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of great significance for food and drug testing, environmental

commercially available SMA immunoassays is limited by their low T

sensitivity and specificity due to the competitive format, leaving Y Y + v — QNJ $“J

signiﬁcant room for improvement. In recent years, the application Concentration of SMA
become a hot topic, especially with the rapid evolution of antibody

development technology. The remarkable development and

antigen-specific antibodies have garnered significant interest from researchers and diagnostic companies, particularly in the field of
SMA detection. The discovery and development history of anti-IC antibodies, the advantages and limitations of different anti-IC
overview of the application of anti-IC antibodies in SMAs assay, including pesticide residue detection, mycotoxin detection, and
clinical testing, as well as current challenges and potential solutions in noncompetitive immunoassays, is also summarized to provide

monitoring, and disease diagnosis. However, the performance of
of noncompetitive immunoassays for the detection of SMAs has
\“l/ Anti-SMA Ab © SMA Qig Labeled anti-IC Ab
application of anti-immune complex (anti-IC) reagents targeting
reagent preparation methods, and the mechanisms of interaction between ICs and anti-IC antibodies are reviewed. A comprehensive
a reference for the rapid and accurate detection of SMAs.

1. INTRODUCTION

Haptens are low-molecular-weight molecules that, in the
absence of other factors, are unable to elicit an immune
response. This is primarily due to the absence of the requisite
T cell epitopes, which are essential for T cell activation. This
critical step is necessary for the stimulation of B cells and
subsequent production of antibodies. When conjugated to a
larger carrier, typically a protein, the carrier provides the
essential T cell epitopes in the form of short peptide sequences
that are presented to T cells via major histocompatibility
complex (MHC) molecules. This T cell activation is a critical
step in the B-cell-mediated immune response, enabling the
hapten-carrier complex to trigger a full immune reaction.
Strictly speaking, SMAs with a molecular weight of less than
1000 dt (Da) are classified as haptens. However, in a broader
context, molecules with a molecular weight exceeding 1000 Da
but remaining below 5000 Da can also be regarded as haptens.
Quantitative determination of SMAs has widespread applica-
tions in agricultural product testing, food safety, environmental
monitoring, clinical diagnostics, and biopharmaceuticals. The
main involved SMAs include pesticides (e.g., organophosphate
esters,’ carbamates,” pyrethroidsS), veterinary drugs (e.g,
tetracyclines,” sulfonamides,’ ﬂ—agonistsé), mycotoxins (e.g.,
aflatoxins,” ochratoxins,” fumonisinsg), and environmental
pollutants (e.g., polychlorinated biphenyls, dioxins, polycyclic
aromatic hydrocarbons). Additionally, food contaminants (e.g.,
melamine and bisphenol A), clinical biomarkers (e.g.,
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hormones, drugs of abuse, therapeutic drugs), and pharma-
ceuticals (e.g, active pharmaceutical ingredients and their
metabolites) are also critical targets. Accurate quantification of
these SMAs plays a significant role in ensuring safety,
regulatory compliance, and health monitoring through various
analytical methods. The primary detection techniques include
high-performance liquid chromatography (HPLC),'’ liquid
chromatography-tandem mass spectrometry (LC—MS/MS),"!
gas chromatography—mass spectrometry (GC—MS/MS),"”
and thin-layer chromatography (TLC)." Despite their out-
standing performance, these methods present several draw-
backs such as the requirement for cumbersome sample
preparation, low throughput, expensive instrumentation, and
limited automation. These limitations collectively hinder their
large-scale implementation in routine testing. The use of
immunoassay in the detection of SMAs has increased
significantly in recent years due to its simplicity of operation
and rapid detection speed.'* SMA immunoassays can be
classified into two main categories: competitive and non-
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Figure 1. Principles of competitive and noncompetitive methods for the determination of SMAs. (A) Competitive approach. (B) Sandwich-type
assay based on biotinylation of a target SMA. (C) Solid-phase immobilized epitope immunoassay. (D) Anti-idiotype antibody-based idiometric
assay. (E) Special separation-based immunoassay. (F) Flow injection enzyme immunoassays. (G) Open sandwich immunoassay. (H) Displacement
of labeled analyte-based immunoassay. (I) Special sensor-based immunoassay. (J) Quenchbody-based immunoassay. (K) Direct double antibody
sandwich assay. (L) Anti-IC antibody-based immunoassay.

competitive. The competitive approach typically involves (Figure 1A). On the basis of this principle, the competition
hapten-carrier protein conjugates and analytes in the sample approach has the following disadvantages and limitations: (1)
competing for a limited number of antibody binding sites Limited sensitivity: Competitive assays often exhibit relatively
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Table 1. Comparison of Noncompetitive Inmunoassays in Overcoming the Limitations of Competitive Inmunoassays®”

limitations of competitive immunoassay

noncompetitive limited single epitope narrow dynamic range and poor cross-reactivity and longer incubation
immunoassay sensitivity limitation precision specificity issues times reference
1B + + + + - 1$
1C + - + + + 16
1D + + + + + 17
1E + — + + 18
IF + - + + + 19
1G + + + + + 20
1H + - + + + 21
11 + — + + + 22
1] + - + + + 23
1K + + + + 24
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Figure 2. Timeline of important events in the development of noncompetitive immunoassays for SMAs.

low sensitivity due to the inherent nature of their design, where
the analyte competes with a labeled counterpart for limited
antibody binding sites. This results in detection limits that may
not meet the requirements for detecting very low concen-
trations of analytes. The signal inversely correlates with the
analyte concentration, which can lead to inaccuracies at low
concentrations, making it difficult to distinguish between
positive and negative samples. (2) Single epitope limitation:
Competitive assays are often constrained to single-epitope
binding, as the format usually requires the analyte to compete
with a labeled analogue for a single antibody. This limitation
significantly reduces their efficacy in detecting SMAs, which
typically possess only one immunologically relevant site. The
lack of multiple epitopes in SMAs restricts the application of
more sensitive formats, such as sandwich assays, which would
otherwise offer improved sensitivity and specificity. (3)
Narrow dynamic range and poor precision: The competitive
format is known to suffer from a narrower dynamic range and
reduced precision at lower concentrations. This leads to lower
repeatability of results and limited applicability for analytes
present in trace amounts, which is often a critical requirement
for environmental or food safety monitoring. (4) Cross-
reactivity and specificity issues: Competitive assays often face
challenges related to cross-reactivity, particularly when multi-
ple structurally similar molecules are present in the intended
samples. The lack of multiple recognition sites can lead to poor
specificity, making it difficult to discriminate between
structurally related analytes. (S) Longer incubation times: In
competitive immunoassays, the time required to reach

45690

equilibrium can be prolonged, especially for reactions involving
low analyte concentrations. This increases the total assay time,
limiting the speed at which the results can be obtained. These
limitations underscore the growing interest in noncompetitive
formats that offer higher sensitivity, improved dynamic range,
and better precision for detecting small molecules. Several
methods for SMA noncompetitive immunoassays have been
reported, including sandwich-type assay based on biotinylation
of a target SMA" (Figure 1B), solid-phase immobilized
epitope immunoassay'® (Figure 1C), anti-idiotype antibody-
based idiometric assay'’ (Figure 1D), special separation-based
immunoassay'® (Figure 1E), flow injection enzyme immuno-
assays'’ (Figure 1F), open sandwich immunoassay™’ (Figure
1G), displacement of labeled analyte-based immunoassay
(Figure 1H), special sensor-based immunoassay22 (Figure 1),
quenchbody-based immunoassay”® (Figure 1J), and direct
double antibodies sandwich assay”* (Figure 1K). Table 1
summarizes the ability of various noncompetitive immunoassay
methods to overcome the specific limitations associated with
competitive immunoassays, including sensitivity, dynamic
range, cross-reactivity, and incubation time. The key develop-
ments of representative noncompetitive SMA immunoassays
are listed in Figure 2.

It is evident that the aforementioned noncompetitive
methods come with inherent limitations. For instance, the
sandwich-type assay based on biotinylation of a target SMA
requires the analyte to have reactive groups, involves the use of
harsh chemical reagents, and necessitates purification of the
modified product, making the process complex and unsuitable

https://doi.org/10.1021/acsomega.4c07268
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for automated detection. Similarly, the solid-phase immobi-
lized epitope immunoassay requires the presence of reactive
groups in the analyte for conjugation to the anti-SMA antibody
(Abl) and involves harsh chemical treatments, resulting in
complex and laborious procedures. The anti-idiotype antibody-
based idiometric assay is hindered by the need to produce a-
and f-type anti-idiotype antibodies (Ab2a and Ab2f3), limiting
its applicability. Moreover, this method lacks high specificity
and is dependent on the properties of the anti-idiotype
antibodies. Special separation-based immunoassays, flow
injection enzyme immunoassays, and sensor-based immuno-
assays require specific separation devices or analytical equip-
ment, which can be costly and limit their feasibility for routine
use. Both the open sandwich immunoassay and quench-body-
based immunoassay are homogeneous detection methods,
which have limited sensitivity and are prone to matrix
interference. The displacement of labeled analytes in immuno-
assays is essentially a variant of competitive assays, with
sensitivity and specificity largely dependent on the character-
istics of the displacement reagent. Lastly, the direct double-
antibody sandwich assay for SMA faces significant technical
challenges in generating high-affinity and high-specificity
sandwich antibody pairs, which limits its applicability, with a
few reported successful cases. In contrast, the anti-IC antibody-
or anti-IC peptide-based assay effectively overcomes many of
these limitations. This method offers high versatility across a
wide range of analytes, regardless of whether they possess
reactive groups, and is readily adaptable to automated
detection without requiring harsh chemical treatments. Addi-
tionally, it is not prone to matrix interference and achieves
both high sensitivity and specificity simultaneously, similar to
large-molecule double-antibody sandwich assays. Recently,
there has been growing interest in detection methods based
on anti-IC antibodies (Figure 1L), with their use becoming
increasingly prevalent in related fields.

Early in 1997, Voss et al.” reviewed the principles and
applications of anti-IC antibodies in immunoassay develop-
ment. The review focused on the unique properties of anti-IC
antibodies, including their ability to delay the dissociation rate
of ligands from antibodies, thus enhancing the assay sensitivity.
It also discussed the differential effects of polyclonal and
monoclonal anti-IC antibodies on ligand dissociation rates and
their implications for assay development. In recent years,
numerous research groups have reviewed noncompetitive
immunoassay methods for SMAs,”® consistently highlighting
the application of anti-IC antibodies in detection. However,
these reviews have generally overlooked the detailed
preparation methods of anti-IC reagents and structural
information related to their binding sites. Consequently, this
review aims to fill these gaps by providing a comprehensive
summary of recent advancements in anti-IC reagent develop-
ment and their applications in SMA detection. The proposed
review will encompass a comprehensive examination of the
methodologies employed in the preparation of antimetatype
antibodies and peptides, with a detailed comparative analysis
presented of these techniques. The diverse applications of
antimetatype antibodies and peptides in SMA immunoassays
will be explored, with a particular emphasis placed on various
detection platforms, and the advantages over traditional
competitive assays elucidated. Additionally, structural studies
concerning the binding sites of antimetatype antibodies will be
delved into, providing insights into their molecular inter-
actions. Finally, future trends and potential advancements in

research related to antimetatype antibodies will be discussed,
offering a forward-looking perspective on this rapidly evolving

field.

2. PREPARATION METHODS OF ANTI-IC REAGENTS

2.1. Traditional Immunization. The concept of anti-IC
antibodies originated from some studies of rheumatoid factors
and anti-Id antibodies. A new class of antigenic stimulants has
been reported”” wherein novel epitopes are generated
following the binding of antibodies to antigens. This type of
stimulation led to the production of a new class of antibodies,
which do not act via competitive inhibition but rather enhance
the antigen—antibody and idiotype—antiidiotype antibody
reactions. In their experiments, the researchers immunized
CD rats with anti-p-azophenylarsonate (Ars) antibodies and
obtained hybridoma 5 Ci and a series of anti-Id antibodies.
They unexpectedly discovered that some cell supernatants
could increase the binding strength between anti-Ars antibod-
ies and S Ci, leading them to name these antibodies
“enhancing antibodies”. Further studies have demonstrated
that these enhancing hybridomas secrete IgM subtype
antibodies, which can inhibit the dissociation of Id antibodies
from anti-Id antibodies. However, this enhancement effect is
only evident with the intact 5 Ci antibody and not with its two
antigen-binding fragments Fab or F(ab’),. They hypothesize
that these IgM antibodies recognize epitopes on the Fc region
of the antibody that are exposed due to antigen binding.

Following this work, Brown et al.?® also discovered that the
combination with the antigen led to the emergence of new
epitope sites on IgG antibody molecules. Following immuniza-
tion of rabbits with human IgG-antigen ICs, antibodies against
these new epitopes were detected in rabbit serum. However,
when similar immunization was performed in mice, the
proportion of such antibodies was very low, regardless of
whether the mice were DBA/2 or C57BL/6 mice, which are
generally tolerant of human IgG, or BALB/c mice, which are
less tolerant. Despite this, Brown et al. succeeded in obtaining
an IgM antibody, CE9, from BALB/c mice, which exhibited a
reaction intensity to the human IgG-antigen that was 100 to
1,000 times stronger than that of human IgG. Similar to the
study by Nemazee et al,”” Brown also demonstrated that the
binding of CE9 depends on the intact human IgG rather than
F(ab’), fragments. The researchers compared this mAb
(monoclonal antibody) to the rheumatoid factor, suggesting
that exposure of the new epitope may result from conforma-
tional changes in the IgG molecule when both Fab fragments
are involved in antigen binding. In another study on anti-Id
antibodies, Sawutz et al.’’ immunized rabbits with the f-
adrenergic receptor antagonist alprenolol and obtained mAb
SB7. In addition to acquiring some 5B7 anti- idiotype serum,
they discovered that serum from one rabbit (R9) could
enhance the binding of ['**IJiodo-cyanopindolol (ICYP) to
the 5B7 antibody. ICYP and alprenolol are two small
homologous molecules and can be considered as haptens in
immunology. They found that the presence of R9 decreased
the dissociation constant of ICYP to 0.3 from 20 nmol/L. The
Fab fragments of SB7 also exhibited similar effects, and R9 did
not bind to ICYP in the absence of 5B7. These observations
indicate that the enhancement effect of R9 serum is not due to
binding with the Fc region of SB7, but rather results from the
formation of a new binding site through interaction with the
Fab region.

https://doi.org/10.1021/acsomega.4c07268
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Figure 3. Diagram of the preparation of Abl and anti-IC antibody by the hybridoma technique.

Following these experiments, Voss et al.*® presented another
example of anti-IC antibodies. The research team aimed to
develop murine polyclonal antibodies against ICs formed by
the covalent binding of high-affinity murine IgG2a mAb Fab
with fluorescein. Unlike previous teams that accidentally
discovered anti-IC antibodies, the Voss team was the first to
develop antibodies specifically targeting ICs. Their strategy for
producing anti-IC antibodies includes several key points: First,
they preferred to use covalently conjugated ICs rather than
reversible ICs for immunization. Second, they ensured that the
antigen—antibody affinity was sufficiently high (2—3 x 10"
M™) to maximize the intermolecular forces between the
antigen and antibody. Third, nonspecific covalently bound
hapten-antibody byproducts were specifically removed during
the immunogen preparation process to focus the immune
response on specific ICs. Fourth, they believed that allogeneic
immunization would minimize the induction of antiallotypic
and anti-isotypic antibodies. As a result, they successfully
produced murine polyclonal ascitic fluid that did not recognize
fluorescein or nonliganded antifluorescein antibodies but had
high specificity for the fluorescein Fab fragments bound to the
antigen. The newly exposed antigenic determinants, upon
binding of antifluorescein antibodies to fluorescein, were
termed “metatypes”. Antibodies recognizing these new
determinants were named antimetatype antibodies. Further
studies on the binding mechanism of antimetatype antibodies
revealed that polyclonal antimetatype antibodies formed a 249
kDa complex around the antifluorescein antibody binding site,
prev%elnting the dissociation of fluorescein from the Abl binding
site.”

On the basis of the aforementioned research, several
research groups have successfully developed anti-IC antibodies
against the SMA-Ab1 IC through immunization. These include
THC,* angiotensin 11, digoxin,34 microcystin—LR,35 and
ursodeoxycholic acid 7-N-acetylglucosaminide (UDCA 7-
NAG).*

Conventional animal immunization can be conducted using
species that are either homologous or heterologous to the
source of Abl. If Ab1 is a murine mAb, then it can be directly
incubated with the corresponding SMA to form an IC, which
then serves as the immunogen for immunization of mice
(Figure 3). This immunization method helps to avoid the
production of anti-isotype antibodies and antiallotype anti-
bodies. Abl can be conjugated to a heterologous protein to
enhance its immunogenicity, such as keyhole limpet
hemocyanin (KLH) or bovine intestinal alkaline phosphatase.
To prevent the dissociation of the IC after injection into the
organism, the SMA can be chemically modified to introduce a
reactive group. Once the SMA has bound to Abl, it can form a
stable covalent bond with amino acid residues near the binding
site. As an example, Kobayashi et al.* derivatized the free
carboxyl group on the UDCA 7-NAG to form an N-
succinimidyl ester. This ester was first incubated with Abl at
pH 5.0 to form an IC. Subsequently, the pH was adjusted to
7—8 to restore the reactivity of the N-succinimidyl ester with &-
amino groups, allowing it to form an amide bond with lysine
residues near the binding site. Despite the chemical cross-
linking between the SMA and Abl, a significant portion of the
antibodies produced were antiidiotypic antibodies against Abl.
This indicates that a certain proportion of IC still dissociates

https://doi.org/10.1021/acsomega.4c07268
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within the body. If the SMA itself possessed reactive groups,
then chemical modification can be omitted, and it can be
directly conjugated to Abl using a cross-linking agent. For
instance, Natalia et al.*’ conjugated a SMA peptide and Abl
directly using 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide (EDC), and the resulting conjugates were used
as the immunogen. The precondition for coupling SMA and
Ab1 with a cross-linking agent is the presence of at least one
reactive group near the site of contact between the two parts.
For some SMAs that do not contain a reactive group, a suitable
linking arm can be introduced at a specific site, thus enabling
the two to covalently couple into an IC. The site where the
linking arm is introduced should not interfere with the binding
of SMA to Abl and should have a certain degree of flexibility.

When an IC formed by conjugating a hapten with a murine
mAD is used as an immunogen in rabbits or other animals, it
includes anti-IC antibodies, Abls, and anti-idiotype antibodies
against the murine mAb. To isolate anti-IC antibodies that
specifically recognize the IC, the antiserum must be absorbed
with solid-phase carriers conjugated with the hapten and
murine mAb, respectively.

In our team’s development of noncompetitive assay reagents
for 25-hydroxyvitamin D, estradiol (E2), and aldosterone, we
attempted to prepare anti-IC antibodies targeting the SMA-
Abl IC by immunizing mice. Our research revealed that when
Abl is a murine antibody, the immunization effect is poor
when it is incubated with the SMA. Better immunization
results were obtained using nonmurine antibodies incubated
with the SMA. When emulsified with Freund’s adjuvant, the IC
formed by Abl and the SMA may dissociate under vigorous
emulsification conditions, resulting in a low positive clonal rate
of antibodies targeting new epitopes of the IC during
subsequent screening. Another reason for the low positive
rate could be that the conformational change of the IC upon
antibody binding is minimal, with most of the SMA embedded
within the antibody, making it difficult to form new effective
epitopes.”® Thus, researchers are increasingly using phage
display technology as an alternative to traditional immuniza-
tion methods for the production of anti-IC antibodies.

2.2. Phage Displayed Library. Phage display technology
is an essential tool in antibody development, offering a robust,
cost-effective, and straightforward approach for discovering
antibodies against a variety of antigens.”” Antibody library
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methods include immunized libraries, naive libraries, and
synthetic libraries. The anti-IC antibodies produced can be in
various forms, such as Fab fragments, single-chain variable
fragments (scFv), VHH (variable domain of heavy chain),"’
and peptides.*’ The sources, diversity, and library capacity of
antibody libraries are directly related to the affinity of the
screened antibodies. Synthetic and naive libraries rely more on
diversity, as their function is to serve as universal libraries,
wherein a single library can be used for multiple projects.
Immune libraries require smaller capacities as they have higher
titers of antibodies specific to_particular antigens.”” The naive
antibody library integrates naive immunoglobulin gene pools
from multiple donors such as rabbits or humans. These
libraries are constructed by separately cloning genes encoding
the variable domains of the heavy chain (VH) and light chain
(VL) from B cells. Random rearrangement of the VH and VL
domains introduces additional diversity. Naive antibody
libraries are used to screen for antibodies that are difficult to
obtain through immunization such as anti-IC antibodies,
antitoxins, and autoantibodies. Human naive antibody libraries
serve as crucial sources for selecting therapeutic human-
derived antibodies.

Through immunization with specific antigens, immune
libraries can be constructed using donor species, such as
mice, rabbits, camels, chickens, and sheep. In theory, the
choice of donor species is limited only by the availability of
sufficient antibody sequence data to design specific primers for
amplifying antibody libraries. However, practical consider-
ations also include ethical restrictions. Immune libraries are
typically constructed from genes of B cells from the mouse
spleen and peripheral blood. Similar to naive libraries, the
original pairing of VH and VL is lost during the process of
separately amplifying the light and heavy chains before their
recombination. This represents a disadvantage of libraries
compared to hybridoma technology, which retains mature VH
and VL pairs with preserved affinity (Figure 4).

For recombinant antibodies, after specific variable domains
are paired with complementary variable domain libraries, the
optimal combination of VH and VL can be identified, thereby
achieving a higher affinity. This approach is known as “chain-
shuffling”.*’ Synthetic libraries are generated through design
and can be based on naive libraries to create partially
engineered semisynthetic libraries, or they can be constructed
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de novo. Additionally, synthetic libraries can be developed by
increasing the diversity of germline V gene segments and
CDRs.** During the design process, potential targets can be
considered; for example, adjusting the length of CDR loops
can help establish synthetic libraries tailored for proteins or
small molecules."’

Additionally, chemically synthesized anti-IC peptides can
serve as a substitute for phage-displayed anti-IC peptides. The
primary distinction between synthetic peptides and phage-
displayed peptides lies in their methods of preparation and the
practical limitations they present in immunoassays. Phage-
displayed peptides are presented on the surface of bacter-
iophages, which significantly increase their size and require
additional steps for detection. In contrast, synthetic peptides
are smaller and more easily labeled with detection elements
such as fluorescein isothiocyanate (FITC), simplifying the
assay process and accelerating the detection speed. Moreover,
synthetic peptides eliminate the biological risks associated with
phage particles.

The improvement in the sensitivity of the noncompetitive
method compared to the competitive method is primarily
determined by the affinity of the anti-IC peptide. In some
cases, however, the competitive method is even more sensitive
than the noncompetitive method. For example, in a study
conducted by Chen et al,* the sensitivity of competitive and
noncompetitive fluorescence immunoassays (FIAs) for the
detection of benzothiostrobin was compared. The competitive
FIA demonstrated an ICs, of 16.8 ng/mL with a detection
range of 1.0—759.9 ng/mL, whereas the noncompetitive FIA
exhibited an SCy, of 93.4 ng/mL and a detection range of 5.9—
788.2 ng/mL. This can be attributed to the fact that in the
competitive format, the lower affinity of the labeled mimetic
peptide allows the analyte to compete more effectively with the
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immobilized antibody, thus enhancing sensitivity. In contrast,
the noncompetitive method exhibited lower sensitivity due to
insufficient affinity between the labeled peptide and the IC. To
address this, Chen et al.*” used lysine as a scaffold to synthesize
monomer, dimer, and tetramer dendrimer-like peptides,
enhancing the valency of the tracers and improving their
binding affinity for ICs. The affinity of the tracers increased
significantly with higher valency, with tetramer tracers
demonstrating a 10-fold greater affinity than monomer tracers.
This multivalency effect leverages multiple binding sites to
enhance overall binding strength and specificity, thereby
improving sensitivity and the signal-to-noise ratio in
fluorescence polarization immunoassays. Phage-displayed
peptides tend to outperform synthetic peptides for two main
reasons. First, the phage display technique facilitates the
maintenance of the peptide’s specific conformation, which is
crucial for binding. The structural integrity provided by the
phage coat proteins ensures that the peptide adopts the
necessary conformation to interact effectively with its target.
Second, synthetic monovalent peptides often possess poorer
binding affinity than their phage-displayed counterparts due to
the absence of the multivalent binding sites naturally presented
on the phage surface.

2.3. Autonomously Diversifying Library. The autono-
mously diversifying library (ADLib) is another system for
antibody production based on somatic hypermutation. This
method employs chicken bursal lymphoma cells (DT40) and
uses trichostatin A (TSA) to inhibit the histone deacetylase
activity of DT40, promoting histone acetylation and causing
high-frequency recombination of immunoglobulin genes. The
DT40 cell line offers several advantages: (1) It is an
immortalized chicken B-cell line that proliferates rapidly,
with a population doubling time of approximately 7—8 h; (2)
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It is easy to manipulate; (3) It has a stable karyotype; (4) It
can produce both secretory and membrane-bound IgM
antibodies; (5) The functional immunoglobulin (Ig) locus
undergoes low-level, continuous gene conversion; and (6) It
allows gene modification via high-efficiency targeted homolo-
gous recombination. For these reasons, DT40 cells provide an
excellent model for studying the role of histone acetylation in
gene conversion in higher eukaryotes. DT40 cells can express
membrane-bound IgM, making them a potential system for B-
cell receptor (BCR) display and antibody production.
However, the gene conversion frequency at the DT40 Ig
locus is not high, with only a small proportion of cells
undergoing gene conversion after several weeks of passage.
Therefore, it is necessary to significantly enhance the Ig gene
conversion. TSA-mediated histone acetylation leads to the
display of a membrane IgM library on the cell surface. Antigen-
specific cells are then sorted from the library using antigen-
coated magnetic beads, and cultured to produce secretory IgM
antibodies,*® as illustrated in Figure 5.

Kazuya et al.*’ used the ICs formed by E2 with a mouse
mADb and 25-hydroxyvitamin D with a sheep mAb as screening
targets, selecting chicken monoclonal antibodies against these
ICs using ADLib. Hidetaka et al.’® further developed ADLib
by replacing the endogenous chicken immunoglobulin genes
with human gene segments, constructing an ADLib expressing
intact human IgG. From these libraries, human antibodies
against vascular endothelial growth factor A (VEGF-A) and
tumor necrosis factor @ (TNF-a) were selected. Positive
clones A033 and CO018, specific for VEGF-A, were further
subcloned without TSA induction for continued culture and
affinity maturation. Surface plasmon resonance measurements
showed that the KD values improved from 2.14 X 10~ M and
1.61 X 107° M in the parent clones to 4.91 X 107" M and 1.49
X 107" M, respectively.

ADLib enables the rapid and convenient generation of
specific IgM antibodies against various antigens without the
need for animal immunization. This method is particularly
useful for screening antigens that are conserved, self-antigens,
or toxins, which can induce immune tolerance due to their
weak or strong antigenicity, making it challenging to obtain
high-affinity antibodies. Unlike phage display libraries, ADLib
does not require DNA recombination, and high-density
cultures can yield hundreds of micrograms of antibodies per
milliliter. The DT40 cell line’s homologous gene targeting
capability also facilitates gene insertion and knockout in
positive clones. Constructing a humanized ADLib can further
increase the library diversity. However, the affinity of
antibodies selected by ADLib typically ranges from 1077 to
10~® M, necessitating further affinity maturation to achieve
higher affinities. Additionally, IgM antibodies, being pentame-
ric, are less stable and more difficult to purify compared to IgG.

Table 2 summarizes the comparison of different methods for
preparing anti-IC antibodies.

3. INTERACTION BETWEEN ANTI-IC ANTIBODIES
AND SMA-AB1

Like other proteins, antibodies exist in a range of conforma-
tional states with different energies in solution, dynamically
interchanging between these states.”’ The idiotypic state (Id)
refers to the dynamics of the antibody’s active site before
antigen binding, while the metatypic state represents the
conformational changes induced in the active site by antigen

binding.
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Table 2. Comparison of Different Preparation Methods of Anti-IC Antibodies

(synthetic library) autonomously diversifying library

single chain antibody fragment

nanoantibody (naive library)

nanoantibody (immune library)

hybridoma technology

1—2 months

2—4 months

2—4 months

3—5 months

4—6 months

antibody prepara-

tion cycle

intact mAb

VHH ScFv

VHH

intact mAb

screening antibody

form

10"'-10" clone sequences 10°—107 cell clones

10'°-10" clone sequences

108-10° clone sequences

10 000 to 30 000 cell

clones

single antibody

screening

throughput
antibody affinity

nM—-pM

low

nM—-pM

moderate

HuM—nM

nM—-pM

high

nM—-pM

moderate

extreme

labor intensities

advantages
limitations

quick screening, high affinity and high
specific antibodies, high library di-

versity
high R&D cost, technically complex

lengths, simulated antibody affinity

maturation

light and heavy chain unnatural pairing,
high library costs

CDR3 sequence random, a variety of

ciency, lack of diversity, affinity

immaturity

age capacity, against all natural

no immunizations required, large stor-
antigens

low specificity, low screening effi-

characteristics, different antigens need to be built

separately

antibody affinity maturation, high affinity and high specific
resistance

storage capacity is relatively small, influenced by antigenic

cell lines are unstable, low
efficiency and long cycle

mature technology, low
R&D cost
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Figure 6. Binding sites surfaces. The binding surfaces can be grouped into three categories. (A)There is a pocket binding site on the antigen-
antibody complex and not on the antibody-free counterparts. (B) There is a pocket binding site on the antibody-free structure and not on the
antigen- antibody complex. (C)There is no (or only slight) change in the binding sites. The heavy and light chains were colored as denoted in the
figure,and the SMA antigen is shown as a red line drawing. Reprinted with permission from Front. Mol. Biosci., 8, 633526. Copyright, 2021, Al

Qaraghuli, Kubiak-Ossowska, Ferro and Mulheran.**

Many studies confirm that the binding of a SMA to an
antibody’s active site induces conformational changes in the
antibody. Németh et al.’” investigated the interaction between
FITC (isomer I) as a hapten and specific monoclonal IgGl
using various spectroscopic methods. The results showed that
upon FITC binding the hydration level of the specific binding
region between the antibody hypervariable region and FITC
significantly decreased, altering molecular movements. This
change in the microenvironment affected the functions of both
the antibody and the hapten. Furthermore, binding of the
hapten induces conformational changes not only in the CDR
region but also in the constant region of the antibody.™

In the Fab fragment of the antibody, each peptide chain
consists of approximately 230 amino acids, with the six CDRs
comprising about 70 amino acid residues, forming a
continuous surface of approximately 2800 A% Amino acid
chains in the active centers of antibodies, particularly within
the complementarity-determining regions (CDRs), play a
crucial role in antigen binding. Antibodies consist of variable
and constant domains with antigen-binding specificity localized
within the variable domains (VH and VL) of the Fab
fragments. Each variable domain comprises three hypervariable
loops, known as complementarity-determining regions
(CDRs) 1, 2, and 3. These loops collectively form the
paratope and directly interact with the antigen. CDRs,
especially CDR3, are responsible for modulating antibody—
antigen interactions by adjusting their structure upon antigen
binding, following mechanisms such as induced fit or
isomerism. CDR3, being the most flexible, frequently under-
goes significant conformational changes during antigen
engagement, leading to the formation or closure of binding
pockets depending on the antigen’s structural requirements.

This structural adaptability allows the immune system to
recognize a wide range of antigens. The classification of surface
binding behaviors reflects the manner in which CDRs
accommodate SMAs. Qaraghuli et al.>* compared the
structures of SMA-Abl ICs with free antibodies, identifying
three trends in the changes upon SMA binding to Abl: (1) a
pocket forms to accommodate the SMA; (2) the pocket
disappears upon SMA binding; and (3) the pocket remains
unchanged or nearly unchanged, as illustrated in Figure 6. The
dynamics of these binding sites highlight the essential role of
CDR loops, particularly CDR3, in adapting the antibody’s
binding site to various antigenic structures. The structural
flexibility and movement of CDRs, particularly CDR3, are key
to recognizing how binding pockets form and adjust,
facilitating efficient antigen recognition and binding.

After the SMA binds to Abl, the anti-IC antibody recognizes
a conformational epitope composed of the SMA and the
variable region of Abl, rather than a linear sequence of amino
acids. The binding of the anti-IC antibody to the IC can
significantly reduce the first-order dissociation rate of the SMA,
delaying it by several-fold or even up to hundreds or thousands
of times. The mechanism by which the anti-IC antibody delays
the SMA dissociation rate may be related to a significant
reduction in the vibrational dynamics of the Abl variable
region.

Niemi et al.”>> explored the molecular recognition of
(—=)-A9-tetrahydrocannabinol (THC) by the anti-THC T3
Fab fragment, a mAb fragment. The crystal structures of T3
Fab in both its free form and complexed with THC were
resolved, providing insights into the specific interactions that
facilitate THC binding. The THC binding site on the T3 Fab
is a narrow cavity between the variable domains of the heavy
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Figure 7. Recognition of E2 and biotinylated E2 by anti-IC antibodies.

and light chains with the n-pentyl group of THC protruding
deeply into this interface and the C10 monoterpene moiety
partially exposed to the solvent. This binding involves
significant hydrophobic interactions, predominantly with
aliphatic residues, and is stabilized by several hydrogen
bonds. Notably, Ser52H and ArgS3H of the T3 Fab form
hydrogen bonds with THC metabolites, contributing to higher
affinity binding compared to THC itself. These structural
details are crucial for understanding the enhanced specificity
and sensitivity of the developed one-step, homogeneous
fluorescence resonance energy transfer (FRET)-based immu-
noassay, which can detect THC at a limit of 20 ng/mL in saliva
samples. The study’s findings highlight the importance of
specific amino acid interactions and structural conformations
in the recogmtlon and binding of THC by antibody fragments.

Fu et al’° presented the development of a sensitive
noncompetitive immunoassay for the detection of ethyl
carbamate (EC) in wine samples using IC binding peptides.
The mechanism of binding of these peptides to the EC-
antibody IC was explored through molecular modeling and
computer simulations. It was found that the xanthydrol group
of xanthyl ethyl carbamate and the Asn-32 and Asn-92 residues
of the antibody light chain were primarily responsible for the
interaction. The peptides exhibited high binding affinity due to
strong hydrophobic interactions with the xanthydrol group and
multiple hydrogen bonds with the antibody residues. This
structural insight facilitated the development of a non-
competitive immunoassay with a limit of detection (LoD) of
0.54 ng/mL, which was significantly more sensitive than
traditional competitive assays. The assay’s results were
validated with ultraperformance liquid chromatography-quad-
rupole/orbitrap high-resolution mass spectrometry (UPLC-Q-
Orbitrap HRMS), confirming its reliability and specificity for
EC detection in wine samples.

The increased specificity of the anti-IC reagent based
noncompetitive assay lies in the specific interaction between
the anti-IC antibody and the SMA-bound Abl. The binding
site of the anti-IC antibody is distinct in that it recognizes an
epitope composed of both the hapten and the variable region
of the Abl within the IC. This specificity is crucial for the
sandwich immunoassay’s high sensitivity and specificity, which
surpass those of traditional competitive immunoassays. For
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instance, Omi et al.*’ developed a sensitive and specific
noncompetitive assay for E2. The anti-IC antibody developed
for the E2 sandwich immunoassay binds to the E2-mAb IC and
shows minimal reaction when E2 is replaced with biotinylated
E2 at the C6 position. This indicates that the anti-IC antibody
recognizes part of E2 harboring the C6 position within the E2-
mAb IC (Figure 7). Similarly, the antibody for the 25(OH)D
sandwich assay showed weak reactivity with biotinylated
25(OH)D;, confirming that the anti-IC antibody specifically
recognizes the region around the C3 position of 25(OH)Dj; in
the IC. These interactions are not merely due to the hapten
alone but are significantly influenced by the conformational
changes induced in Abl upon hapten binding. This dual
recognition mechanism allows the sandwich immunoassay to
achieve higher specificity and sensitivity, effectively improving
the detection of small molecules like hormones, vitamins,
drugs, and toxins in clinical samples. In summary, the structural
recognition by anti-IC antibodies in hapten-antibody com-
plexes is a sophisticated interplay between the hapten, the
Ab1’s variable region, and the conformational changes induced
upon binding. This intricate binding mechanism forms the
basis of the superior performance of noncompetitive sandwich
immunoassays over traditional competitive formats.

In another study, Solin et al. investigated the interactions
between anti-IC antibodies and the THC-Ab1 IC. Specifically,
the research focused on the immobilization of anti-IC
antibodies onto a nanocellulose substrate via EDC/NHS (N-
hydroxysuccinimide) coupling chemistry and how this affected
the binding efficiency of the THC-Ab1 IC. They found that
covalently linked biointerfaces, where anti-IC antibodies were
chemically conjugated to nanocellulose, exhibited significantly
stronger and more stable binding to the THC-Abl IC
compared to physically adsorbed antibodies, which often
showed loose attachment and diminished bioactivity. Addi-
tionally, the presence of both THC and anti-THC Fab
antibody fragments was necessary for effective binding to the
biointerface. The chemical conjugation not only improved
antibody retention on the surface but also preserved
bioactivity, leading to a more efficient THC detection
mechanism. These findings highlight the advantages of using
a nanocellulose-based anchor for the selective detection of
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Figure 8. Single-step noncompetitive immunoassay for aflatoxins B, detection. Reprinted with permission from Food Chem. 2022, 392, 133287,

Copyright, 2022, Elsevier.”!

THC, demonstrating superior detection sensitivity due to the
robust immobilization of antibodies.

4. SMA IMMUNOASSAY BASED ON ANTI-IC
REAGENTS

To date, the noncompetitive methods developed using anti-IC
reagents have been extensively employed in agricultural and
food testing. The anti-IC-based noncompetitive immunoassay
offers several key analytical advantages, as outlined below: (1)
Higher sensitivity: The sensitivity of the anti-IC-based
noncompetitive method can be several-fold to hundreds-fold
higher than that of the competitive assay developed using the
same Abl, depending on the specific properties of the anti-IC
antibody. (2) Improved specificity: In competitive assays, the
binding interaction involves only a single antibody, rendering
the assay more vulnerable to interference from analyte analogs
and matrix effects (i.e., nonspecific interactions with sample
components). In contrast, the anti-IC-based noncompetitive
method uses two antibodies to enhance specificity and enables
additional washing steps during incubation to reduce
interference from analyte analogs. (3) Reduced sample volume
requirement: Compared with the reagent-limited conditions in
competitive assays, the anti-IC-based noncompetitive method
is performed in a reagent-excess format, allowing for smaller
sample volumes to be used. This is particularly advantageous in
applications with limited sample availability as smaller volumes
also reduce matrix effects. (4) Shorter incubation time: The
reagent-excess format also allows for shorter incubation times,
further enhancing assay efficiency. (5) Class-specific analyte
detection: By rationally engineering Abl and anti-IC antibod-
ies, it is possible to develop assays with satisfied affinity and
specificity for a class of analytes, enabling the detection of
structurally related compounds such as toxins. (6) Multiplex
detection: By the combination of distinct Abl and anti-IC
antibodies that specifically target different, structurally
unrelated analytes, a multiplex assay can be developed to
simultaneously detect multiple analytes in a single sample. This
can be accomplished by labeling anti-IC antibodies with
unique fluorophores, allowing for differentiation based on
fluorescence emission. Table 3 summarizes the application of
anti-IC reagents for the development of noncompetitive

immunoassays for pesticides, veterinary drugs, mycotoxins,
environmental pollutants, et al.

4.1. The Application of Anti-IC Reagents in Toxins
and Drug of Abuse. Peltomaa et al.”" utilized a monoclonal
antiaflatoxin mouse antibody and an anti-IC scFv selected from
a synthetic antibody library to establish a one-step sandwich
fluorescent assay for rapid detection of aflatoxin. The LoD of
this method was 70 pg/mL, with a detection time of within 15
min. In this assay, scFv was fused with alkaline phosphatase
(AP), which avoided directly labeling scFv and thereby
preserved its binding activity, as shown in Figure 8. The
specificity of the assay was tested against various aflatoxins and
other mycotoxins. It showed significant cross-reactivity with
aflatoxins B2 and GI1, but not with other mycotoxins like
ochratoxin A (OTA) and deoxynivalenol (DON). This
indicates that the assay is highly specific for aflatoxins while
minimizing interference from other mycotoxins.

In addition to scFv, phage display peptides can be utilized
for small molecule sandwich detection. Zou et al.*” isolated a
peptide with affinity for the aflatoxin Bl-nanobody Nb28
complex from a random linear 8-mer peptide library using
phage display, after four rounds of panning. Using Nb28-
coated magnetic beads as the solid phase carrier and HRP-
labeled phage peptides as the tracer, a magnetic particle
chemiluminescence immunoassay for aflatoxin Bl was
developed with an LoD of 6 pg/mL. The anti-IC antibody
fragments or peptides prepared using phage display technology
are presented on the surface of the phages, thus eliminating the
need for purification and labeling as required for traditional
polyclonal or monoclonal antibodies, facilitating subsequent
applications.

Compared with competitive methods, noncompetitive
methods employing dual-site binding significantly improve
the sensitivity. Gonzalez-Techera et al.””> compared the
sensitivity of a noncompetitive phage peptide assay with a
competitive ELISA based on the same Abl. The results
showed that the sensitivity of the noncompetitive method was
approximately 30 times higher than that of the competitive
method. Kim et al.*’ combined a noncompetitive phage anti-
IC assay (PHAIA) with immuno polymerase chain reaction
(PCR), using antibody-coated magnetic beads as the
separation carrier. They developed a detection method for 3-

https://doi.org/10.1021/acsomega.4c07268
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phenoxybenzoic acid with an LoD of approximately 60 pg/mL,
which is 10 times more sensitive than traditional PHAIA, and
also faster.

A method established by Solin et al.®® demonstrated
significant improvements in practical THC detection by
enhancing sensitivity, particularly for low-concentration
samples, through more effective binding of the THC-anti-
THC Fab IC. The nanocellulose-based biointerface proved
versatile, functioning across both SPR systems and paper-based
assays, supporting adaptability for point-of-care applications.
Additionally, the hydrophilic properties of nanocellulose
facilitate efficient detection in aqueous environments, preserv-
ing antibody bioactivity. The approach also showed promise
for scalability with the nanocellulose substrate being
compatible with mass-production techniques, making it
suitable for large-scale diagnostic applications.

4.2. The Application of Anti-IC Antibodies in Clinical
Diagonostics. In clinical testing, there have been few
published reports on small molecule noncompetitive detection
methods. These primarily include digoxin, angiotensin II,**
UDCA 7-NAG,”® brain natriuretic peptide,g’7 Zprogesterone, E2,
25-hydroxyvitamin D,*””* and aldosterone.®” In recent years,
Fujirebio Inc. in Japan introduced sandwich methods for 25-
hydroxyvitamin D and aldosterone on the LUMIPULSE
platform, and Shenzhen New Industries Biomedical Engineer-
ing Co. Ltd. developed sandwich methods for E2, total
triiodothyronine, and tacrolimus on the Maglumi system,
which have garnered widespread attention in the clinical
testing community.”® Our team has developed a chemilumi-
nescent immunoassay sandwich detection method for E2 based
on anti-IC antibodies, significantly improving the sensitivity
compared to competitive methods. Additionally, for 286
clinical samples with concentration levels spanning the
measurement range, the correlation coefficient (R?) between
the test results and LC—MS/MS results) was greater than
0.9947.

Lanja et al.” systematically evaluated the performance of the
LUMIPULSE 25-hydroxyvitamin D sandwich method com-
pared to three commercial competitive methods from Abbott,
Beckman, and Roche. Using LC—MS/MS as the gold standard,
they tested 100 clinical samples and found that the sandwich
method had the best consistency with LC-MS/MS, with a
linear correlation coefficient (R) of 0.986, and demonstrated
superior precision, making it suitable as a routine clinical
testing method. In clinical testing of 25-hydroxyvitamin D, it is
required not only to detect 25-hydroxyvitamin D, and D; with
equal capability but also to have a low cross-reactivity rate with
numerous small molecule analogs present in serum, such as 3-
epi-25-hydroxyvitamin D;, which have structures similar to 25-
hydroxyvitamin D. Traditional competitive methods often
struggle to meet these high standards. In contrast, the
sandwich method leverages the precise recognition capability
of anti-IC antibodies to the conformational changes in the
SMA and Abl binding, not only enhancing detection
sensitivity but also significantly improving specificity.

4.3. Application of Anti-IC Reagents in the Detection
of Pesticide Residues. In pesticide residue detection, the
application of anti-IC reagents has significantly enhanced
sensitivity and enabled rapid on-site analysis for a variety of
compounds, including for malachite green,”* leucomalachite
green,94 clomazone,” molinate,”*”* atrazine,”* 3-phenoxyben-
zoic acid,"”*"* and benzothiostrobin.”” The LoDs for these
pesticides have been drastically reduced, facilitating better

environmental monitoring and improving food safety assur-
ance.

Gonzalez-Techera et al.”* integrated phage anti-IC particles
into an electrochemical sensor to establish a novel electro-
chemical detection method for atrazine. These particles
specifically recognize the IC of atrazine and Abl, with an
LoD of 0.2 pg/mL, which is 200 times more sensitive than the
competitive ELISA method established with the same AbI.
The measurement range was also extended 10 times. This
detection method can use undiluted river water samples
directly without pretreatment, making it suitable for rapid on-
site detection.

Although phage particles have been proven to be robust and
versatile reagent components, their biological characteristics as
unconventional reagents might pose safety concerns. To
overcome this limitation, Vanrell et al.”* replaced the phage
particles with biotinylated synthetic anti-IC peptides, com-
bined with streptavidin/avidin as core proteins, forming what
they termed “nanopeptamers”. Using these, they established a
lateral flow immunoassay for the herbicides fenoxapropethyl
and propanil, with LoDs of 1.2 and 3.2 ng/mlL, respectively.
Carlomagno et al.*® further optimized the preparation of
nanopeptamers by physically coupling anti-IC peptides,
expressing them fused to either the N- or C-terminus of SA.
They developed a noncompetitive ELISA method for propanil
with an LoD of 0.48 ng/mL, which was similar in sensitivity to
the phage anti-IC particle method. This approach did not
require the synthesis of anti-IC peptides, significantly reducing
production costs and freeing up biotin-binding sites. The
recombinantly expressed nanopeptamers can be used in
conjunction with any biotinylated reagents, including labeled
enzymes, fluorophores, colloidal gold, and magnetic beads,
enhancing the versatility of the system.

5. SUMMARY AND OUTLOOK

In this review, the progress in the application of anti-IC
reagents in SMA immunoassays have been discussed. The use
of anti-IC reagents has shown great potential in overcoming
the limitations of traditional competitive immunoassays,
particularly in terms of sensitivity, precision, specificity, and
dynamic range. First, regarding enhanced sensitivity, anti-IC-
based noncompetitive methods demonstrated a several-fold to
hundreds-fold increase in sensitivity over competitive assays,
allowing for more accurate detection of SMAs. Second, in
terms of improved specificity, the dual recognition mechanism,
wherein Abl binds to the SMA and the anti-IC antibody
recognizes the IC formed, provides higher specificity by
reducing cross-reactivity and matrix interference. This
enhanced specificity is particularly beneficial for detecting
structurally similar analytes and ensuring accurate results.
Third, the versatile applications of anti-IC antibodies have
expanded the possibilities for SMA detection in fields such as
clinical diagnostics, food safety, and environmental monitoring.
This versatility is exemplified by their successful implementa-
tion in the detection of toxins, pesticides, and clinical
biomarkers. Regarding future avenues of research, first, there
is a need for a more comprehensive understanding of the
conformational changes that occur upon IC formation. Further
exploration of the relationship between SMA-Ab1 affinity and
these structural changes will facilitate the production of anti-IC
antibodies with optimal binding characteristics. Second,
minimizing the cross-reactivity still remains a challenge.
Research into the mechanisms by which anti-IC antibodies

https://doi.org/10.1021/acsomega.4c07268
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recognize ICs with improved selectivity, particularly in the
presence of structurally related compounds, will be crucial in
enhancing the assay specificity, especially in complex sample
matrices. Finally, exploring new methods for anti-IC antibody
preparation, such as the use of immune libraries and single B
cell technology,” could improve both the efficiency and the
specificity of anti-IC antibody production. This could lead to
more robust noncompetitive detection methods, offering
promising solutions for SMA analysis. Overall, the use of
anti-IC reagents represents a promising frontier in SMA
detection, offering a pathway toward more sensitive, specific,
and rapid immunoassays. Continued research in this area will
further enhance our capabilities for the accurate and reliable
analysis of small molecules in various fields.
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