; it stably binds specific Ter DNA sequences.
Schaeffer et al. [59, 60] used a Tus—Ter complex for the
detection of antibodies. For this purpose, they combined
the Tus—Ter construct with immunoglobulin-binding
proteins such as streptococcal protein G and staphylo-
coccal protein A [60], or with secondary antibodies [59].
The Tus—Ter-lock iPCR protocol uses the minimal num-
ber of washes, which is advantageous compared to the
“universal iPCR” with streptavidin—biotin conjugates.
According to the authors, covalent binding of an antibody
to a DNA-tag is technically more difficult, and, there-
fore, cannot be easily adapted for application in diagnos-
tic laboratories, unlike the Tus—Ter complex.

Using nanostructures in iPCR. iPCR variants are not
limited to a simple combination of ELISA and PCR.
During recent years, nanotechnologies have been inten-
sively used for iPCR design, particularly magnetic or gold
nanoparticles, liposomes, and viral particles.

Magnetic or gold nanoparticles are used for delivery
of BA or DA with a DNA-tag. Barletta [10] and Li [61]
used magnetic nanoparticles coated with polystyrene as a
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carrier for BA. This modification of the iPCR method is
used to decrease the influence of other components of the
probe (“matrix” effect): after short incubation of an anti-
gen and DA with magnetic particles carrying BA, non-
bound components are discarded, while the magnetic
particles are resuspended and used further. Other authors
made experiments using gold magnetic particles whose
function was similar to that of nanoparticles coated with
polystyrene [43, 62].

Bifunctional nanoparticles, gold or magnetic, cov-
ered with DA and DNA-tag (Fig. 2d) were described.
According to Nikitina et al. [63], no negative effect on
antibody affinity was detected in the system they were
studying, unlike covalent binding of DNA to an antibody.
Another advantage of this method is the possibility to
bind several antibodies specific to different epitopes to the
same particles [64]. Comparison of nanoparticle-based
conjugate to other conjugates shows that production of
bifunctional particles requires more time than the prepa-
ration of biotinylated antibodies, but the direct conjuga-
tion of an antibody with a DNA-tag is much more diffi-
cult [31]. Undoubtedly, many more DNA-tags are locat-
ed on the surface of particles [11] than in direct conju-
gates with an antibody, which leads to an increase in
iPCR signal when nanoparticles are used [65].

Biobarcode assay uses simultaneously magnetic
microparticles and gold nanoparticles (Fig. 2f). The mag-
netic particles are covered with BA, while the gold parti-
cles are covered with DA and DNA-tag. The analysis is
carried out in the sandwich format; immunocomplexes
formed undergo magnetic separation, and DNA-tags are
detached from the gold nanoparticles for further analysis.
In the original format of biobarcoding assay developed by
Mirkin et al. [66, 67], scanometric detection was used.
Cleaved DNA was precipitated on glass chips covered
with oligonucleotide complementary to half of a DNA-
tag. Then, gold nanoparticles covered with silver (I) and
modified DNA complementary to the other half of the
DNA-tag are added. In the presence of a DNA-tag “bar-
code” in the initial solution, it binds to oligonucleotide
and nanoparticles; silver reducing solution is then added,
and the result is registered. Unlike the above-described
method, in iPCR biobarcoding the DNA-tag is detected
by means of gPCR [67-70]. Biobarcoding is a promising
method because of the possibility of multiplex analysis,
i.e. simultaneous detection of several analytes in one sam-
ple, since nanoparticles covered by different DA can be
“coded” by oligonucleotides with unique sequences.

Mason et al. [71] described an unusual iPCR format
where a liposome with DNA molecules and monosialo-
ganglioside GM receptor imbedded in the lipid bilayer was
used as a detecting agent. The ganglioside interacts specif-
ically with cholera toxin and is also a binding site for some
other compounds. After binding of such a construct with
an antigen, the liposome was lysed, and the DNA-tag
released was detected. The authors claim that detection
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using a liposome has advantages compared to standard
iPCR. First, each liposome contains up to 60 DNA mole-
cules, which increases the sensitivity of the method.
Second, addition of DNase just before the lysis of the lipo-
somes decreases contamination of microplate wells, since
the enzyme is not able to get through the lipid bilayer.

Viral particles are also used as carriers of DA and
DNA-tags: iPCR mediated by phage display was first
described by Zhang et al. [72] in 2006 (Fig. 2e). This
technique combines advantages of iPCR and phage dis-
play. On the surface of a recombinant bacteriophage M 13,
the fragment of an antibody [73, 74] or a protein specifi-
cally interacting with an analyte [75] are exposed, while
phage DNA acts asa DNA-tag. The use of phage particles
in iPCR obviates the difficult and long preparation of an
antibody—DNA conjugate.

Blocking of vacant binding sites. One way to solve the
problem of nonspecific binding of components and to
decrease the background signal is to choose a suitable
blocking reagent to cover the microplate surface and add
in buffer solutions. The best blocking agent for each
analysis is selected during iPCR optimization. Such com-
pounds as BSA [14, 31, 67], casein [75-77], nonfat milk
[9, 11, 78], salmon sperm DNA [54] or calf thymus DNA
[78], and normal goat serum [79] are widely used.
Blocking reagent is also added at the step of incubation
with DA or sera [35, 78].

Detection and analysis of results. In iPCR there are
two ways to amplify the marker DNA. The first is a one-
tube method, when all reactions are carried out in the
same tube. This technique requires careful choice of the
microplate material, since it must bind efficiently an anti-
body or an antigen and be thermostable to suit a PCR
machine [80]. Another approach consists of cleavage of a
DNA-tag from the immune complex and its transfer in a
PCR tube. The main methods of DNA-tag cleavage are
either addition of a restriction site in a DNA-tag or heat-
ing to 95-100°C, resulting in denaturation of the anti-
body—DNA complex and the release of the DNA-tag [81,
82].

He et al. [41, 80] showed a 1000-fold decrease in
iPCR sensitivity when all steps were carried out in one
tube compared to iPCR with a cleavable DNA-tag. They
hypothesize that this can be explained by a negative
impact of ELISA components on amplification.

To date, there are two major approaches to analyze
iPCR results: agarose gel electrophoresis and qPCR.
Increasing the number of samples make gel electrophore-
sis complicated and time-consuming. Moreover, it can
lead to contamination of the working zone with PCR
products, which might give false positive results. Often, a
simple detection of the presence or absence of the analyte
in the probe is not sufficient; quantitative analysis of a
bound DNA-tag, which correlates with the amount of the
analyte, is needed. In qPCR, an intercalating fluorescent
dye or “hydrolyzable” probe (known as TagMan®) is
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added to the reaction mix. The probe bears a fluorophore
and a fluorescence quencher; during PCR, it is annealed
to the DNA-tag and is degraded by Tag-polymerase,
resulting in separation of the fluorophore and quencher.
During gPCR, fluorescence level is measured during each
cycle of amplification. The number of a cycle when the
level of fluorescence exceeds the basic level is inversely
proportional to the quantity of a DNA-tag in a well.
Therefore, it is possible to use qPCR for precise quantita-
tive analysis of the original template. This approach
reduces the number of manipulations one sample must
undergo, reduces the time of analysis, and minimizes the
risk of contamination, especially in case of using one tube
for all reactions, which makes gPCR the main method for
analysis of iPCR results.

For analysis and qPCR results, representation of a
threshold cycle (Cq) value is calculated — the first PCR
cycle when the level of fluorescence of the probe exceeds
the basal fluorescence level (these calculations are made
by the software provided with the thermocycler). For rep-
resentation of the results, the following scheme can be
used [18]. For all samples the threshold cycle value is sub-
tracted from the total number of amplification cycles;
these values are used to calculate mean values and stan-
dard deviations. The threshold value (TV) is calculated
using the equation: TV = [Mean (40 — CQq)yitmout anatyte
3-Standard deviation (40 — Cq).imout analyel» and normal-
ized values (ACq) are calculated using the equation:
ACqgmpe = [(Mean (40 — Cq)gympie — TV]. Samples with
normalized values lower than 0 are considered negative,
and with values above 0 — positive. In various experi-
ments, only normalized values can be compared [18]. To
analyze the amount of the molecule of interest in the
sample, a standard curve is created, using regression
analysis of Ct values from the value log of known concen-
tration of the analyte.

DETECTION OF VARIOUS MOLECULES
USING iPCR

It is obvious that iPCR, being as sensitive as PCR
and flexible as ELISA, can be used to detect of a wide
range of molecules from viral and bacterial antigens to
drugs and non-protein toxins. The table summarizes
some data about analyzed objects, sensitivity of iPCR
method (compared to ELISA), immunoanalysis format,
and the type of the conjugate used. In this section, we dis-
cuss some difficulties related to structure specificity
and/or specificity of purification of certain objects, as
well as ways of overcoming them; we will compare detec-
tion of one analyte with different iPCR methods. We will
provide several of the most specific and important exam-
ples for each group of objects detected by iPCR.

Viral proteins are one of the most widespread “tar-
gets” for iPCR, while an extremely low number of virions
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is replicated at early stages of a disease according to data
about the pathogenesis of most viral infections. Thus,
highly sensitive methods play an exclusive role in early
diagnostics of viral diseases, as well as in control of the
efficiency of antiviral therapy.

Early diagnosis is very important for detection of the
human immunodeficiency virus (HIV). During the acute
phase of HIV infection, which lasts up to one month, no
specific antibodies are detected in the blood of the
patient, but viral RNA is found, which suggests that the
main approach in HIV diagnosis in the prodromal stage is
PCR with the reverse transcription. The most remarkable
results using iPCR were obtained by Barletta et al. [10]: in
this study the limit of detection of antigen p24, a HIV-1
capsid component, was as few as 10-100 molecules per
reaction, which corresponds to less than one virion (one
HIV-1 virion contains about 1200-3000 molecules of p24
protein). For comparison, a limit of detection of HIV
using PCR is about a half of a virion (HIV-1 genome con-
sists of two RNA molecules), although in practice a
detection limit using PCR with reverse transcription is 50
virions/ml [83].

Detection of adenoviruses in stool samples was
described by Bonot et al. [77]. Adenoviruses are usually
detected by qPCR. Extraction and purification of nucleic
acids is a necessary and critical step in PCR, which can
result in analyte loss. Moreover, stool samples contain
Tag-polymerase inhibitors, which complicates diagnos-
tics and gives false-negative results. iPCR does not
require DNA purification, and inhibitors are removed
during numerous washes. The frequency of adenovirus
identification in stool samples increased from 9.5 to 59%
when compared qPCR with iPCR.

Rotaviruses cause serious diarrhea in children; 10
virus particles are enough for infection [84]. Adler et al.
[54] proposed the use of iPCR for rotavirus infection
diagnosis in stool samples. Despite the advantages of
iPCR compared to qPCR described above, the sensitivity
of iPCR described by Adler [54] was similar to the limit of
detection of rotavirus particles by RT-PCR described
earlier [85] — 100 viral particles/ml (probably, the
absence of increase in sensitivity is due to the use of dif-
ferent samples for the analysis: stool samples for iPCR
and water samples for RT-PCR).

Noroviruses are the cause of sporadic and epidemic
gastrointestinal diseases. Noroviruses include many
strains, which complicates the design of PCR primers,
making diagnostics more difficult. At the same time,
ELISA cannot assure sensitivity sufficient of their detec-
tion. In 2006, Tian and Mandrell [12] reported the use of
iPCR for detection of noroviruses in fecal and food sam-
ples using as an example norovirus-like particles. About
100 purified virus-like particles can be detected by quan-
titative iPCR. Detection of noroviruses in fecal samples
was 10 times more sensitive using iPCR than using PCR.
Matsushita et al. [86] in 2013 also used iPCR and
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norovirus-like particles for detection of noroviruses in
water samples.

Detection of proteins and peptides playing a major
role in pathogenesis of some diseases, such as Alzheimer’s
disease, prion diseases, etc., also requires a highly sensi-
tive method for precise diagnosis at early stages. Although
the pathogenesis of Alzheimer’s disease is not fully under-
stood, the aggregation of beta-amyloid and hyper-phos-
phorylation of tau-protein are supposed to trigger the
process [13, 47]. Low concentration of tau-protein in
cerebrospinal liquid (100-2000 pg/ml) limits the possibil-
ity to use ELISA for Alzheimer’s disease diagnostics. An
iPCR variant proposed by Singer et al. [13] allows detec-
tion of 2 pg/ml of tau-protein in liquor using the indirect
sandwich format.

Unlike viral and bacterial diseases that can be diag-
nosed by means of PCR due to the presence of viruses and
bacteria in biological samples and the possibility of
extraction of its DNA/RNA, the presence of toxins and
their level does not correlate directly with the presence of
an etiological agent, which makes iPCR unique for high-
ly sensitive detection of toxins in a studied sample. The
iPCR approaches for detection of bacterial, plant, and
mycotoxins in food samples, important for monitoring of
food quality to prevent poisoning, have been described.

Botulotoxin is the strongest organic toxin; it is pro-
duced by the anaerobic bacterium Clostridium botulinum.
Type A botulotoxin was detected by Mason and coauthors
[71] by means of their method of liposomal iPCR: DNA
marker was imbedded inside a liposome lipid bilayer,
where the receptor of a monosialoganglioside GM1 was
inserted. Potentially, ganglioside receptor can be used for
the detection of not only toxins of botulism and cholera,
but also toxins of pertussis, tetanus, ricin, Shiga toxin,
and thermolabile enterotoxin. The authors claimed that
the level of detection of botulotoxin in deionized water
was 12 = 4 molecules or 0.02 fg/ml. The lower limit of the
detectable concentration depends on affinity of BA and
ganglioside receptor to biotoxin. BA should not compete
for binding of ganglioside with an antigen determinant.
For this reason, polyclonal antibodies are more efficient
as BA, unlike monoclonal antibodies that compete with
ganglioside receptor (unpublished data mentioned for
ricin [71]).

The possibility to use iPCR in detection of a botulin
neurotoxin was studied by Andreja et al. [87]. As a model,
they used type A and B botulin anatoxins. The sensitivity
determined for anatoxin A in sodium phosphate buffer
(PBS) was 90 pg/ml. The rather low sensitivity in this case
is explained using anatoxin. However, these values are in
the range of a standard method of detection and identifi-
cation of botulin neurotoxins — the intraperitoneal injec-
tions in a mouse with a detection limit at 10 pg for type A
botulotoxin [88, 89]. The limit of detection of type A bot-
ulin toxin in semi-skimmed milk was 3.75 pg/ml, which is
20 times lower than the limit of detection for anatoxin.
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iPCR detection sensitivity for different objects*

Object Detection limit |M |-times Immunoassay format/ References
more sensitive than ELISA type of conjugate
1. Viral antigens
p24 antigen HIV-1 10-100 p24 molecules per reaction sandwich (primary antibodies [10]
(0.33-3.3 fg/ml) | 1.14-107'%| 3000 were bound to magnetic
beads)/biotinylated antibodies
Core antigen of hepatitis B virus (HBcAg) | 10 ng HBcAg (10® PFU)/ml) direct/phage display [75]
|4.8-1071°| 10,000
sandwich/bifunctional [11]
Hantavirus nucleo-capsid protein 10 fg/ml |2:107'¢| 108 nanoparticles
Adenoviruses HAdV-2 and HAdV-41 for HAdV-2 — 50 genome copies direct/biotinylated antibodies [77]
per reaction | —| 200
for HAdV-41 — 90 genome copies
per reaction | — | 200
Inactivated rota-virus particles — 100 viral particles/ml | —| 1000 sandwich/covalent [54]
antigen VP6
Highly pathogenic avian influenza HSN1 1/10,000 of a 50% infection dose for direct/covalent [96]
chicken embryos/ml | — | 1000
Norovirus capsid protein (recombinant 100 rNVLPs/well (10 fg) | — | 1000 indirect sandwich/biotinylated [12]
Norwalk virus-like particles — rNVLPs) antibodies (linker — avidin)
Noroviruses (rNVLPs) 10° INVLPs/ml | — | 1000 sandwich/biotinylated [86]
antibodies
Surface protein of respiratory syncytial virus | 4.1 PFU/ml | —| 1000 sandwich/biobarcoding [67]
Foot-and-mouth disease virus type O 10 fg/ml | —| 107 direct/bifunctional nanoparticles [64]
VP7 sheep bluetongue virus capsid protein | 0.1 fg/ml|2.78-:1077|107 sandwich/biobarcoding [68]
2. Tumor-associated antigens and growth factors
MG7-antigen 10 antigen molecules per cell MKN45 | indirect/biotinylated [97]
| -] 1000 antibodies
Epidermal growth factor-like domain 7 EGFL7 - 0.51 pM (14 pg/ml) |- | 16 sandwich/covalent [46]
(EGFLY7) and vascular endothelial growth
factor (VEGF) VEGF - 0.0033 pM (0.125 pg/ml) | —| 8
3. Disease-associated protein factors
Beta-amyloid 0.03 fmol/well | - | 3 sandwich/covalent [48]
Tau-protein, phosphorylated t-version 2 pg/ml|3.6:10714|? indirect sandwich/covalent [13]
3R and 4R isoforms of Tau-protein 10 pg/ml | 1.8:1073 |2 sandwich/covalent [55]
Tau-protein 5 pg/ml|9-107#|30 sandwich/bifunctional [98]
nanoparticles
Interleukin-3 (IL-3) and stem cell factor IL-3 - 0.01 ng/ml | 5.8:107*| 100 sandwich/biotinylated antibod- [31]
(SCF) ies, bifunctional nanoparticles
SCF - 0.01 ng/ml | 5.4-107"%| 100
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Table (Contd.)

Object Detection limit |M |-times Immunoassay format/ References
more sensitive than ELISA type of conjugate
Normal form of a prion protein, neuron- | - | relative sensitivity of iPCR indirect/biotinylated antibodies [9]
specific enolase, glial fibrillary acid protein | is 100 times higher
Scrapie prions 1 fg/ml|2:107 10° sandwich/biotinylated antibodies [99]
Scrapie prions 2.32-107 epitopes | — | 1000 sandwich/covalent [100]
Plasmodium falciparum histidine-rich pro- | 0.1 pg/well |5.7-1071%| ? sandwich/covalent [81]
tein 2 (PfHRP-2)
Yersinia pestis antigens -1-1? indirect/covalent [101]
4. Hormones
Recombinant myostatin propeptide for myostatin propeptide — 2.4 pg/ml sandwich/covalent [102]
and recombinant follistatin |8.6-10714] 2
for follistatin — 40 pg/ml | 1.14-10712 | ?
17 beta-estradiol 0.058 ng/ml | 2-107'%| 170 sandwich/phage display [103]
5. Toxins (including non-protein ones)
Type A and B botulin anatoxin for type A anatoxins — 4.5 pg/reaction | sandwich/biotinylated antibodies [87]
in sodium phosphate buffer (9 pg/reac-
tion in milk) | 1.7-107'2| 200
for type B anatoxins — 18.5 pg/reaction
in PBS (37 pg/reaction in milk)
|3.7-1072] 50
B-subunit of cholera toxin and type A 65-300 molecules/ml in deionized sandwich/liposomal (+ instead [71]
botulotoxin water | 1.3-107'¢ | ? of DA — GM1 receptor—-mono-
sialoganglioside)
Botulinum toxin A, Staphylococcus aureus | for botulinum toxin A — 1 pg/ml sandwich/biotinylated antibodies | [32, 33]
toxic shock syndrome toxin, cholera endo- | |1.9:107'| 300 (+ complex DNA-streptavidin)
toxin
for Staphylococcus aureus toxic shock
syndrome toxin — 0.1 pg/ml | 4.2:1075 |
2000
for cholera endotoxin — 1 pg/ml| 1073
200
Shiga-toxin 2 0.1 pg/ml in PBS| 1.4-107'3| 10,000 sandwich/streptavidin—antibody [41]
0.01 pg/ml in milk | 2.56-:107"| 100 [90]
Staphylococcus aureus enterotoxin type H 4.5 pg/ml in sandwich format | 1.8-107'? | | sandwich, indirect/streptavidin— [104]
250; in indirect format — 1.2 ng/ml antibody
|4.8-10711] 125
sandwich (+ primary antibodies [45]
Aflatoxin B1 0.15 ng/ml | 4-1071| 2 are bound to magnetic parti-
cles)/covalent
Aflatoxin 0.02 ng/ml | 6.4-107" | 4 competitive/phage display [73]
Ochratoxin A 3.7 fg/ml| 9-10°5| 5 competitive/phage display [74]
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Table (Contd.)

Object Detection limit |M |-times Immunoassay format/ References
more sensitive than ELISA type of conjugate
Ricin 10 pg/ml in chicken eggs and milk sam- | sandwich, direct/streptavidin— [80]
ples|1.5:107%] 10; 100 pg/ml in ground | antibody
beef samples | 1.5-10712| 100
1 pg/ml | 1.5-107#] 10,000 sandwich/streptavidin—anti- [91]
body
Vegetative insecticidal protein 1 ng/ml|1.5-10711 |10 sandwich/biotinylated anti- [105]
bodies
Transgenic CrylAb protein 100 pg/ml|7.7-107%| 10 sandwich/biotinylated anti- [106]
bodies
3,4,3',4'-tetrachlorobiphenyl 1.72 pg/liter | 5.9-107%| 30,000 indirect/bifunctional nanopar- [69]
ticles
1.5 fg/ml | 5-107| 100 competitive/biotinylated anti- [93]
bodies (linker — avidin)
Polychlorinated biphenyls — Aroclor 1248 | 2.55 pg/liter | 8.7-107'*| 10,000 direct/bifunctional nano- [70]
particles
Tris-(2,3-dibromopropyl)-isocyanurate 0.97 pg/liter | 1.3:107'*] 600 indirect/bifunctional nano- [107]
particles
Diethyl phthalate 1.06 pg/liter | 6.1-:107'%| 2000 direct/bifunctional nano- [108]
particles
Chloramphenicol 0.0008 pg/liter | 2.5-107'2 | 2 times more | competitive/bifunctional [17]
sensitive than direct or indirect ELISA, |nanoparticles
10 more sensitive than an ELISA com-
mercial kit
6. Drugs
Aviscumine 100 pg/ml | 1.75-107'2| 1000-10,000 sandwich/covalent [30]
7. Antibodies
IgE, specific for Blomia tropicalis group 5 187.5 pg/ml|9.8-1073 | 100 sandwich/biotinylated anti- [78]
allergens and Dermatophagoides pteronyssi- bodies
nus group 1 and 2 allergens
IgG, specific for parotitis - indirect/covalent [35]
Tropomyosin-specific IgE 1.2pM|-|? sandwich/Tus—Ter-lock [59]
Human IgG 33 ng/ml|2-107%| 30 Tus—Ter-lock ([Tus and IgG- [60]
binding protein G| chimera or
[Tus + IgG-binding proteins G
or L — LG chimeral)
Antidrug antibodies (anti receptor-IgG1 40 pg/ml | —| 1500 sandwich/covalent [94]
fusion protein antibody)
IgM, specific for phase II Coxiella burnetii -/? indirect/covalent [48]

antigen

Notes: —, sensitivity was not determined by the authors or is not possible to be assessed; ?, absence of direct comparison of ELISA and iPCR.
* To facilitate comparison, sensitivity is presented in two units: first as in the original article, and then recalculated to moles/liter format (for
those cases when single molecules were detected and not cells or virions).
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Type B botulin anatoxin was detected at 370 pg/ml in
PBS and 750 pg/ml in semi-skimmed milk.

The group of Shiga toxins produced by Escherichia
coli is the most common cause of human food intoxica-
tion. Type 2 Shiga toxin is considered the main cause of
hemolytic uremic syndrome and other changes in the
organism associated with Shiga toxins. The sensitivity of
the iPCR method for toxin detection described by He et
al. [90] is 0.1 pg/ml in PBS and 0.01 pg/ml in milk sam-
ples. This difference in sensitivity can be probably
explained by the use of commercial antibodies in the first
case, and more specific, produced and carefully selected
by authors monoclonal antibodies in the second.

He et al. [80] detected ricin — an extremely toxic
plant protein found in castor oil plant — in samples of eggs,
milk, and ground beef. Their data showed that the sensi-
tivity of a sandwich format is higher than that of a direct
iPCR. The best result was achieved using polyclonal anti-
bodies as both BA and DA, which might have reduced the
cross-reactivity and nonspecific interactions between cou-
ples of different antibodies. In another work, the presence
of ricin was analyzed in samples of serum and excrements
of mice [91] using, as described above, polyclonal antibod-
ies for binding and detection of ricin. Similar techniques
showed a comparable limit of detection: 10-100 pg/ml in
samples from eggs, milk, and ground beef against 1 pg/ml
in serum and excrements of mice.

The iPCR detection of both protein and non-protein
toxins, as well as organic compounds that are dangerous
pollutants of the environment, is discussed below.

Aflatoxin is a carcinogenic mycotoxin produced by
some fungi of the Aspergillus genus (Aspergillus flavus, A.
parasiticus, etc.), which enters the food chain from fungal
infection of bread grains and forages. Immunomagnetic
iPCR was developed by Babu and Muriana [45] as a tool
for detection of aflatoxin B,. Several reactions were made
with various order of binding of antibodies and antigen
with poly-/monoclonal antibodies. The best result (a
threshold cycle — 33.9) was obtained with monoclonal
antibodies in indirect binding (antibodies were absorbed
on magnetic beads after binding with antigen); however,
the worst result (40.1) was also obtained with monoclon-
al antibodies, but in direct binding (first, antibodies are
attached to magnetic particles and after the interaction
with antigen takes place). They assumed that binding of
monoclonal antibodies with a protein G results in the loss
of their antigen-binding capacity due to steric problems.

Liu et al. described the detection of aflatoxin based
on phage display technology [73]. The M 13 phage carried
an anti-idiotypic nano-antibody to aflatoxin and a DNA-
tag. In this study, the authors met some difficulties asso-
ciated with isolation of toxins from samples of grain and
forages. Aflatoxins are purified from samples by treatment
with high concentration of methanol, as they are not very
soluble in water, which leads to a decrease in the activity
of antibodies and results in decrease in sensitivity. They
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optimized the concentration of methanol for effective
extraction of aflatoxin and maintenance of high sensitivi-
ty. In addition, during the analysis of corn, rice, or com-
plete feed samples the matrix effect was eliminated by
addition of 3% BSA, and during analysis of peanut sam-
ples — by addition of 0.05% Tween 20.

Polychlorinated biphenyls compose a group of
organic compounds included in the list of stable organic
pollutants determined by the Stockholm Convention
[92]. They are widespread in the environment and can
enter food chains. Yang et al. [69] developed a method for
detection of such substances using gold nanoparticles as a
carrier for an antibody and a DNA-tag, where monoclon-
al antibodies played the role of DA, and another approach
was competitive iPCR with biotinylated polyclonal anti-
bodies with avidin as a linker between DNA-tag and anti-
body [93]. The latter experiment was three orders of mag-
nitude less sensitive.

Another area in which the iPCR method can be used
is the detection of antibodies. Although it can be done by
means of classical immunological methods, there are
some exceptions. For example, determination of aller-
gen-specific IgE is usually done by skin tests, which are
not always possible, or by means of a classical immuno-
analysis. Sometimes skin tests are positive, while
immunoanalysis (test strips are generally used) is nega-
tive, which demonstrates some limitations of the latter
technique. As shown by Lee et al. [78], who studied IgE
specific to group 5 allergens of Blomia tropicalis and group
1 and 2 allergens of Dermatophagoides pteronyssinus,
iPCR is a reliable method for detection of specific IgE in
serum with detection limit of 200 pg/ml.

Johnston et al. [59] developed a Tus—Ter-lock iPCR
approach for detection of human IgG and tropomyosin-
specific IgE with sensitivity equal to 1.2 pM (180 pg/ml).
This value is similar to the detection limit of the
ImmunoCAP method that is a widespread commercial
test providing specific and quantitative detection of IgE.
However, they claim that their approach has the possibil-
ity of simultaneous detection of several allergens and can
become a less expensive and simpler alternative platform
for allergen profiling compared to methods based on the
use of microchips.

Use of therapeutic proteins for treatment of various
diseases can cause immune response and development of
antibodies reducing or abolishing the effect of a drug.
Thus, for safe and efficient therapy, monitoring of anti-
bodies to therapeutic proteins in clinical samples is need-
ed. Jani et al. [94] compared three different methods of
assessment of immunogenic reaction: ELISA, electro-
chemiluminescence (ECL), and iPCR. All experiments
were performed in sandwich format. The role of DA in
ELISA was played by monoclonal antibodies conjugated
with horseradish peroxidase; an enzyme marker was
detected by measuring optical density after addition of
3,3',5,5 -tetramethylbenzidine. In the ECL method, the
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Fig. 4. Dynamics of publications starting from the first article describing iPCR. Dates of publication of major types of conjugates are presented.

role of DA was played by IgG conjugated with ruthenium.
Correlation between the results obtained by ELISA and
iPCR was observed. At the same time, iPCR showed as
positive those samples that were determined as negative
by ELISA. iPCR in this study was 1500 times more sensi-
tive than ELISA and 500 times more sensitive than ECL.

The iPCR technique has been used for nearly 25
years, although it became popular only since 2009
(Fig. 4); the number of publications using this method
worldwide is not large — about 400.

The sensitivity of a method depends on many fac-
tors, and we did not manage to reveal a considerable
increase in sensitivity in experiments with covalent conju-
gates compared to biotinylated antibodies; sensitivity is
apparently defined by the properties of an antibody. When
using covalent antibody—DNA conjugates, sensitivity was
never higher than 10~'* mol/liter, probably because of a
decrease in affinity of antibodies [63]. We had a case when
from six pairs of biotinylated antibodies to staphylococcal
toxins having similarly low constants of affinity and
showing similar background level and sensitivity in
ELISA, only three pairs showed a high level of sensitivity
in iPCR (unpublished data).

Many studies (35%) used biotin—streptavidin conju-
gates, although the most spectacular results in terms of
sensitivity were obtained using bifunctional nanoparticles
and a biobarcoding system (down to 0.1 fg/ml or
1.14-107'® mol/liter). However, the detection limit in the
range of 107'°-107"° mol/liter was reached also with other
iPCR variants with the use of biotinylated antibodies on
nanoparticles [31], liposomes [71] and phage display [15].
Some researchers report a slightly higher sensitivity of this
method compared with ELISA (less than 10-fold) [46,
48, 74].

The iPCR method has some drawbacks. Generally, it
is the duration and the complexity of optimization of the
method and the analysis itself. Good experimental prac-

tice is needed to achieve high sensitivity. A protocol com-
prises 20 washes (in the protocol of Malou [52] there were
31 washes in an automatic washer), about half of them
done after incubation with a reagent containing a DNA-
tag [18, 21]; the whole experiment can take from 26 h [35]
to 2 days [18]. It is possible to reduce the time of analysis
by excluding a step of binding of antigen/primary anti-
bodies (depending on type of immunoanalysis) on the
plates. This can be achieved using magnetic particles with
covalently bound BA or using biobarcoding technology.
The duration of analysis can be shortened by preassembly
of biotinylated DNA—streptavidin-biotinylated antibody
complexes or using covalent conjugates. Automation of
the analysis can further shorten its duration. It was shown
that use of automatic washers alone reduces deviation of
results and improves reproducibility [48]. One direction
for further development is to create a robotic station for
carrying out of a full iPCR cycle.

Despite the mentioned drawbacks, the advantages of
iPCR are obvious: they are high sensitivity and broad
range of concentrations that can be determined (several
orders of magnitude) [10, 64, 75]. An important advan-
tage of iPCR compared to ELISA is the possibility to
detect an antigen in a small quantity of a sample (also in
case of significant dilution to decrease the influence of
“matrix effect”), which is essential for analysis of food
samples [80, 95], in pediatrics (where sometimes it is not
possible to get enough analyzed material), and other
spheres. Many aliquots for repetitive and more precise
analysis can be prepared, since a small amount of ana-
lyzed material is sufficient for the reaction. Highly sensi-
tive multiplex detection of substances (analyte) in
extremely small concentration [7], including in a biobar-
coding system [67-80], is also important. Immuno-PCR,
combining the advantages of ELISA and PCR, overcomes
the limitations of both methods. Considering the great
potential of iPCR, we predict wider use of this method
with further optimization and simplification of protocols.
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