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Abstract: Nucleic acid aptamers show clear promise as diagnostic reagents, as highly specific strands
were reported against a large variety of biomarkers. They have appealing benefits in terms of
reproducible generation by chemical synthesis, controlled modification with labels and functionalities
providing versatile means for detection and oriented immobilization, as along with high biochemical
and temperature resistance. Aptamers againstimmunoglobulin targets—IgA, IgM, IgG and IgE—have
a clear niche for diagnostic applications, therefore numerous aptamers have been selected and used
in combination with a variety of detection techniques. The aim of this review is to overview and
evaluate aptamers selected for the recognition of antibodies, in terms of their design, analytical
properties and diagnostic applications. Aptamer candidates showed convincing performance among
others to identify stress and upper respiratory tract infection through SIgA detection, for cancer
cell recognition using membrane bound IgM, to detect and treat hemolytic transfusion reactions,
autoimmune diseases with IgG and detection of IgE for allergy diseases. However, in general,
their use still lags significantly behind what their claimed benefits and the plethora of application
opportunities would forecast.
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1. Introduction

The expression of aptamer was first coined 30 years ago by Ellington and Szostak for RNA
sequences that bind specifically to organic dye molecules. It is based on the Latin term “aptus” meaning
to fit, which refers to the binding between the selected RNA strand and the target molecule [1].
At the same time, Tuerk and Gold introduced the expression of Systematic Evolution of Ligands by
Exponential Enrichment (SELEX) for production of high-affinity RNA ligands to bacteriophage T4 DNA
polymerase [2]. This is an in vitro process that aims at isolation and amplification of the nucleic acid
candidates with highest specificity and affinity from a nucleic acid library comprising a high number
of different sequence strands with the same length. To enable polymerase chain reaction (PCR)-based
amplification (or in vitro transcription), the variable randomized sequence of each oligonucleotide,
typically 30-50 nt, is flanked by two ca. 18-30 nt fixed sequence regions for primer binding. In the
selection step, a library of oligonucleotides consisting of up to ca. 10'° different sequences is incubated
with the target molecule with the expectation that some of the oligonucleotides will have the right
sequence to fold in structures enabling their binding to the target. After incubation, the unbound
sequences are separated, followed by a more stringent elution and the recovery of the target bound
oligonucleotides, i.e., putative aptamers. These sequences are then PCR amplified and the enriched
pool is used in the subsequent round of the selection along with the original library. These steps are
repeated 5-15 times to enrich the aptamer candidates with high binding affinity to the target. These
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are then cloned, sequenced and characterized in terms of binding affinity and kinetics as well as
selectivity against typical interferents or the sample matrix. The target selectivity of the enriched pool
can be increased by counter-selection (counter-SELEX) [3]. During counter-selection, the library is
screened for critical interferents, (e.g., close homologs of the target, or structurally-similar compounds);
however, contrary to SELEX, the non-bound sequences are recovered and the bound are discarded.
The selectivity of the resulting aptamers can be increased by including such counter-selection steps in
the SELEX and using further only sequences that do not bound to the interferents (Figure 1). This is
extremely important when generating aptamers for diagnostic applications as their cross-reactivity
can be effectively minimized. Of note, the counter-selection can be made against the sample matrix
itself, e.g., by using magnetic nanoparticles with autoreactive cyanuric-groups on their surface that by
incubation in target-free serum are modified with typical serum proteins [4]. Aptamers, which can
bind universally on Fc region of antibodies can be selected with target replacement strategy coupled to
conventional SELEX method, i.e., to achieve universal binding capability, multiple immunoglobulin
subclasses have to be consecutively substituted in a single SELEX process [5].
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Figure 1. Schematic illustration of the SELEX procedure.

Several different SELEX methods have been used to generate immunoglobulin aptamers including
homogeneous, heterogeneous, bead-based SELEX processes, CE-SELEX (capillary electrophoresis—
SELEX), uFFE-SELEX (micro-free flow electrophoresis—SELEX) and fully integrated selection processes
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on microfluidic devices (M-SELEX). For aptamer selection against rIgG [6] and IgE [7], homogenous
processes were used and the separation of bound and unbound nucleic acids was achieved by
nitrocellulose filtration. On the surface of the nitrocellulose membrane, the protein targets were
adsorbed and therefore the strongly bound nucleic acids are retained and could be amplified. However,
non-specific adsorption might interfere with the selection, thereby a negative (counter) selection step
was implemented against the nitrocellulose membrane to eliminate sequences with affinity for the
nitrocellulose. In addition, the process might take up to several weeks to gain high affinity aptamers.
Dramatically faster homogeneous aptamer selections can be made by electrophoretic methods that are
inherently well suited to separate free- and protein target-bound sequences based on the significant
difference in their electrophoretic mobility [8]. Using the CE-SELEX method, Bowser et al. [9] showed
that high affinity aptamers can be selected for IgE in only two rounds of selection along with shortening
the selection procedure down to two days. However, to achieve optimal resolution CE methods generally
allow only for very small sample injections (a few nL) that is problematic in terms of accommodating the
full library of sequences, unless very high concentrations are used. This problem can be circumvented
by WFFE during which a continuous pressure-driven flow of library-target mixture is deviated laterally
from the direction of the flow by a perpendicularly applied electrical field. Thus, the separation is based
on the electrophoretic mobility difference of the components, as in classical CE, which enables a ca.
300-fold improvement in DNA library size, large sample sizes and much smaller applied voltages. LFFE
could be used for continuous introduction, separation and collection of IgE aptamers, in practically one
round, with similar affinities as by CE and conventional SELEX [10].

Heterogeneous SELEX methods are reliant on the immobilization of the target antibody on various
solid carriers, e.g., surface of microtiter plate wells or PCR tube [5,11-15]. The immobilization of
the target enables simple and fast separation of strongly and weakly bound nucleic acid sequences.
However, negative selection against the blocked carrier surface is required to eliminate the non-specific
binding sequences and relatively large amounts of target is required. Using magnetic beads for target
immobilization, which is one of the most popular methods, the amount of the target can be reduced,
the library-target reaction is performed in the solution bulk that avoids mass transfer limitations of
the planar carriers, and the separation can be conveniently performed by applying a magnetic field.
Moreover, magnetic nanoparticles with a large number of surface functionalities are available to facilitate
the immobilization of the target IgGs, e.g., by coupling carboxylated beads with amino groups of the
antibody [16], through His-tags [17] and oriented immobilization via Protein A or Protein G [18-20] for
selection of Fab specific aptamers. Magnetic separations can be integrated in microfluidics and combined
with SELEX (M-SELEX) to ensure an efficient, compact and fast screening of aptamers against the
target. These systems were evaluated for the selection of as SIgA [21] and IgE [22-24] selective aptamers.
Generally, such microfluidic devices comprise two chambers: a selection chamber and an amplification
chamber. The nucleic acid library is introduced into the selection chamber where interaction with
target functionalized magnetic beads happens. The loosely bound nucleic acids are washed out from
the chamber, followed by the elution of the tightly bound aptamer candidates, which are transferred
electrophoretically to the amplification chamber, where the aptamer candidates are amplified with PCR.
The enriched pool is transferred back to the selection chamber for further affinity selection.

Aptamer selection against membrane bound antibodies (mIgM) were based on cell-SELEX technique,
i.e. live cells were used as targets for selection [25]. The cell-SELEX has clear advantages in terms of
circumventing the separation/purification of the target IgM and ensuring the native conformation of the
target antibodies. To further increase the aptamer selectivity, so-called ligand-guided selection (LIGS)
can be used [26]. This method employs a natural, highly specific antibody to the targeted epitope, which
is used to outcompete and elute specific aptamers binding to the same epitope from an enriched nucleic
acid pool, which are then collected and amplified.

These concepts proved to be successful to generate also DNA aptamers, although DNA strands
were initially thought to be less prone than RNA to fold into strong secondary structures/functional
motifs thought to be essential for high binding affinity aptamers.
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During the last three decades, the selection methodology as well as implementation of non-natural
nucleotides-modified nucleic acid aptamers went through tremendous progress to ensure the selection
of aptamers with proper binding properties. To achieve higher binding affinity and inhibit digestion
by cellular nucleases, various modifications were implemented that targeted the terminus of the
strands, thesugar rings and bases, including the insertion phosphodiester linkages or producing
the mirror-image of the D-nucleic acid strand. The most commonly used non-natural aptamers are
Spiegelmers, SOMAmers, thioaptamers and X-aptamers (Figure 2). Spiegelmers are built up from
non-natural L-nucleotides exhibiting nuclease resistance. Spiegelmers are also not recognized by
polymerase enzymes during the amplification steps of SELEX and therefore cannot be obtained directly
but by using mirrored targets and the natural D-nucleotides [27]. In SOMAmers (Slow Off-rate
Modified Aptamers), chemically-modified nucleotides to infer protein-like properties are synthetized
to achieve low dissociation constant. This is done through modification of the dU bases of the aptamers
at the 5" position with hydrophobic moieties, which improves their binding affinity, kinetics and
selectivity and also increases their resistance to enzymatic degradation. In contrary to the Spiegelmers,
SOMAmers can be selected and amplified using the conventional SELEX method with the modified
nucleotides [28]. Thioaptamers are synthetized to accomplish stable cellular nucleic acid strands with
the substitution of non-bridging phosphoryl oxygen atoms with sulfur. Similar to SOMAmers, they can
be amplified by PCR, however the sulfur substitution can increase the non-specific interactions [29,30].
Using click-chemistry and phoshporothioate backbone a wide variety of chemically-modified aptamers
can be selected with increased binding affinity and nuclease resistivity. The 5" position of the aptamer
was modified with drug-like molecules, resulting in the next generation of the aptamers: X-aptamers,
aptamers that include X-modified bases [31,32].
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Figure 2. The most widely used modified aptamer derivatives: Spiegelmers, SOMAmers, Thioaptamers
and X-aptamers. R and Q are referring to ligands that can be coupled to the bases to increase the affinity
of the aptamer for the target.

In principle, aptamers have essential advantages over antibodies. This includes the purely chemical
synthesis that ensures practically no batch-to-batch variations, the fact that the selection can be
conveniently restricted to a targeted epitope and the excellent thermal and chemical resistance (as well as
biochemical in the case of non-natural aptamers). Moreover, various modifications can be implemented
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without activity loss, which allows the application of aptamers on many detection platforms. However,
antibodies are not only competitors of aptamers as diagnostic reagents but also targets for aptamer
selection. The purpose of this review is to compile and evaluate aptamers selected for the recognition of
antibodies—IgA, IgM, IgG and IgE—as well as their design, properties and diagnostic applications.
Such a review is motivated also by the present context of COVID-19 pandemics, in which the indirect
virus detection is largely based on the detection of IgM and IgG produced by the immune system
against the virus.

2. Antibodies as Diagnostic Biomarkers

Since the production, overproduction or the absence of antibodies are highly correlated with
several diseases and infections, they are frequently targeted diagnostic biomarkers. Detection of
Fab domain ensures high specificity and the detection of the Fc domain provide generality to their
detection. There are five subgroups of immunoglobulins (Igs): IgM, IgG, IgA, IgD and IgE (Table 1).
As a primary immune response, IgM antibodies are secreted, therefore they can be useful targets
for acute exposure diagnosis. However, during infection switching occurs to other subgroups, most
importantly to IgG that is responsible for the neutralizing immune response and has the highest
concentration and longest half-life in the blood. IgA is found on the mucosal surface with direct
neutralization of toxins, bacteria and viruses. IgD is a membrane bound antibody and plays a major
role in cell activation regulatory, however its processes are not totally understood. IgE is related to
allergic reactions, although its concentration is negligible compared to the IgG, thereby its diagnostic
application might be difficult [33].

As biomarkers, antibodies are mainly used for the diagnosis of various infections, autoimmune
disease, allergy, immune deficiencies and cancer [34]. Upon infection, the B cells are stimulated by the
antigen and the production of antigen specific antibodies starts. Firstly, IgM is secreted during the
primary immune response in the first 4-96 h, whereas IgG and IgA antibodies are produced 7-10 days
after infection [35]. Therefore, the type of the antibody is indicative of the elapsed time from infection,
e.g., alleviating discrimination the acute or chronic stage. Moreover, the antigen specific Fab domain
defines the specificity of the antibody. These features are the core of the point-of-care (PoC) tests for
COVID-19, where the IgM and IgG concentration from fingertip or venous blood is determined by
lateral flow assays or ELISA (enzyme-linked immunosorbent assay) methods [36].

During autoimmune diseases, IgG and IgM autoantibodies are produced as loss of self-tolerance
against self-antigens. There are environmental and inherited factors contributing to autoimmune
disorders. In the case of Sjorgen’s syndrome, rheumatoid arthritis, Alzheimer’s disease and cancer,
autoantibodies can be early stage biomarkers, since they can be detected many years before the
expression of symptoms. Based on the specificity and the concentration of autoantibodies prognosis,
disease staging and treatment monitoring can be performed [33].

Allergic diseases are caused by excessive sensitivity of the immune system to otherwise largely
harmless agents, e.g. pollen and food ingredients. The exposure to allergens triggers the production of
antigen specific IgE and the highly elevated levels are indicative of the allergic reaction [37,38].

The absence of normal immunoglobulin concentration can indicate immunodeficiency, which
arises from a defect in IgG, IgM and IgA production. Immune deficiency is diagnosed by measuring
serum immunoglobulin level before and after immunization with pneumococcus and influenza vaccine.
If the antibody concentration is not raised upon immunization, antibody deficiency has occurred,
indicating the disability of the body to eliminate pathogens, which might cause repetitive infection
and organ damages [39,40].

The immune system is able to sense extraordinary expression of cellular components associated
with cancer evolution. The secreted antibody is specific for the components eliminated by the tumor
cell, thereby the own immune response of the patent can be used to detect cancer at an early stage [41].
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Table 1. Types of immunoglobulins with their structure, some associated diseases and clinically relevant concentration.
Type Structure Disease Body Fluid Normal Concentration Altered Concentration Ref.
\ y Psychological stress saliva 148.2 pg/mL 243.2 pg/mL (intensified training) [42]
IgA 316.9 ug/mL (competition)
b chronic hepatitis B serum 2.27 mg/mL 2.50 mg/mL [43]
monomer, dimer HIV-1 1.27 mg/mL 2.67 mg/mL [44]
R sickle cell disease (SC) 1.11 mg/mL 2.87 mg/mL [45]
IgM \ I serum
chronic hepatitis B 0.92 mg/mL 1.38 mg/mL [43]
pentamer, monomer
(membrane bound) HIV-1 1.39 mg/mL 1.52 mg/mL [44]
chronic hepatitis B 11.44 mg/mL 16.83 mg/mL [43]
IgG N HIV-1 serum 12.8 mg/mL 20.2 mg/mL [44]
ulcerative colitis 10.3 mg/mL 11.1 mg/mL [46]
N\ o non-allergic asthma 0.212 pg/mL 1.025 pg/mL [47]
IgkE! allergic asthma serum 4.120 pg/mL
atherosclerosis 0.100 pg/mL 2.63 pg/mL [48]
monomer psoriasis 0.113 pg/mL 0.574 pug/mL [49]
W\
IgD alcoholism serum 20.2 mg/mL 27.3 mg/mL [50]
monomer

! Concentrations were calculated with 1 IU = 2.42 ng expression [51].
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3. IgA Detection with Aptamers

Salivary secretory immunoglobulin A (SIgA) and salivary o-amylase (sAA) are immunological
stress markers and increasing concentrations may enable the discrimination between comfortable and
uncomfortable physical states. Moreover, SIgA is an indicator of upper respiratory tract infection.
While there are simple, commercialized platforms to measure the sAA concentration based on the
amylase activity [52], the results may be highly influenced by the salt concentration and the pH.
Thereby, for proper physical state determination, the measurement of SIgA is necessary. The use
of aptamers for the selective recognition of SIgA is rendered difficult by the fact that, since SIgA is
hydrophilic and negatively charged owing to the dominance of hydrophilic amino acids in the Fc
domain, there is an electrostatic repulsion between putative aptamers and SIgA [53].

A microfluidic-based aptamer selection was developed with integrated selection and amplification
method for aptamer selection to IgA as representative target. The device was built up with two
chambers for selection and amplification connected with a serpentine-shaped microchannel. Magnetic
beads were modified with IgA placed into the selection chamber, where the strongly bound aptamers
were transferred by thermal elution to the amplification chamber, to perform PCR amplification directly
on the surface of primer-modified magnetic beads. After PCR amplification, the nucleic acid strands
were reintroduced in the separation chamber for further affinity-based selection for the target. Upon
completion of the SELEX procedure off-chip amplification of the aptamer candidates and the original
DNA pool was performed using fluorescent forward primer. Affinity characterization by fluorescent
binding assay was accomplished on IgA-modified magnetic beads, where the aptamer candidates
showed significant increase in fluorescent intensity compared to the original DNA library. The results
suggest that this magnetic bead-based multiround SELEX process on a microchip has the capability
for aptamer selection for antibodies within 4 h [21]. However, the aptamer candidates did not reach
desired binding affinity for immunoanalytical assays, most likely due to the electrostatic penalty in
the interaction. This fundamental limitation could be circumvented with modified aptamers with
enhanced hydrophobic interaction properties, which was published by Minagawa et al. [16]. Using the
base-appended base (BAB) approach, where U8" bases (U8" stands for a guanine base at the 5th position
of the uracil) were used to increase the binding strength of the fluorescent-labeled aptamer—target
interaction as determined by fluorescence polarization in diluted human saliva. The selected aptamer
(IgA8"1) was bound to the SIgA with high specificity and showed no cross-reactivity to IgG and serum
IgA (Table 2). The sensitivity of fluorescence polarization detection can be increased by reducing the
molecular weight of the fluorescent-labeled aptamer. Therefore, the length of the aptamer has been
reduced in two steps (IgA8"3 and IgA8'133) to ensure both the structural stability and increased
sensitivity. While IgA811-3
not be used for the FP measurements, because only minor alterations in the fluorescence anisotropy
upon target binding was detectable. Therefore, the shorter form, IgAgu1'3'3, was used, which still
had the proper dissociation constant (10.4 nM) for SIgA determination in saliva, where its typical

performed the best in terms of binding kinetics based on SPR results, it could

concentration is 0.6-1.2 uM. The FP measurement showed good correlation with the antibody-based
ELISA assay, indicating the potential application of the aptamer-based approach for SIgA detection.

Table 2. Selected aptamers against SIgA and their equilibrium dissociation constants.

Name Sequence (5'-3) 2 Kp (nM) Ref.
IgA8ul GGT TTG GAC GCA ATC TCC CTA ATC xGC xGA xGx xxG xAx 136
xxC AAA xxA GCC GCA GAA ACx ACA AxG GG CGG GCx xAx C [16]
IgA81-3 GCA ATC TCC CTA ATC xGC xGA xGx xxG xAx xxC AAA xxA GC 3.7
IgA8u1-3-3 AAT CTC CCT AAT CxG CxG AxG xxx GxA xxx CAA Axx 10.4

2 x letters indicate the US" bases.



Int. J. Mol. Sci. 2020, 21, 5748 8 of 40

4. Aptamers for IgM Detection

The recognition of the alteration on cell surfaces might be a key step for cancer detection since
gene mutations—originated from cancers—cause aberration in cell membrane receptor expression and
function. With efficient molecular probes, early diagnostic of cancers might be established, based on
the study of cell membrane receptors.

Tang and his coworkers selected the first immunoglobulin M specific aptamer for the detection of
Ramos cells, a B-cell lymphoma cell line, without identifying the particular target of the aptamer on the
surface of the cell [25]. The selected TD05 aptamer (Figure 3) showed high specificity towards Ramos
cells and no cross-reactivity was observed with other type of lymphoma cells, such as CCRF-CEM
(acute lymphoblastic leukemia cell line), Toledo cells or other type of bone marrow cells. To identify
the membrane protein target of the aptamer, a photochemically-modified nucleic acid strand was
covalently cross-linked to its target on the surface of the cell. The protein—aptamer complex was enriched
by magnetic bead-based extraction and the collected protein was analyzed by mass spectrometry,
identified by database search and reconfirmed by the purified antibody and the selected aptamer
interaction. This revealed that the TD05 aptamer binds selectively to the membrane bound heavy chain
of the immunoglobulin M antibody (IGHM), which is a biomarker for the development of Burkitt’s
lymphoma [54]. However, the TD05 aptamer was not able to discriminate between membrane bound
and circulating forms of IgM and could not be used under physiological conditions, because the aptamer
lost its affinity and stability at physiological temperature in human serum. To overcome this drawback,
several modifications have been made to increase specificity and resistance in physiological conditions.
Firstly, the stem length of the hairpin structured aptamer was decreased with ten nucleotides to
result a more stable secondary structure (TD05.1), which fits better to the binding site of the protein.
In addition, carefully chosen LNA bases have been incorporated at the 3’ end (TD05.17) to increase
the melting temperature, nuclease stability and the stability of the folded form of the aptamer. With
these modifications the Kp value was decreased 10 folds at 4 °C, but remained >10,000 nM at 37 °C.
Accordingly, for in vivo application, the dissociation had to be improved further, which was achieved
with multivalent analogs synthetized with poly-ethylene-glycol (PEG) linkers to crosslink membrane
IgMs (mIgM) in the B-cell receptors at the cell surface. Divalent (L-BVA.8S), trivalent (L-TVA.8S) and
tetravalent (L-TetVA.8S) aptamer scaffolds have been synthetized to decrease the Kp to 6222, 256 and
272 nM, respectively, at 37 °C. In addition, the half-life of the tetravalent scaffold in human serum was
increased to 8.75 h and no interaction with soluble IgM was detected [55].

Using TDO05 aptamers, Zheng et al. measured the reorganization of the IgM and IgD antibodies
on the surface of the Ramos cells with branched proximity hybridization assay (bPHA), which ensures
linear amplification upon proximity of the target molecules. The TD05 aptamer was modified either on
the 5’ or the 3’ end, resulting TD05- and TD05+ nucleic acid strands, without changing the binding
affinity of the aptamer. The Ramos cells were incubated with the elongated TD05+ and TD05- aptamer
pair, and, upon hybridization, a pair of Z-DNA was added serving as a bridge for pre-amplifier, which
was followed by the hybridization of amplifier and fluorescent label probe for signal amplification
based on the proximity of mIgM within the nanometer resolution. With this method, the re-organization
of the antibodies on Ramos cell was shown: IgD and IgM were segregated apart on resting B-cell, but
after stimulation of the B-cell concatenation was observed [56].

The TDO05.1 aptamer was chosen by Liu et al. for spatially and quantitatively detect membrane
bound IgM molecules on Ramos cells with silver nanoparticles [57]. The 5" end of the aptamer was
modified by eight cytosine, because cytosine is favored to anchor silver clusters. By this, the mIgM
distribution can be localized with confocal fluorescence microscopy and the amount of mIgM could be
quantified with ICP-MS.
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Figure 3. Evolution of TDO05 aptamer. The previously reported TD05 aptamer was shortened with 10
nucleotides by truncation (TD05.1) and three bases have been changed to locked nucleic acid base pairs
(TD05.17) (marked yellow in dashed, red circle). TD05.17 aptamers were cross-linked with PEG linkers
to form bivalent (L-BVA.8S), trivalent (L-TVA.8S) and tetravalent (L-TetVA.8S) aptamers to improve the
nucleic acid stability, selectivity toward mIgM and the dissociation constant [25,55].

TD05.1 aptamer was also used to develop a chemical strategy for the glycosylation mapping of
mlIgM antibodies on live cells. For this purpose, the aptamer was modified at its 3’ end with cyclooctyne,
which did not influence the selectivity of the aptamer for mIgMs at the surface of Ramos cells. The cells
were cultured with N-azidoacetylmannosamine to generate an N-azidoacetylneuraminic acid at the
cell surface during glycosylation that, after azide modification, could react with the cyclooctyne
modification of the aptamer. With this strategy, the glycans could be localized within 1-3 nm of the 3
terminus of the IgM-bound aptamer [58].

TDO05.1 aptamer was used in distinct cell type differentiation in a highly multiplexed manner,
based on the mIgM bound aptamer on single cell surface and simultaneous transcriptome profiling [59].
An aptamer pool and heterogeneous cell samples were incubated, where all the aptamers were
modified with a poly-A tail on the 3’ end using polyadenylation. The aptamer decorated cells were
co-encapsulated with barcoded beads, after lysis the aptamers and mRNAs were able to hybridize to
the beads through the poly-A tail. Upon RT-PCR, the droplets contained the cell specific barcoded
aptamers and mRNAs, which allowed the cells to be pooled, sequenced and evaluate epitope profiles
according to the barcodes. Therefore, this method could be used to discriminate Ramos cells from
other kind of cells based on selective aptamer binding and differences in gene expression.

Zumrut et al. introduced a ligand-guided selection (LIGS) strategy for identifying specific
aptamers for a predetermined epitope of the target protein. The model was built up to select aptamers
for the IgM expressed on Burkitt’s lymphoma cell, the same target as of TD05. The SELEX process was
followed by LIGS, where aptamer candidates were pre-incubated with the target cells, followed by
removal of unbound aptamers. Then, the anti-IgM antibodies were competed for the pre-determined
epitopes of mIgM and eluted the aptamers, which shared the same binding site [26]. However, the
affinity of these aptamers was not yet appropriate for diagnostic applications and therefore structural
optimization was performed. R1 aptamer (Table 3) was chosen for further development, because it
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had high ability to recognize IgM on the cell surface and block the antigen binding region of anti-IgM
antibodies. The R1 aptamer was truncated at the 3’ (R1.1) and 5’ (R1.2) ends to remove primer regions,
which has a limited role in binding to the target protein. The shorter form (R1.2) could not be displaced
by anti-IgM, due to its short length and conformational stability, therefore the aptamer could be used
for the detection of slgM and mIgM in ex vivo experiments. The lack of proper differentiation between
slgM and mIgM is based on the secondary ligand selection during LIGS, since anti-IgM antibody was
also able to identically bind to the epitope of sIgM and mIgM, a feature which was descended to the
aptamer [60,61]. Dimeric aptamers have also been synthetized with PEG-linkers in different length
(3, 5 or 7 spacer molecules); the dimeric R1.2 aptamer showed specific binding to the mIgM positive
cells, therefore it can be used as a diagnostic tool and therapeutic agent in samples of Waldenstrom’s
macroglobulinemia patents [62]. Comprehensive structural analysis of R1.2 have been carried out,
examining the role of the G-quadruplex (GQ) structures. The GQ structure with affinity constant to
the target in the nanomolar range has been identified in tris(hydroxyamino)-methane solutions with
elevated K* level. This is in agreement with previously published papers that the GQ assembly is
induced most effectively in K*-rich environment (>50 mM) [63-65].

Table 3. Selected aptamers against IgMs and their equilibrium dissociation constants at 37 °C and 4 °C.

Name Sequence (5’-3') Kp (nM) Ref.
TDO05 AAC ACC GTG GAG GAT AGT TCG GTG GCT GTT CAG GGT CTC CTC CCG GTG >;g§0§) 0 [25,55]
>10,000
TDO05.1 AGG AGG ATA GTT CGG TGG CTG TTC AGG GTC TCCTCC T 533 [55]
. >10,000
TDO05.17 AGG AGG ATA GTT CGG TGG CTG TTC AGG GTC TCCTCCT 433
R1 ATC CAG AGT GAC GCA GCA AAC ACT GGG TGG GGT TAG CGG GCG 3153 [26,60]
ATT TAG GGA TCT TGA GTG GTG GAC ACG GTG GCTTAG T °
R11 CAC TGG GTG GGG TTA GCG GGC GAT TTA GGG 7303
: ATC TTG AGT GGT GGA CAC GGT GGC TTA GT i [60]
R1.2 CAC TGG GTG GGG TTA GCG GGC GAT TTA GGG ATC TTG AGT GGT 35.53

3 Kp values at 4 °C. * The underline letters indicate the locked nucleic acid bases.

5. Detection of IgGs with Aptamers

Aptamers against IgG molecules are in the center of attention owing to their broad range of
applicability in bioanalytical assays. The selected aptamers can be classified in two main groups: Fc
region specific aptamers and Fab specific aptamers. The Fc binding aptamers are most often used as
secondary labeling agent (tracer) in affinity assays or for affinity purification of antibodies, while Fab
binding aptamers in specific target determinations.

5.1. Fc Domain Specific Aptamers

The aim of the Fc specific aptamers is to recognize epitopes which are commonly shared in
the IgG domain of a certain species. These antibody binding aptamers are applicable for affinity
chromatography [66], small protein detection [67], visualization of cells and organisms [68] and signal
amplifiers [69-71], which would cause enhanced sensitivity and improved limit of detection and limit
of quantitation.

A 2'-fluoropyrimidine-modified aptamer for human IgG1 have been selected and analyzed by
several research groups. The selected Apt8-2 aptamer showed high specificity to the Fc domain of
human IgG (hFc1), but no cross reactivity to IgGs from other species was detected (Table 4) [17].
X-ray crystallography of the aptamer-hFcl complex elucidated that the RNA aptamer is bound to
the less-positively charged surface of the Fc region of the hlgG in contrast with the assumption that
the RNA binding area takes place on the positively charged surface of the protein via electrostatic
interaction. It was shown that the formation of the aptamer—antibody complex is supported by multiple
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weak secondary interactions as van der Waals interactions and hydrogen bonds. In addition, according
to the investigated crystal structure, no aptamer induced structural changes were detected on the
hlgG1 [72,73]. Ab initio FMO calculation have also been performed to better understand the high
specificity and affinity of the Apt8-2 aptamer. It was shown that the G7 (stands for guanine, the 7th base
from the 5" end of the aptamer) nucleotide performed the strongest interaction energy with the Lys340
on the Fc region of the IgG. This energy is partially based on the electrostatic interaction of the negatively
charged RNA and the positively charged protein. The interaction between the G7 nucleotide and the
Lys340 could be the driving force of the RNA aptamer binding. However, the high degree of the shape
complementarity suggests the presence of the hydrogen bonds, —m stacking and CH-r interactions,
which might be responsible for the high selectivity of the RNA aptamer [74]. The X-ray crystal structure
revealed that the oxygen atoms of the phosphate backbone is bound to divalent ions, such as Ca?* and
Mg2+, in the major groove to stabilize the folded structure of the RNA aptamer. Therefore, the specific
three-dimensional structure of the aptamer can be reversibly destabilized with chelate complexing
agent [72]. Since the process is fully reversible and applied under neutral conditions, Apt8-2 seems to
be an ideal recognition element in affinity chromatography (Figure 4A), i.e., as the elution step is very
mild, unlike in case of using Protein A/G, the active conformation of the therapeutic antibodies can be
maintained after purification/separation. Moreover, the Apt8-2 aptamer was further manipulated by
ribose 2’-modification to generate Apt131, which was resistant in alkaline conditions (up to pH = 14),
making the aptamer-modified resin reusable numerous times with equivalent binding capacity as
Protein A [66]. The aptamers could also be used for oriented IgG immobilization in chemical sensors.
A relevant example is the confinement of thiol-labeled RNA aptamers on the surface of gold coated
silica nanoparticles to immobilize hIgG1 molecule exposing their binding domains for fibrinogen
binding and subsequent optical detection (Figure 4B) [67]. The same Apt8-2 had also been used in
a novel method for aptamer-directed conjugation of DNA to IgG antibodies [68]. Two methods of
nucleic acid conjugation to antibody have been investigated: (i) templated conjugation method, when
a second DNA strand is guided to react with the antibody by the aptamer; and (ii) direct method, when
the aptamer itself is reacted with the target antibody. Especially, the direct conjugation of the aptamer
has possible uses in immune-PCR or ELISA for in vitro detection.

Table 4. IgG Fc domain specific aptamers with their sequences and Kp values.

Species Name Sequence (5’-3) >0 Kp (nM) Ref.
P Apt8-2 GGA GGU GCU CCG AAA GGA ACU CC 117 [17]
Apt131 GGAGGU GCU CCG AAAGGA ACU CC NA [66]
GGG AGA AUU CCG ACC AGA AGU UCG AUA CGC
rabbit R18 CGU GGG GUG ACG UUG GCU ACC CUU ucc ucu 0.015 [6]
CUC CUC CUU CUU CU
TAA TAC GAC TCA CTA TAG CAA TGG TAC GGT
- ACT TCC AAG CTA ACC CTC ATC TGC GCG CTC NA [11]
mouse CCA AAAGTGCACGCTACTTTGCTA A
TAA TAC GAC TCA CTA TAG CAA TGG TAC GGT
6 ACT TCC CCA CTC ACC GGG TAC CTG CCG CTC NA 5]
CCA AAAGTGCACGCTACTTTGCTA A
TAA TAC GAC TCA CTA TAG CAA TGG TAC GGT
12 ACT TCC AAG CTA ACC CTC ATC TGC GCG CTC NA

CCA AAA GTGCACGCT ACTTTG CTA A

5 The 2’-fluoro nucleotides are underlined. ® The 2’-O-methyl modifications are indicated with bold letters.




Int. ]. Mol. Sci. 2020, 21, 5748 12 of 40

\
N
/ 3
| e, |
\
A

A s

.,;. = oriented immobilization reporting agent

affinity purification

Figure 4. Possible applications of IgG specific aptamers: affinity purification (A) [66,72], oriented
immobilization (B) [67] and as reporting agent (C) [69,71] (e.g., fluorescence detection and PCR
amplification).

Apparently, the highest affinity aptamer selected for Fc domain is an RNA aptamer, called R18,
which was found to have an equilibrium dissociation constant of 15 pM [6]. This targets rabbit IgG;
therefore, it can be used as a secondary antibody-like aptamer against rIgG. According to the analysis and
from the predicted structures, it was shown that one of the loops plays an important role in the binding
activities, especially a single adenosine base in the 49th position, because two orders of magnitude
increase was resulted when this adenosine was changed to guanosine. Truncation experiments were
carried out showing that nearly the entire R18 aptamer is responsible for the binding toward the rIgG.
The aptamer was capable to distinguish between the native structure of IgG and the denatured structure
caused by SDS. The R18 aptamer showed a great performance in affinity assays with clear benefits
over conventional ELISA systems by enabling the use of PCR for the detection. Thus, in the method
coining the name of immuno-aptamer PCR (iaPCR), the usual ELISA protocol is followed, but the
R18 aptamer replacing a secondary antibody enables in the last step the use of qRT-PCR for amplified
detection (Figure 4C) [69]. The process differs from the immuno-PCR, because in iaPCR the covalent
modification of the tracer antibody is circumvented, which simplifies and improves the sensitivity
of the assay. As low as 16 attomoles could be detected in a relevant assay targeting VEGF (vascular
endothelial growth factor), which is ca. 100 time lower than with commercially available antibody-based
ELISAs. It is important to note that the aptamer has shown no cross-reactivity for mouse, rat, human,
chicken, sheep and rat IgGs. The iaPCR has also been used for the detection tumor necrosis factor-o
(TNF-«) [70] where the conventional ELISAs are likely to fail due to the low concentration of TNF-«
(average concentration of 100 fM). However, using iaPCR and changing the solid support from plate to
magnetic beads, a limit of detection of 10 fM was achieved. The main limitation of this methodology is
the relatively long time (30-60 min) required for the PCR detection [70].

Besides the PCR amplification, the inherent properties of nucleic acid strands could be used in
charge modulation-based assays, i.e., the negative charge of the aptamers could be exploited for the
indirect detection of the binding of various target. For instance, the change in surface charge upon
the binding of R18 aptamer could be detected by silicon nanowire field-effect transistor (SINW-FET).
This enabled the label-free determination of 6X-histidine and amyloid p 1-42 (Af 1-42) in direct and
sandwich assay formats, respectively, through aptamer labeling of rIgG (Figure 4C) [71]. The negatively
charged R18 aptamer amplified and stabilized the signal of the immunoassays lowering the LOD and
LOQ as the conductance of the nanowires was significantly reduced by the increase in the negative
surface charge. The developed detection methodology promises broad applicability for different targets
where the final aptamer labeling induces significant surface charge density change, e.g., Alzheimer’
disease markers.
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The nonproteinaceous aptamers enable in a particular, but very relevant example the detection
of protein targets by using non-selective protein dyes, i.e., R18 aptamer could be used for sensitive
detection of rIgG employing Coomassie Brilliant Blue (CBB) dying followed by optical detection [75].
Apparently, such dyes able to interact with the protein targets, but not with the capture aptamers, and
can be used as a cost-effective alternative of labeled tracer antibodies.

Liao and his coworkers selected aptamers against mouse IgG1, mouse IgG2 and mouse anti-HBV
IgG with excellent selectivity, without interaction toward albumin, egg white protein and fat free
powdered milk in dot-blot assay. The aptamer was coupled with a dsDNA served as a template for
asymmetric polymerase chain reaction (A-PCR) [11]. In contrast with the method of Yoshida et al. [69,70],
hybridization between the template and the primer strand was not required, making it more universal
and effective. According to the results, the attachment of the dsDNA retained the specific binding
of the aptamer to the antibodies and supports the amplification by PCR to detect aptamer binding.
As 1073-107° ng of IgG could be determined with high sensitivity, and the method is adaptable to
detect proteins, peptides, nucleic acids, toxins and ions with the attachment of the DNA template to the
aptamer and making quantitative analysis with PCR [11].

The previously mentioned aptamers showed great selectivity, although some methods require
universal aptamers, which bind common regions of antibodies in the Fc domain. A novel SELEX
method based on target replacement strategy offers further versatility to the selection, i.e., the IgG
subclasses (anti-Hbs IgG, mouse IgG Fc, IgG1 and IgG2a) were sequentially replaced in every two
SELEX cycle to select aptamers, which were able to bind in the common sites of the IgG subclasses, but
were highly discriminative against trypsin, solcoseryl albumin and human serum. These universal
aptamers might serve as more general biomedical probes in analytical applications, such as immune
reaction-based analysis and antibody purification with binding characteristics similar to protein A/G [5].

5.2. Fab Domain Specific Aptamers

Since the Fc domains are shared in the immunoglobulin G antibodies of a certain species, the
selection of aptamers for the Fab region must exclude Fc binding aptamers. Several approaches
have been proposed to this end, including counterselection for the Fc domain and masking the Fc
domain with antibody binding proteins, as Protein A or Protein G. The selected aptamers were used in
quantitative detection of disease specific antibodies (Table 5).

Aptamers (GQCL-4.7 and SSL3y-2.5) against antigen binding domain of anti-ferritin antibody
were selected [76], where a counter-selection was obtained in every cycle with an unrelated antibody
from the same species to eliminate the aptamer candidates specific for the Fc domain. The binding
location was confirmed with a competitive assay, i.e., the aptamers competed with ferritin for the
anti-ferritin antibody binding site.

The selection of Fc binding aptamers was avoided by masking the Fc fragment of the antibody of
interest with Protein G. A modified SELEX method was implemented by Muharemagic et al., where
the target antibody was immobilized on Protein G-modified magnetic beads and the immobilization
has concealed the Fc domain from binding aptamers [19]. Neutralizing antibodies (nAb) were chosen
as the target of the selections, which are generated upon repetitive administration of oncolytic viruses,
resulting in a diminished anticancer effect of the virus. Upon binding of the aptamer candidates to the
Fab region of the neutralizing antibodies, they inhibited the interaction between the vesicular stomatitis
virus (VSV) and nAbs, thereby the anticancer effect of the virus was preserved. This allowed efficient
cancer cell infection in the presence of nAbs and consequently enhanced in vivo survival. The shielding
effect of the aptamers was confirmed by a bifunctional electrochemical (cyclic voltammetry and
electrochemical impedance spectroscopy) immunosensor, making possible the quantitative detection
of VSV with high sensitivity, selectivity, low cost and short analysis time. With multivalent aptamers
(dimeric and tetrameric), the virus aggregation was further decreased, increasing the infectivity and
stability in human serum [77].



Int. J. Mol. Sci. 2020, 21, 5748

Table 5. Fab domain specific aptamers for different antibody targets with their sequences and Kp values.
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Target Name Sequence (5'-3") Kp (nM) Ref.
anti-ferritin antibody H107 GQCL-4.7 GGG ACC GUC UCG AGG GAC GGG AGG GGG AUG GAA GCG AGA CGG UCC C 1600 [76]
SsL GGG AUG CUU CGG CAU CCC GGC CUA GGU GAG ACU GGA 64
30 AGA CAU GAU GGU ACC GCU UCG GCG GUA CGU AAG CUU
VSV neutralizing antibody C5S5 TGT GCC AAA GAG AGT GGT GGG GGG GTG GGC GGA ACT CGC G NA [19]
C9S ACC GCC TTC CAC CGT TCT CCA CCA CCC CTC AAACAACCCT NA
No. 2 AGA GAC GGA CAC AGG ATG AGC GGT GCA GGG GGG GCG 51.46
. . o GAG AAG AGG TTG AGG GGA GCG GGT CCT TCC CCA AGA CAG CAT ’
anti-D allo-antibody [18]
No. 7 AGA GAC GGA CAC AGG ATG AGC GGC GCA GGG GGG GCG GAG 5433
’ AAG AGG TTG AGG GGA GCG GGT CCT TCC CCA AGA CAG CAT CCA ’
No. 8 AGA GAC GGA CAC AGG ATG AGC GCA GGG GGG GCG GAG AAG 4037
o AGG TTG AGG GGA GCG GGT CCT TCC CCA AGA CAG CAT CCA '
bevacizumab - GCG GTT GGT GGT AGT TAC GTT CGC 130 [78]
RA2 TGG GGG TAG GAT TGT GGT TGG CTT TAATTG CTT TGG TGG T 394
rituximab RA3 GGG GGT GAG GAT TGT GGT TTG GCT TAT TGG TTT GCT GGT G 713 [201
RA4 TAT ACT GGG CCG TGC GTG ACT TTT CCG TGC TGC ATG AGA G 354
C595 25 base long GAA CTG AGGTGCTTTCCC AAAACCT 50 [12]
GGG AGA CAA GAA TAA ACG CTC AAG AAC TGA GGT GCT TTC
72 base long 667

CCA AAA CCT TTC GAC AGG AGG CTC ACA ACA GGC
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Rhesus (Rh) is one of the most common blood group systems, where two main groups are
distinguished: RhD-positive and RhD-negative. When RhD-negative persons are exposed to RhD-positive
blood, they produce anti-D IgG antibodies, causing delayed hemolytic transfusion reactions. As a
treatment, aptamers can be applied for blocking the anti-D allo-antibodies and RhD antigens combination.
Zhang and his co-workers selected aptamer candidates, for the Fab domain of the anti-D allo-antibodies,
while blocking the Fc domain with Protein A. To detect the efficiency of the aptamers hemagglutination
inhibition assay was performed, when anti-D antibodies were completely neutralized even by 50 pmol
of aptamer (Nos. 2 and 7 in Table 5) [18]. In contrast, when ssDNA aptamers were selected to the RhD
antigen, the optimal concentration for the anti-RhD-mediated RBC agglutination was 500 pmol [79].

Aptamers are promising tools also for the quantification and qualification of antibody-based
biopharmaticals. Highly selective, sensitive, accurate and high-throughput analysis was introduced for
bevacizumab detection, which is a humanized monoclonal antibody against vascular growth factor A to
treat several cancer types. However, the concentration of bevacizumab has to be carefully determined
to avoid side effects while preserving activity. For this purpose, a novel method was introduced by
Yamada et al. Anti-idiotype DNA aptamer was selected for the complementary determining region
(CDR) of the bevacizumab and was covalently immobilized to the microtiter plate. Bevacizumab from
plasma samples interacted with the aptamer and a HRP conjugated Protein A was used as tracer for the
colorimetric detection (ELAA—enzyme-linked aptamer assay). The dynamic range of the method is
5-500 ng/mL (34-3356 pM), which is comparable with the FDA approved ELISA process [78]. The same
aptamer was used in affinity purification-high temperature reversed phase liquid chromatography
(HP-RTLC) with fluorescence detection for bevacizumab determination from plasma samples from
patients with lung cancer. A sharp, single peak was detected within 10 min, when bevacizumab
was pre-extracted with anti-idiotype DNA aptamer-modified magnetic beads [80]. However, the
limit of detection was 0.15 pg/mL (1 nM), which is ca. 2 orders of magnitude higher than the ELAA
method (2.06 ng/mL (13.8 nM)). Another biopharmaceutically relevant antibody in cancer treatment,
rituximab—a chimeric monoclonal anti-CD20 antibody—was also the target of aptamer selections. Six
aptamer candidates (RA1-6), specific to the Fab domain of the antibody were selected, with dissociation
constant of 354-887 nM. Despite the lower affinity, the aptamers were able to detect conformational
changes of rituximab upon UV exposure, mechanical stress and storage at different temperatures.
Thus, RA2, RA3 and RA4 aptamers can be used as an orthogonal method to detect changes in the
antibody during operation and storage. Moreover, the aptamers showed high specificity in ELASA
(enzyme linked apta-sorbent assay) method, without cross-reactivity toward glycosylated Fc domain of
rituximab (Fc lyc), recombinantly expressed Fc/2 (Fc/2), adalimumab (adalim), bevacizumab (bevac)
and etanercept (etan) [20].

In a series of cases aptamers with higher binding affinity were found for the antigen-binding
sites of antibodies than that of the natural antigen, thereby they were able to displace the antigen
from the antibody binding sites in competitive ELISA method. A relevant example is the aptamer
selected against C595, an anti-MUCI IgG3 monoclonal antibody [12]. According to the molecular
model of C595, the antigen binding pocket is negatively charged due to three aspartate residues, which
seemed to be essential for the MUC-1 antigen docking based on electrostatic interactions with arginine.
In contrast, the binding of the aptamer was dominated by hydrophobic interactions and hydrogen
bonds through the basis of the nucleic acid strands, overcompensating the electrostatic repulsion of the
negatively charged phosphate backbone of the aptamer.

Several aptamers have been selected against autoantibodies (AABs) in an attempt to downregulate
the body’s immune response to its own tissues. These aptamers usually block the Fab domain of
the antibody, thereby inhibit the binding between the autoantibody and the target, such as proteins,
DNA or receptors. Aptamers were selected to detect Multiple Sclerosis (MS) [13,14], Systematic
Lupus Erythematosus (SLE) [81], Dilated Cardiomyopathy (DCM), Chagas’ Cardiomyopathy (ChCM),
Peripartum Cardiomyopathy (PPCM) [82-89], Extreme Insulin Resistance (type B) (T2DM) [90,91] and
Myastenia gravis (MG) [92-96] with high affinity (Kp ~ 1.2-75 nM) at an early stage of the diseases.
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Moreover, 2’-F-Py (2’-fluoro pyrimidine) and 2’-A-Py (2’-amino pyrimidine) bases were widely used
to increase the nuclease resistance of the aptamer. The aptamers targeting autoantibodies and their
binding properties were summarized in Table 6.

Table 6. Aptamers against different target autoantibodies, their chemical modification and Kp values.

Autoimmune Disease Target of Autoantibody Target of Aptamer Chemistry Kp (nM) Ref.
MS myelin basic protein (MBP) polyclonal anti-MBP 2-F-Py RNA 12 (23]
2’-F-Py RNA 3 [14]
monoclonal G6-9
SLE DNA Anti-DNA AAB RNA 2 [81]
DCM. ChCM. PPCM betal-adrenoceptor R1-ECII-AAB ssDNA NA [82,83]
. ! ssDNA, truncated NA [84,85]
G-protein coupled receptor GPCR-AAB SsDNA 7 NA [86-89]
human insulin receptor mouse monoclonal RNA 2 [90]
T2DM on lymphocytes antibody (MA20)
Y 4 Y 2/-A-Py RNA 30 [91]
2/-A-Py RNA 60 [92]
’
F- 9
MG acetylcholine receptor rat monoclonal antibody 2-F-Py RNA % %3]
(AChR) (mAb198) 2’-A-Py RNA, elongated at 3’ end 6 [94]
2/-F-Py RNA 30 [95]
2/-F-Py RNA, PEG at 5’ end 75 [95]
2’-A-Py RNA, truncated NA [96]

7 Aptamer, which was originally selected for thrombin (ARC 183 vs. BC 007).

Aptamers were also used to detect toxoplasmosis, which is an infection caused by a parasite,
through the antibodies (IgG and IgM) produced in response to the infection by selecting aptamers
recognizing their relevant paratopes (Table 7). A quantum dot-labeled dual aptamer-based biosensor
(Q-DAS) was developed by Luo and his coworkers for the detection of toxoplasma IgG antibodies in
an aptamer sandwich complex. TGA6 aptamer was immobilized on the surface of a plate to capture
the antitoxoplasma IgG, followed by a washing step and the introduction of the quantum dot-labeled
TGA7 aptamer to form a TGA6/toxoplasma IgG/TGA7-QD complex. The measured fluorescent signal
was linear within 0.5-500 IU, with an LOD of 0.1 IU. The steric crowding is a critical factor in the
IgG binding even on the planar surface and on the curved surface of the quantum dots as well,
therefore a five-base-pair-long oligo-T chain was added to reduce the steric hindrance. The Q-DAS
biosensor showed great specificity against cytomegalovirus antibody, syphilis antibody, rubella antibody,
antinuclear antibody, rheumatoid factor albumin, fibrinogen, IgE and IgM. The sensor was tested
to detect clinical serum samples, and the results were compared with the Sabin-Feldman DT assay
reference method, where 183 of 189 (95.9%) negative samples and 61 of 67 (91%) positive samples were
accurately reported, with 6.5 IU cut-off. Therefore, the Q-DAS biosensor is a promising candidate for
clinical toxoplasma detection at an early stage to reduce the spontaneous abortion, fetal death and birth
defects [15].

Table 7. Aptamers against antitoxoplasma, used in sandwich assay.

Target Name Sequence (5'-3") Kp (nM) Ref.

GGG AGC TCA GAATAA
ACG CTC AACGCATIT
TGA6 CGC AAC ACG GCT TGG NA
CAA CGT TCC TGG TTC
GAC ATG CGG CCC GGA TC

GGG AGCTCA GAATAA
ACG CTC AACGCATIT
TGA7 CGC AAC ATG ACT TCC NA
CAA CGTTCCTGG TTC
GAC ATG CGG CCC GGA TC

antitoxoplasma [15]
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6. IgE Detection with Aptamers

Immunoglobulin E plays an important role in allergic diseases and pathogenesis of other disorders.
Upon infection, IgE is produced as a response to an allergen, followed by antibody bonding to the FceR
receptors on the mast cells. Cross-linking of the bound IgE is occurred by the re-exposure of the allergen,
resulting the release of mediators, such as histamine, lipid mediators and cytokines [38]. Therefore,
blocking the interactions with Fc receptors may be used in the treatment of allergic responses while
the quantitative measurement of IgE in body fluids can be applied for diagnosis. Several aptamers
have been selected for the Fc region of the immunoglobulin E, however, the most frequently used two
sequences were published by Wiegand et al., as they were shown to have excellent Kp values, i.e. 30
and 10 nM, respectively (Table 8). Another selection strategy that approached this affintiy (average Kp
of 29 nM) was based on capillary electrophoresis as proposed by the Bowser group [9]. The binding of
the putative aptamers to the larger size IgE could be detected through the change in the electrophoretic
mobility with respect of free aptamers. The main advantage of this approach is that required only four
selection rounds and by that reduced the selection time from 4-6 weeks to 2—4 days. The selection
process could be further integrated by using micro free flow electrophoresis, which again ensured
aptamer selection in four days with low nM average dissociation constants for IgE, without target
immobilization, long incubation time and negative selection [10]. In terms of selection time reduction,
the performance of microfluidics is hard to be surpassed as the strict control in terms of temperature
and integrated PCR could reduce the overall duration of the process to 4 h with a similarly drastic
reduction of the reagent consumption. However, the dissociation constant of the selected IgE aptamer
(83.9 nM) was not as good as in selections made by classical SELEX and CE-SELEX [22]. A fully
microchip integrated version of the electrophoretic selection process by combining the bead-based
aptamer selection (bead-based PCR amplification) with gel electrophoresis was improved [23], resulted
in aptamers reaching a Kp value of 18 nM in only 3 selection rounds [24].

Table 8. The most widely used IgE selective aptamers.

Name Type Sequence (5'-3") Kp (nM) Ref.

GGG AGG ACG
AUG CGG GUG
IGE1.2 RNA UGA AUG GUG 30 7]

UUG UGA GG

GGG GCA CGT
TTA TCC GTC
D17.4 DNA CCT CCT AGT 10

GGCGTGCCCC

6.1. Aptamer-assisted Optical Detection of IQE

6.1.1. Colorimetric Methods

The most commonly used colorimetric methods for IgE detection are based on measuring
absorbance changes induced by enzyme or nanoparticle-based labels. Perhaps the simplest opportunity
is provided by the dot-blot assays using horseradish peroxidase as labels. In such assays, IgE is
generally spotted on nitrocellulose membrane and a biotinylated aptamer is used for selective IgE
recognition coupled with an HRP conjugate that catalysis the formation of a colored compound.
Relevant examples indicate that such assays can be accomplished in ca. 40 min with LODs in the lower
nanomolar range [97]. However, the conventional HRP label can be replaced by DNAzymes exhibiting
peroxidase activity that can be conveniently linked to the aptamer sequence, resulting in a bifunctional
probe, e.g., IgE aptamer and peroxidase-active hemin aptamer. This was implemented in a sandwich
assay by using a surface immobilized anti-IgE antibody and the bifunctional aptamer probe. To enhance
sensitivity asymmetric, isothermal amplification (HDA—Helicase Dependent Amplification) was
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used (Figure 5A). Upon amplification, hemin could bind to the hemin specific part of the bifunctional
aptamer that enabled the oxidation of the ABTS (2,2"-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid)) into green color, which could be monitored by a simple spectrophotometer down to 1 pM or
even by naked eye down to 10 pM [98]. A simpler but similar method based on DNAzymes was also
developed for solid phase enzyme-linked immunosorbent detection of IgE [99]. The aptamer and
G-quadruplex structured DNAzyme were immobilized on the surface of the wells. In the absence of
IgE, a hairpin structure involving the anti-IgE aptamer and a G-quadruplex structure from DNAzyme
were formed, therefore hemin was able to bind to the G-quadruplex structure to catalyze the HyO,
mediated oxidation of ABTS. However, when IgE was present, the formation of the G-quadruplex is
inhibited, and the absorbance reduced in an IgE concentration dependent manner (Figure 5B). This
approach was shown to be applicable in urine samples with LOD of 10.5 pM, without the need of
isothermal amplification or capture antibody.
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Figure 5. Sandwich assay based (A) and direct (B) colorimetric methods coupled with peroxidase
activity of DNAzymes [98,99].

A label-free homogeneous detection was introduced by Yoshida et al., with aptameric enzyme
subunit (AES), where the artificial enzyme subunit was constructed from two unmodified aptamers
(thrombin binding aptamer and IgE binding aptamer). In the absence of IgE, the two aptamers were
folded in a G-quartet structure, which by binding thrombin inhibited the clot formation of fibrinogen.
However, in the present of IgE, the G-quadruplex structure was destroyed resulting clot formation,
and the clotting time could be measured with an automated fibrometer [100,101].

In colorimetric detections, nanoparticles are also frequently used as reporting agents including
silver [102], gold [103,104] and carbon nanoparticles [105] and aptamer-labeled bacteriophages [106].
Aptamer-modified silver nanoparticles were used for rapid, visual IgE detection, where anti-human
IgE antibodies were spotted on solid support to capture IgE and form antibody/IgE/aptamer—-AgNP
complex. The signal was further enhanced by reductive silver deposition creating a pattern of dark
spots, which were localized and quantified by an array scanner. The method was able to detect IgE
down to ca. 20 ng/mL (105 pM) in a cost effective, easy-to-use manner [102].
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An interesting AuNP aggregation mechanism introduced by Wu et al. [103] is based on marked
conformational changes induced by the IgE binding to the AuNP confined aptamer strands. Generally,
the DNA-modified AuNPs are very stable in solution due to the electrostatic repulsion of their negatively
charged surfaces and this stabilizing effect persists even at high ionic strengths. In case of IgE aptamers,
however, a salt induced aggregation can readily occur due to intermolecular hybridization of the
AuNP modifying aptamer strands that was called hairpin aptamer sticky-end pairing effect by the
authors. Upon IgE binding, the change in the aptamer conformation prevents/disrupts this interparticle
hybridization event and as such the aggregation of the nanoparticles even at high concentrations. Since
the aggregated and non-aggregated forms of the aptamer-modified AuNPs have markedly different
colors, the method provides sensitive means for IgE detection down to ca. 20 pM LOD with wide
linear range (Figure 6A). An innovative alternative to this method used a short single-stranded DNA
non-covalently attached to the surface of AuNPs to protect them from aggregation, i.e., in the absence
of IgE the capture probes kept the stability of the particles [104]. An elongated aptamer probe was
designed such that the elongation was able to hybridize to the loop structure of the aptamer, creating a
pseudoknot aptamer. In the presence of IgE, the pseudoknot strand dehybridized from the loop region
of the aptamer and hybridized to the capture probe, leaving the surface of the AuNP unprotected, as
indicated by the aggregation of the gold nanoparticles (Figure 6B). The shift of the absorbance spectra
from red to blue depending of IgE concentration resulted in a 0.2 nM LOD.
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Figure 6. Gold nanoparticle-based colorimetric detection of IgE in solution phase [103,104]. The

>

aggregation of gold nanoparticles could be induced by the absence (A) or the presence (B) of IgE.

A lateral flow sandwich assay was developed for colorimetric determination of IgE using a
chemically-modified bacteriophage [106]. In vivo biotinylated peptide (AviTag) was fused to the tail
plII protein of M13 phage to link the biotinylated IgE aptamer through neutravidin. Additionally,
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the pVIII core protein was covalently modified with HRP to catalyze the oxidation of TMB
(3',3,5,5’-tetramethylbenzidine) for colorimetric detection. The lateral flow assay contained anti-IgE at the
test line, which ensured the selective recognition of IgE, whereas at the control line anti-M13 antibodies
were immobilized. With the modified bacteriophage a limit of detection, 0.68 pM was reached.

6.1.2. Surface Plasmon Resonance Based Detection

Most of the surface plasmon resonance measurements aimed at the determination of the binding
kinetics, affinity and selectivity of the IgE aptamers. One of the best studied IgE aptamers in this respect
is the D17.4 IgE aptamer (Table 8), introduced by Wiegand et al. [7]. The dissociation equilibrium
constant for the full length IgE protein shows at first sight a very high variation with values ranging
between 320 pM and 270 nM (Table 9). This variation reveals in fact how sensitive is the aptamer-target
interaction to the immobilization conditions, probe design and experimental conditions, i.e.., the
immobilized terminus of the aptamer, the length of the linker between the surface of the supporter
and the stem-loop structure, the surface chemistry and the surface density of the immobilized aptamer
are all factors that need to be considered. It seems that on average the dissociation equilibrium
coefficient of the IgE-aptamer complex is higher if the aptamer is immobilized to the surface through
the 5" end than the 3’ end. The published immobilization methods for this aptamer are very diverse
but conclude on the importance of a mixed layer for appropriately large spatial separation of the
aptamers. This was achieved for instance by co-immobilization of carboxyl capped and uncapped
polyethyleneglycol chains followed by EDC/NHS activation of the amino-labeled aptamers [107,108]
or by using streptavidin-biotin interaction with biotin-labeled aptamers [109,110]. In addition, direct
immobilization of the thiol-modified aptamers on the gold surface in a mixed monolayer with cysteamine
or thiol-modified alcohols can also be used, in one- or multi-step reactions [111-115]. The effect of
the solution composition that should generally approach the selection conditions and particularly the
Mg?* concentration has also enormous influence on the equilibrium dissociation constant. Wiegand
and his co-workers analyzed the D17.4 aptamer—full length IgE interaction in modified PBS buffer
(PBS adjusted with 1 mM MgCl,) [7], however in subsequent studies various other buffers were used,
e.g., tristhydroxyamino)-methane [107,110], HEPES [109,116] and PBS [111,113,114] without Mngr ions.
As indicated in Table 9, when Mg2+ have been added to the working buffer [108,112,115], the Kp
value was under 5 nM, while, in the absence of Mg2+, it was a few tens of nM. To understand the
kinetics also in terms of aptamer surface density a rapid and convenient assessment method based on a
single injection of hexamine-ruthenium (III) solution [115] was developed. The ruthenium complex in
appropriate conditions associates to the aptamer strands by electrostatic interaction fully compensating
their negative charge. Thus, the surface density of aptamers can be calculated from the amount of the
bound cationic complex and stoichiometry of the binding reaction. By this, the optimal conditions of the
heterogeneous aptamer—IgE interaction could be revealed and accurately quantified to avoid molecular
crowding within the sensing layer but preserve appropriate sensitivity.
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Table 9. Parameters of SPR measurements of D17.4 aptamer-IgE interaction.
Immobilization Sequence of DNA 8 Working Buffer Kp (nM) Ref.
EDC/NHS , T
T 5-GGG GCA CGT TTA TCC GTC CCT CCT AGT GGC GTG CCC C -Ty4-biotin-3 TGK 30.9 [110]
Streptavidin-biotin
EDC/NHS , e
e 5-GCG CGG GGCACG TTT ATC CGT CCC TCC TAG TGG CGT GCC CC GC GC-biotin-3 HBS NA [109]
Streptavidin-biotin
Au-S 5’-thiol-AAA AAA AAA AGG GGC ACG TTT ATC CGT CCC TCC TAG TGG CGT GCC CC-3’ PBS 74.6 [111]
EDC/NHS 5’- NH;-ethylene-glycol - GGG GCA CGT TTA TCC GTC CCT CCT AGT GGC GTG CCC C-3’ TGK 54.3 [107]
Thiol 5-GGG GCA CGT TTA TCC GTC CCT CCT AGT GGC GTG CCC CTT TTT TT-(CHj)e-SH-3’ PBS, 1 mM MgCl, 0.73 [112]
EDC/NHS , ’
- 5’-GGG GCA CGT TTA TCC GTC CCT CCT AGT GGC GTG CCC C-3 PBS, 1 mM MgCl, 4.7 [108]
(Immobilization of IgE)
EDC/NHS , o
AT 5-GGG GCA CGT TTA TCC GTC CCT C CTA GTG GCG TGC CC-T24-biotin-3 HBS-EP NA [116]
Streptavidin-biotin
Au-S 5-SH-AAA AAA AAA AAA AAA GGG GCA CGT TTA TCC GTC CCT CCT AGT GGC GTG CCC G-3’ PBS 4.55 [113]
Au-S 5’-SH-GGG GCA CGT TTA TCC GTC CCT CCT AGT GGC GTG CCC C-3’ PBS 270 [114]
Au-S 5-GGG GCA CGT TTA TCC GTC CCT CCT AGT GGC GTG CCC CTT TTT -(CHy)3-SH-3’ PBS, 1 mM MgCl, © 940i.312PBS) [115]

8 The bold letters indicate the original sequence, which was selected by Wiegand et al. [7].
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To enhance the sensitivity of the SPR measurements, nanoparticle-based (e.g., gold) amplification
methods have been most often applied with two main variation of the sandwich assay: (i) using
immobilized anti-IgE capture antibody and following the IgE binding by addition of the tracer
aptamer-modified gold nanoparticles (Figure 7A); and (ii) using an immobilized capture aptamer and
revealing the binding of IgE by anti-IgE-modified nanoparticles (Figure 7B). Using gold nanospheres
according to method (i) improved the limit of detection of the amplification-free SPR detection to
0.001 pug/mL (5.3 pM) [117]. However, Kim et al. compared the two different methods and found,
that using the aptamer/IgE/anti-IgE succesion (i) resulted in 10-fold improvement in the LOD (1 fM)
compared to the second methodology [113]. The limit of detection was further improved by replacing
the anti-IgE-modified gold nanospheres with gold nanorods (1 aM) due to the plasmonic coupling
between the nanorod and the gold film on the substrate [118].

Figure 7. Methods for signal enhancement with aptamer (A) or anti-IgE (B) modified gold nanoparticles
in SPR for IgE detection [113,117].

6.1.3. Fluorescent/Luminescent Methods

In general, fluorescence provides excellent sensitivity and LOD along with high-throughput
analysisusing microarray technology. Aptamer strands are typically immobilized onto the surface
of glass slides, e.g., the glass slide is modified with avidin followed by the immobilization of the
biotinylated aptamers [119] or the amino-modified aptamer are linked through glutaraldehyde to
amino-silanized surface [120]. The surface immobilization procedure and the proper binding buffer
selection could be determined by fluorescence [119] or using 32p radiolabeled aptamers [120]. A more
sophisticated method for signaling on glass support was reported based on the use of poly(di-acetylene)
(PDA) liposomes, which exhibit a colorimetric transition in response to a wide range of stimulations,
including ligand-receptor binding on its surface. Thus, after the surface of the liposomes were modified
with aptamers, the selective recognition of the IgE resulted in shear stress and consequently fluorescence
signal increase that could be further amplified by addition of polyclonal anti-IgE antibodies to reach an
LOD of 0.01 ng/mL (53 fM) (Figure 8A) [121]. This could be further improved by Li and his co-workers
using ultrasensitive metal enhancement fluorescence (MEF)-based detection of IgE with an LOD of 211
fM (Figure 8B) [122]. To this end, two sets of silver nanoparticles (AgNPs) were modified with a mixture
of three different nucleic acid strands, i.e., the aptamer, a fluorescent Cy3-labeled oligoA strand and
oligos that were complementary to each other on the two sets of AgNPs. The assay was carried out on an
anti-IgE-modified glass (through aldehyde coupling). After IgE binding to the immobilized antibody, the
nanoparticle aggregates, formed by the hybridization of the two complementary oligos, were attached
to the surface via the selective aptamer-IgE interaction. The MEF enhanced fluorescence resulted from
the the emission resonance of Cy3 molecules coupled to the broader localized surface plasmon (LSP) of
AgNP aggregates was detected using a fluorescence scanner. The method could be simplified to one set
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of nanoparticles and the signal enhancement could be achieved by catalytic silver deposition, however
at the expense of a lower sensitivity (Figure 8C) [123]. In all cases, the metal enhancement fluorescence
needed proper optimization of the distances between particles and fluorophores. In this respect, an
exceptionally wide linear range was achieved with a rigid structure-based MEF method, when silver
nanoparticles were modified with aptamer strand co-immobilized with an “indifferent” nucleic acid
strand of a specified length (Figure 8D). The complementary, fluorescent-labeled strand could hybridize
to the nanoparticle and a rigid duplex was provided, where the distance between the particle and the
fluorophore is well controlled [124].

Figure 8. Heterogeneous fluorescence and luminescence detection-based assays [121-126] using
colorimetric transition of liposomes (A), metal-enhanced fluorescent detection with hybrid probes (B),
silver nanostructures (C) and fluorescent probes (D), luminescent resonance energy transfer between
upconverting nanoparticles and carbon nanoparticles (E) and non-stripping gold nanoparticles (F).

Cheap, disposable, paper-based aptasensor was developed using luminescence resonance energy
transfer (LRET). Yb and, Er upconverting nanoparticles (UCNPs) modified with the IgE aptamer
served as energy donor in the immunoassay, whereas carbon nanoparticles (CNPs) served as energy
acceptors. In the absence of the IgE molecules, CNPs were held in the close proximity of the UCNP by
m—t stacking interaction between the bases of the nucleic acid strands and the CNPs. This resulted in a
quenching of the luminescence signal. However, in the presence of the IgE, the 7— stacking interaction
was disrupted that triggered the luminescence signal from the UCNP (Figure 8E) [125]. The analytical
performance parameters of the heterogeneous fluorescent assays are summarized in Table 10.

Table 10. Analytical parameters of heterogeneous fluorescent assays for IgE determination.

Linear Range LOD

Detection Principle (pm) (pM) Ref.

Aptamer-modified poly(di-acetylene) supramolecules (Figure 8A) 5.3-5260 0.53 [121]

Fluorescence enhancement by silver nanoparticle hybrid probes (Figure 8B) 2.6-5260 0.21 [122]

Metal-enhanced fluorescence with silver nanostructures (Figure 8C) 2.6-84 14 [123]

Metal-enhanced fluorescent probes based on silver nanoparticles (Figure 8D) 53-32,900 53 [124]

Paper-supported aptasensor base.d on lurnines.cence resonance energy transfer 2.6-420 NA [125]
using upconverting nanoparticles (Figure 8E)

Non-stripping gold nanoparticles triggered chemiluminescence (Figure 8F) 0.2-1000 0.05 [126]

Fluorescence quenching by graphene oxide 60-225 22 [127]
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Several homogenous light switching methods were developed as compiled in Table 11. Since there is
no need for the separation of bound and unbound fractions of the reporter molecule, the automatization
of the detection processes is typically simpler and the inherent properties of the nucleic acid aptamers
can be very effectivel y exploited. A relevant example is based on the use of a [Ru(phen),(dppz)]**
complex as indicator of the aptamer-IgE binding. The ruthenium complex is able to intercalate in
the double stranded region of the aptamer in the absence of IgE. However, in the presence of IgE, the
structure of the aptamer changes owing to the target-aptamer interaction, that triggers a luminescent
signal change [128]. Of note, the generality of this method is restricted by the necessity to have a
double stranded stem region in the aptamer structure that is “untied” upon target binding. This was
circumvented by using an internal modification of the aptamer with 2-aminopurine (2AP) nucleotide
analogs, where the fluorescence quantum yield depends on the base stacking interaction between 2AP
and its neighbors. Thus, if the aptamer undergoes a conformation transition upon target binding,
this can result in a fluorescent signal change. This strategy may provide quantitative and qualitative
information regarding of the nature of the binding without any additional nucleic acid strands [129].

A method with wide applicability was published by He et al. where a mixture of fluorescent-
and quencher-labeled nucleic acid strands were able to hybridize to IgE aptamers in the absence of
the target molecule bringing the labels in close proximity, which results in a very low fluorescence
backgorund signal. However, when the aptamer binds to IgE, the two probes are distanced to result in
an intense fluorescence signal allowing for ca. 57 pM LOD [130].

A 5 pM limit of detection was achieved with allostery-triggered enzymatic recycling amplification,
and the system was able to detect IgE with proper sensitivity, even in complex biological samples. The
universal strategy was investigated with endonuclease-based target-triggered signal amplification
with IgE aptamer. The highly complex sensing method ensured IgE determination in a wide dynamic
concentration range [131]. Another enzymatic method was developed based on a multicomponent
G-quadruplex and monopyrene-based system, where 95.4 fM LOD was achieved using the digestion
by S1 nuclease that differentiates between double stranded and single stranded DNA strands [132].

Fluorescence anisotropy-based methods have also been developed for IgE detection and optimized
in terms of the fluorescent label, length of the linker, ionic strength, concentration of divalent cations
and temperature. Gokulrangan et al. found that the type of the fluorophore influences more the
sensitivity of the assay through its local motion then the length its linker [133]. The proximity of the
fluorescent dye is especially important for the sensitivity of fluorescent anisotropy assays. When it was
in close proximity to the IgE molecule, much higher fluorescent polarization changes were observed,
which is due to the restricted local rotation of the dye upon target binding. However, the position
of modification has to be carefully selected, since the dye can also reduce the affinity of the aptamer
towards its target [134]. The anisotropy measurements also led to more information on the aptamer—IgE
binding in solution, apart from heterogeneous binding assays by SPR. The dissociation constant was
found to be similarly influenced by the buffer composition. When the NaCl concentration was increased
from 50 to 300 mM, a five-fold increase in the kp value was detected, which might be due to differences
in the loop conformation, essential for the IgE binding. Moreover, it was shown that the Fc domain is
positively charged, thereby the binding of the aptamer to IgE is partly based on electrostatic interaction
which is significantly influenced by the ionic strength [135]. Increasing the temperature resulted in
an apparent increase of the kp, since the conformational flexibility and the dye motion is in strong
correlation with the temperature [133,135].

A possibility to increase the signal-to-noise ratio of homogeneous fluorescence-based assays is
to minimalize the background signal corresponding for non-specific interaction by using antibody
induced quenching. To this end, the IgE aptamer was modified with FITC (fluorescein isothiocyanate)
in proximity to the target-binding pocket of the aptamer. In the absence of IgE, FITC-antibody could
bind to the dye and efficiently quench its fluorescence and prohibit the non-specific interaction of
proteins. In the presence of IgE, the aptamer binds to IgE by outcompeting the FITC-antibody and
inducing fluorescent emission. The method can be multiplexed using different fluorophores with
non-overlapping emission peaks, providing a robust, simple and high-throughput option [136].
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Table 11. Homogeneous fluorescence-based IgE assays.

Detection Principle Lme(?l&;l nge %p?v][)) Ref.

Molecular Light Switch Complex 100-800 100 [128]

Fluorescence enhancement using a DNA aptamer 92-37,000 57 [130]

Amplification through allostery-triggered enzymatic recycling amplification NA 5 [131]

Fluorescent ohgor.mcleohde probe bﬁsed on G.-quadruplex scaffold for 479-7560 0.095 [132]

signal-on ultrasensitive protein assay

Fluorescence anisotropy 1000-60,000 350 [133]

Fluorescence anisotropy assay NA 20 [134]

Fluorescence protection assay 100-50,000 100 [136]

Aptamer—barcodg-baged assay based on instantaneous derivatization 4.88-20,000 46 [137]
chemiluminescence coupled to magnetic beads

Competitive fluorescence quenching assay 350-35,000 170 [138]

Rapid fluorescence detection of immunoglobulin E using an aptamer switch NA 1600 [139]

based on a binding-induced pyrene excimer
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6.1.4. Electrochemiluminescence (ECL) Assays

A label-free, switching-off type electrochemiluminescence biosensor was developed for sensitive
detection of IgE. Petal-like CdS nanoparticles were deposited on the chitosan coated glassy carbon
electrode, followed by a secondary layer of chitosan and gold nanoparticle deposition to enhance
and ensure stable ECL signal, owing to the high ECL efficiency of the semi-conductor particles,
good conductivity and the large electroactive surface as well as aptamer loading capacity of the gold
nanoparticles. IgE aptamer was absorbed on the surface of the AuNPs to ensure the selective detection
of IgE. When the target molecule is introduced, the ECL signal was highly suppressed, due to the
inhibited diffusion of the ECL co-reactant toward the sensor surface. The achieved limit of detection
was 80 fM and the label-free method was able to measure IgE concentration in human serumdown
to 1 pM concentration [140]. A competitive, turn-on type sensor has also been developed based on
enzyme induced biocatalytic precipitation (BCP). A complementary strand of the IgE aptamer was
immobilized on the electrode surface (CdSe/ZnS quantum dots (QDs) functionalized MoS,), while the
aptamer along with HRP was attached to gold nanoparticles. In the absence of IgE, the nanoparticles
by hybridization of the aptamer and the complementary strand attached to the electrode surface
and the HRP catalyzed precipitation formation blocked the electrode surface and suppressed the
ECL signal. However, the presence of IgE in the sample reduced the amount of surface bond gold
nanoparticles by competition, i.e., the IgE-bound aptamers could not hybridize to the surface confined
probe. This results in the reduction of the amount of precipitate formed at the electrode surface in an
IgE concentration dependent manner. The process however overall leads to an increase in the ECL
signal and this concept could be used to detect IgE in human serum at as low as 2 pM level, with an
LOD of 180 fM in buffer solution [141].

6.2. Electrochemical Detection of IgE

Electrochemical sensors by their easy miniaturization, simple and rapid detection of IgE are
ideal candidates for the fabrication of PoC devices. The simplest and most cost-effective approaches
are probably based on potentiometric transduction that are especially advantageous if realized on
paper-based platform. In this respect, a potentiometric dot blot assay was proposed that is based on
using the catalytic activity of gold nanoparticle-IgE aptamer conjugates (Figure 9A). Such nanoparticles
catalyze the silver deposition on the IgE spots in a concentration dependent manner. The silver ions
released by oxidative dissolution with H,O, were measured with a silver ion-selective electrode that
allowed subsequent quantitation of the IgE [142].

Amperometric measurements coupled with nanoparticle techniques have also been used to detect
IgE with pyrroquinoline quinone glucose dehydrogenase (PQQGDH)-labeled aptamer strands. If an
assay uses a labeled aptamer for the detection of the target molecule, the bound and unbound aptamers
have to be distinguished, to eliminate false positive signals. Therefore, Fukasawa et al. developed
a nanoparticle-based bound/free separation system, where complementary strands of the aptamer
were immobilized on NeutrAvidin beads. In the absence of the IgE, the PQQGDH-modified aptamers
could bind to its complementary strands on the beads, thereby no current change could be measured.
However, in the presence of IgE, a stable aptamer-IgE complex was formed, since the stability of the
aptamer—protein complex is higher than that of the aptamer—-cDNA complex. While the unbound
aptamer strands were trapped, the IgE—aptamer complexes were measured on the surface of a thin
gold wire electrode based on the activity of the PQQGDH enzyme in the glucose containing buffer
(Figure 9B) [143]. Although the LOD is relatively high (1 nM), the described method offers an appealing
strategy to separate bound and unbound forms of a target.

One of the main benefits of electrochemical methods is the label-free transduction mechanisms.
A relevant example is the use of polyaniline (PANI) nanowires covalently modified with aptamers
for label-free, real-time, sensitive IgE detection based on relative conductance changes upon IgE
binding. In the presence of IgE the conductance was increased, because the negatively charged IgE
was specifically accumulated on the surface of the p-type nanowire blocked previously with BSA,
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a compulsory step to ensure applicability. However, the variation of the signal response was very
considerable [144], which might be due to the uncertainty of the covalent modification of the nanowire
with aptamer and also the complexity of the sensing mechanism. The reproducibility of the approach
was improved when polypyrrole nanowires were grown to incorporate the aptamers in one step. With
the described method, the batch-to-batch variation of the sensors was significantly reduced along with
benefits in terms of a faster response (~20 s) and LOD (10 pM) [145].

Electrochemical impedance spectroscopy (EIS) also ensures label-free detection of IgE. Generally,
the charge transfer resistance is measured, which scales with the bound protein, particularly IgE,
to the aptamers confined at the electrode surface. The electrodes can be prepared conveniently by
photolithography in the form of arrays, as shown by Xu et al. It was found, that in the case of EIS
detection, the aptamers have genuine advantage over antibodies in terms of lowered background noise,
minimal non-specific adsorption and larger relative signal (Figure 9C) [146]. Since the immobilization
can influence the specific 3D structure of the aptamer, a DNA directed capture method was introduced
to circumvent this problem. In the relevant proof of concept study, instead of directly immobilizing the
aptamer onto the electrode surface, a complementary DNA to an elongated aptamer is immobilized,
i.e.,, complementary to the terminal elongation of the aptamer so that the hybridization does not affect
the IgE binding capability of the aptamer. For IgE measurements, the aptamer was then reacted with
IgE in solution phase and the complex was captured by the complementary DNA (Figure 9D) [147].
In this detection method, steric hindrance should be largely avoided; moreover, after regeneration
the same microfabricated array can be used for different target proteins, with the elongation of the
respective aptamer strands coding the target protein. Contrary to the detections based on charge
transfer resistance changes in the case of nanocrystalline diamond (NCD) electrodes, the binding of
IgE to surface confined aptamers could be transduced via changes in the superficial capacity. With
this approach, a ca. 3 orders of magnitude dynamic range and an LOD of 0.03 ng/mL (158 pM) was
obtained. In addition, the sensor was highly selective for IgE even in the presence of large amount of
IgG background and in human serum [148].

Another type of electrochemical label-free methodology based on chemically-modified nanopores
that could reach single molecule detection capability was introduced by the group of Gu. For this purpose,
glass nanopores of ca. 60 nm were modified with aptamer strands that in case of nanoconfinements
have clear advantages over antibodies in terms of their small size [149]. Measuring the ion current
through the nanopore in an electrolyte solution showed clear blockade events upon IgE binding. As the
ca. 11-nm-diameter protein molecule bound to the aptamer-modified inner wall of the nanopore, a
volume equivalent of highly conductive electrolyte from the pore was excluded, resulting in a resistance
increase and consequently transport current decrease. Due to the strong binding strength of IgE-aptamer
complexes, each IgE molecule binding could be detected as a stepwise decrease in the registered current
(Figure 9E). The step heights however continuously decreased as the number of bound IgEs in the
nanopore increased owing to the smaller relative resistance change. While single molecule detection is
paradoxically not always associated with very low LODs, which is a statistical quantity [150], the method
could be used for quantitative determinations based on the average time elapsed between the steps
(at higher concentrations the duration between the steps is shorter) down to ca. 1 pM. However, the
pre-filtration of the sample is required, since clogging can occur during measurement of complex samples.
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Figure 9. Potentiometric (A) [142]; amperometric (B) [143]; array-based impedimetric (C,D) [146,147];
and nanopore-based (E) [149] detection schemes of IgE based on the use of D17.4 IgE aptamer.

Voltammetric measurements have widely been used for IgE by coupling with (bio)catalytic or
redox labels in sandwich assays. Papamichael and coworkers developed an alkaline phosphatase
enzyme (ALP)-based sandwich assay, where the antigen of IgE was immobilized onto an electrode
surface followed by the binding of IgE, which enabled capping with the biotin-modified aptamer.
Extravidin-alkaline phosphatase conjugate was further reacted with biotinylated aptamer, and then
the IgE was quantified by enzyme hydrolyzed p-aminophenyl phosphate (p-APP) conversion to
p-aminophenyl (p-AP), an electrochemically active product detected by differential pulse voltammetry
(DPV) at the underlying electrode surface (Figure 10A) [151]. Similar sandwich assays were established
by replacing the IgE antigen with a capture anti-IgE antibody. In this particular case, ascorbic acid
2-phosphate was used as a substrate hydrolyzed by ALP to ascorbic acid. In an attempt to increase
the sensitivity, instead of detecting the ascorbic acid directly, its reducing properties were used to
deposit metal silver from Ag™ on the electrode surface detected by stripping voltammetry (Figure 10B).
The amount of the accumulated silver scaled with the IgE concentration down to an LOD of 20 pM [152].
The versatility of these type of assays is demonstrated by the possibility to modify the electrode
through gold nanoparticles with the aptamer and using ALP-labeled anti-IgE antibody as tracer
(Figure 10C). The nanoparticle-modified electrode setup proved to have several advantages over the
more conventional approaches and ultimately led to an LOD of 5 fM [153].

An interesting example of using a self-reporting format that is apart from the majority of
voltammetric methods that use a tracer affinity reagent was introduced by Li et al. An aptamer is used
that is linked through a thiol label to a gold electrode while the other terminus is modified with an ALP.
In the absence of IgE, the ALP converts 1-naphthyl phosphate (1-NP) to the electroactive naphthol,
which is oxidized on the electrode surface. Interestingly, the IgE binding “buries” the enzyme and as
such its catalytic activity is suppressed in an IgE concentration-dependent manner. Surprisingly, this
relatively simple assay construct led to a remarkably good LOD of 22.7 fM [154].

Such self-reporting approaches, in which the conformational switch of the aptamer triggers a
signal, are more common using redox labels (most often methylene blue (MB)) that are approached or
distanced from the electrode surface upon the selective target binding and as such turn-on or turn-off
the current, respectively [155]. Apparently, the native IgE aptamer is not a good candidate for such
an approach, as merely 2.5% current change was detected upon IgE binding despite the large size of
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the protein [156]. Thereby re-engineering of the aptamer was required by the destabilization of the
hairpin structure (Figure 10D) [157] or by the elongation of the DNA producing a pseudoknot aptamer
probe (Figure 10E) [158]. A ca. 20% change in the current was measured by square wave voltammetry
(SWV), when destabilization of the stem region was carried out with substituting a G to T at position
30 with only a slight worsening of the equilibrium dissociation constant of IgE-modified aptamer
complex with respect of the original sequence [157]. The pseudoknot-type aptamer probe led to even
better results and reached an LOD of 60 pM. The specific aptamer contained a two-stem-loop structure,
where a domain of the loop is hybridized to form the stem domain of the other and the two ends of
the aptamer were modified with thiol and methylene blue for immobilization and electrochemical
detection, respectively. In the absence of IgE, the rigid pseudoknot structure was stable, holding the
redox label far from the electrode surface. However, in the presence of IgE, the rigid structure was
opened, and the methylene blue was brought into close proximity of the electrode surface to allow
direct electron transfer, which was measured by SWV. Moreover, the sensor was able to measure IgE
concentration in human serum, as well [158].

It is not required to chemically modify the aptamer with the methylene blue for electrochemical
detection, since this cationic dye can bind to the G-rich sequence of the aptamer. This property of
MB was used in a sandwich assay-based method, in which the anti-IgE-captured IgEs were capped
with aptamer-modified gold nanoparticles. The high probe density on the gold nanoparticles led to an
accumulation of the added MB that could be detected by DPV (Figure 10F). Obviously, an antibody
is required as a capture probe to eliminate the background signal (MB is not able to bind to proteins).
This approach claims an LOD of 0.52 ng/mL (2.7 pM) and a large dynamic range (1-10,000 ng/mL
(5.3 pM-52.6 nM)) [159]. In contrast with the previous method, direct electrochemical detection could
also be used, when aptamers were immobilized on carbon nanotube, ionic liquid and chitosan-modified
electrode. The methylene blue was interacted with the guanine bases in the absence of the IgE producing
a well-defined DPV peak. In the presence of IgE, the MB was released and the peak current was
dropped. A 37 pM LOD was achieved, and the sensor was capable to detect IgE selectively even in
human serum [160]. A similar “signal-oft” method was used, when aptamers were immobilized on
gold nanoparticles deposited on the electrode. In the absence on IgE, a long complementary DNA
strand could hybridize to the aptamer where MB could incorporate into the G-rich regions detectable
by SWV. In the presence of IgE, the cDNA was not able to hybridize to the aptamer strand, thereby the
peak current was decreased. The sensor enabled to measure IgE from 1 pM to 100 nM with 0.16 pM
LOD [161].

Streptavidin functionalized and AgNP decorated graphene was used as a redox labeling in square
wave anodic stripping voltammetry measurements. A sandwich immunoassay was built up for
selective and sensitive detection of IgE with 3.6 ng/mL (19 pM) LOD.

On gold-coated screen-printed electrodes, thiol-modified aptamer strands were immobilized
along with mercaptohexanol. Upon IgE binding, biotin-labeled anti-IgE antibody was able to hybridize
followed by the binding of streptavidin-modified and AgNP-loaded graphene sheet. The signal
amplification was ensured by the high loading capacity of AgNP on the graphene allowing the SWAV
measurements of Ag* [162].

The development of an antifouling sensing interface to allow for ultrasensitive and specific detection
with voltammetry received also attention. Macroporous gold surface was prepared byelectrochemical
gold deposition on multilayer polystyrene nanospheres followed by the removal of the nanospheres.
Thiol-labeled aptamers and zwitterionic peptides were immobilized to prevent non-specific adsorption
owing to its hydrophobicity, neutral charge and a well-defined secondary structure, which ensures
closely packed monolayer. IgE prevents the electron transfer between the [Fe(CN)g]>*~ and the
electrode, thereby the peak current in DPV was significantly dropped and 42 fg/mL (0.22 fM) detection
limit was achievable [163]. The macroporous gold could be changed with poly (m-aminobenzoic acid)
(PABA) electrochemical deposited on the electrode surface followed by immobilization of the aptamer
and the zwitterionic peptide [164].
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Figure 10. Voltammetric measurements, including: ALP activity in sandwich assays ((A) [151]; (B) [152];
and (C) [153]); conformational switching aptamers ((D) [157]; and (E) [158]); and methylene blue
accumulation in the G-rich domain of the aptamer ((F) [159]).

6.3. Electrophoretic Methods for IgE Detection

Given the large mass change upon binding IgE, capillary electrophoresis-based separation of the
aptamer-IgE complex from free aptamers is readily possible. Moreover, the use of fluorescent-labeled
aptamers made the detection by laser-induced fluorescence (CE-LIF) especially convenient. Such
separations and detections can be carried out in ca. 1 min, with two well separated peaks corresponding
to the free and IgE bound forms of fluorescent-labeled aptamer that enabled their quantitfication with
five orders of magnitude dynamic range and 46 pM LOD [165]. Aspects to consider in CE-LIF are
the use of appropriate labels that does not interfere with the target binding, which can be ensured
by choosing an appropiate linker between the aptamer strand and the fluorophore or by changing
the the position of the label. Clearly, the complex formation and the stability during separation is
influenced by the buffer composition and the best sensitivity in complex detection was observed at
the shortest separation time, although the increase of the electric field could cause the dissociation
of the aptamer-target complex [166]. To enhance the binding affinity between the aptamer and the
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target molecule, a polyT extension on the 5’ end can be applied to gain well-isolated peak for the
aptamer-IgE complex in CE-LIF with higher intensity at the same concentrations compared to the
original method [167]. Alternative detection methods include chemiluminescence [168] or PCR [169]
involving additional reagents after the separation was performed, thus less convenient than the
fluorescence-based detection, but higher sensitivities while still low overall analysis times was offered,
e.g., in the case of chemiluminescence detection with an analysis time of 5 min, an LOD in the fM range
was achieved [168].

Microfluidic CE devices have also been fabricated since they have several advantages over
conventional CE including reduced reagent necessity, minimized cost and analysis time, thereby
they show excellent prospects for aptamer-based protein detection coupled with electrophoresis.
Wide range of microfluidic devices were used including gel-shift detection platform incorporating
competitive inhibition strategy [170], DNA mobility shift assay [171] and frontal analysis [172]. Since
the aptamer-IgE complex is difficult to measure with conventional methods—due the slow migration
of the complex—free flow electrophoresis (FFE) was applied with fast measurements and accurate
results [173,174], i.e., in FFE, the sample is progressed by pressure driven flow and the electrical field
applied perpendicularly to the direction of the flow only deviates the various components based on
their mass/charge ratio from their linear trajectory. Perhaps, the best analytical performance has been
achieved with a homogeneous mobility shift assay employing a complex amplification mechanism.
The relatively low affinity of aptamer-IgE complexes that could lead to their dissociation during
separation was circumvented by continuous sample injection to shift the equilibrium towards complex
formation coupled with an electrokinetic concentration for a continuous signal amplification and to
minimize band dispersion by self-focusing. The lab-on-chip device was able to detect 4.4 and 39 pM
IgE in buffer and 10% serum, respectively [175].

7. Conclusions and Outlook

In this review, the current state of the art in immunoglobulin specific aptamer-based biosensors is
compiled. The main uses of the aptamers selected for immunoglobulins are very broad and include:
(i) affinity purification; (ii) reporting molecules replacing secondary antibodies; and (iii) selective
capturing or detecting reagents. In terms of affinity purification, their high, but easily controllable,
affinity makes them suited for the purification of antibodies under mild conditions to preserve the
activity of the antibodies.

This compilation shows a clear dominance of the aptamer-based detection of IgE as compared
with other immunoglobulin targets. This is by far not justified by the diagnostic importance of IgE as
compared with other immunoglobulins, but, given the excellent affinity and selectivity of IgE aptamers,
by their use as a convenient model to develop new detection concepts and analytical platforms. Many
of these detection concepts exploit the intrinsic properties of the nucleic acid aptamers that show
appealing advantages and versatility compared to antibody-based reagents and as such they might
provide a useful snapshot on the general possibilities in this field. Particularly, the amenability of
aptamer reagents for PCR amplification and their negative charge opened new detection routes hardly
possible by conventional immunoassays. While aptamers in the present report routinely enabled
subnanomolar LODs, the innovative use of their properties led to LODs in the fM range.

Despite all their claimed advantages, the use of aptamers as diagnostic reagents for antibody
determinations still strikingly lags behind that of the conventionally used reagents. Presently, the
standard diagnostic methodologies targeting immunoglobulin biomarkers are largely based on
antibodies. Thus, infection-generated IgG and IgM are detected from serum and plasma samples
by sandwich ELISA or lateral flow immunoassays; the detection of the extraordinary IgG antibody
expression caused by cancer and autoimmune disease is determined by sandwich immunoassays [176];
and conventional determinations of IgE also employ antibody-based sandwich ELISA, RAST (Radio
Allergo-Sorbent Test in serum) or immunoblot tests [51].
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Indeed, aptamers, beside their many advantages, also have some drawbacks starting from the
inherently probabilistic nature of the selection processes, which cannot guarantee that sufficiently high
affinity aptamers, fully lacking of cross-reactivity to coexistent species in complex sample matrices,
such as whole blood, serum, saliva, etc., can be delivered. The large negative charge density and lack
of hydrophobic moieties in the case of natural nucleic acid aptamers are also rather prohibitive in
recognizing either negatively charged or hydrophobic immunoglobulin epitopes. In terms of integration
in sensor platforms, as their structure is more flexible and as such susceptible to environmental
conditions (pH, ionic strength, degradation by nucleases), the immobilization, chemical modification
and the medium in which the assay is performed need more consideration than in the case of
antibody-based reagents.

However, the advances in the field have largely addressed these drawbacks. Most importantly, the
implementation of non-natural nucleic acids diversified the range of non-covalent interactions, increased
the success rate of the selection (making it also less dependent on the target) and provided nuclease
resistance. The IgA aptamer presented is a relevant example in this respect. The counter-selection
emerged also as a powerful tool to custom adjust the selectivity of the aptamers for the application, by
removing those sequences that bind to critical interferences and matrix components.

Overall, the number of methodologies for selection, control and screening seems up to the
challenge of generating aptamer-based diagnostic reagents for antibodies, admittedly at the expense
of a more complex and costly selection process. However, this is perhaps a small price to pay given
the benefits in terms of their chemical synthesis (solely based on the knowledge of the nt sequence),
accordingly batch-to-batch consistency, excellent temperature and biochemical stability ideal for
integration in long shelf-live cartridges, and the overall versatility of nucleic acid chemistry in terms of
controlled labeling.

Author Contributions: Writing—Original Draft Preparation, Z.B.; Writing, R.E.G.; Review and Editing, Z.B. and
R.E.G.; Supervision R.E.G. All authors have read and agreed to the published version of the manuscript.

Funding: The research reported in this paper was supported by the BME Nanotechnology and Materials Science
TKP2020 IE grant of NKFIH Hungary (BME IE-NAT TKP2020).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ellington, A.D.; Szostak, ].W. In vitro selection of RNA molecules that bind specific ligands. Nature 1990, 346,
818-822. [CrossRef] [PubMed]

2. Tuerk, C.; Gold, L. Systematic evolution of ligands by exponential enrichment: RNA ligands to bacteriophage
T4 DNA polymerase. Science 1990, 249, 505-510. [CrossRef] [PubMed]

3. Jenison, R; Gill, S.; Pardi, A.; Polisky, B. High-resolution molecular discrimination by RNA. Science 1994, 263,
1425-1429. [CrossRef] [PubMed]

4. Tolnai, Z.].; Andras, J.; Szeitner, Z.; Percze, K.; Simon, L.E; Gyurcsanyi, R.E.; Meszaros, T. Spiegelmer-Based
Sandwich Assay for Cardiac Troponin I Detection. Int. J. Mol. Sci. 2020, 21, 4963. [CrossRef]

5. Ma, J.; Wang, M.; Mao, A.; Zeng, ].; Liu, Y.; Wang, X.; Ma, J.; Tian, Y.; Ma, N.; Yang, N.; et al. Target
replacement strategy for selection of DNA aptamers against the Fc region of mouse IgG. Genet. Mol. Res.
2013, 12, 1399-1410. [CrossRef]

6. Yoshida, Y.; Sakai, N.; Masuda, H.; Furuichi, M.; Nishikawa, F.; Nishikawa, S.; Mizuno, H.; Waga, I. Rabbit
antibody detection with RNA aptamers. Anal. Biochem. 2008, 375, 217-222. [CrossRef]

7. Wiegand, T.W.; Williams, P.B.; Dreskin, S.C.; Jouvin, M.H.; Kinet, ].P; Tasset, D. High-affinity oligonucleotide
ligands to human IgE inhibit binding to Fc epsilon receptor I. J. Immunol. 1996, 157, 221-230.

8. Mendonsa, S.D.; Bowser, M.T. In Vitro Evolution of Functional DNA Using Capillary Electrophoresis. J. Am.
Chem. Soc. 2004, 126, 20-21. [CrossRef]

9.  Mendonsa, S.D.; Bowser, M.T. In Vitro Selection of High-Affinity DNA Ligands for Human IgE Using
Capillary Electrophoresis. Anal. Chem. 2004, 76, 5387-5392. [CrossRef]

10. Jing, M.; Bowser, M.T. Isolation of DNA aptamers using micro free flow electrophoresis. Lab Chip 2011, 11,
3703-3709. [CrossRef]


http://dx.doi.org/10.1038/346818a0
http://www.ncbi.nlm.nih.gov/pubmed/1697402
http://dx.doi.org/10.1126/science.2200121
http://www.ncbi.nlm.nih.gov/pubmed/2200121
http://dx.doi.org/10.1126/science.7510417
http://www.ncbi.nlm.nih.gov/pubmed/7510417
http://dx.doi.org/10.3390/ijms21144963
http://dx.doi.org/10.4238/2013.April.25.11
http://dx.doi.org/10.1016/j.ab.2008.01.005
http://dx.doi.org/10.1021/ja037832s
http://dx.doi.org/10.1021/ac049857v
http://dx.doi.org/10.1039/c1lc20461k

Int. J. Mol. Sci. 2020, 21, 5748 33 of 40

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Liao, S.; Liu, Y.; Zeng, J.; Li, X,; Shao, N.; Mao, A.; Wang, L.; Ma, ].; Cen, H.; Wang, Y.; et al. Aptamer-Based
Sensitive Detection of Target Molecules via RT-PCR Signal Amplification. Bioconj. Chem. 2010, 21, 2183-2189.
[CrossRef]

Missailidis, S.; Thomaidou, D.; Borbas, K.E.; Price, M.R. Selection of aptamers with high affinity and high
specificity against C595, an anti-MUC1 IgG3 monoclonal antibody, for antibody targeting. J. Immunol. Methods
2005, 296, 45-62. [CrossRef]

Vorobjeva, M.A.; Krasitskaya, V.V.; Fokina, A.A.; Timoshenko, V.V.; Nevinsky, G.A.; Venyaminova, A.G.;
Frank, L.A. RNA Aptamer against Autoantibodies Associated with Multiple Sclerosis and Bioluminescent
Detection Probe on Its Basis. Anal. Chem. 2014, 86, 2590-2594. [CrossRef] [PubMed]

Krasitskaya, V.V,; Chaukina, V.V,; Abroskina, M.V,; Vorobyeva, M.A.; Ilminskaya, A.A.; Kabilov, M.;
Prokopenko, S.V.; Nevinsky, G.A.; Venyaminova, A.G.; Frank, L.A. Bioluminescent aptamer-based sandwich-type
assay of anti-myelin basic protein autoantibodies associated with multiple sclerosis. Anal. Chim. Acta 2019, 1064,
112-118. [CrossRef] [PubMed]

Luo, Y,; Liu, X,; Jiang, T,; Liao, P.; Fu, W. Dual-Aptamer-Based Biosensing of Toxoplasma Antibody. Anal. Chem.
2013, 85, 8354-8360. [CrossRef]

Minagawa, H.; Shimizu, A.; Kataoka, Y.; Kuwahara, M.; Kato, S.; Horii, K.; Shiratori, I.; Waga, I. Fluorescence
Polarization-Based Rapid Detection System for Salivary Biomarkers Using Modified DNA Aptamers
Containing Base-Appended Bases. Anal. Chem. 2019, 92, 1780-1787. [CrossRef] [PubMed]

Miyakawa, S.; Nomura, Y.; Sakamoto, T.; Yamaguchi, Y.; Kato, K.; Yamazaki, S.; Nakamura, Y. Structural and
molecular basis for hyperspecificity of RNA aptamer to human immunoglobulin G. RNA 2008, 14, 1154-1163.
[CrossRef]

Zhang, Y.; Wu, F; Wang, M.; Zhuang, N.; Zhou, H.; Xu, H. Single-stranded DNA aptamer targeting and
neutralization of anti-D alloantibody: A potential therapeutic strategy for haemolytic diseases caused by
Rhesus alloantibody. Blood Transfus. Trasfus. Sangue 2016, 16, 184-192.

Muharemagic, D.; Labib, M.; Ghobadloo, S.M.; Zamay, A.; Bell, ].C.; Berezovski, M.V. Anti-Fab Aptamers for
Shielding Virus from Neutralizing Antibodies. J. Am. Chem. Soc. 2012, 134, 17168-17177. [CrossRef]
Wildner, S.; Huber, S.; Regl, C.; Huber, C.G.; Lohrig, U.; Gadermaier, G. Aptamers as quality control tool for
production, storage and biosimilarity of the anti-CD20 biopharmaceutical rituximab. Sci. Rep. 2019, 9, 1-14.
[CrossRef]

Olsen, T.R.; Tapia-Alveal, C.; Yang, K.-A.; Zhang, X.; Pereira, L.J.; Farmakidis, N.; Pei, R.; Stojanovic, M.N.;
Lin, Q. Integrated Microfluidic Selex Using Free Solution Electrokinetics. ]. Electrochem. Soc. 2017, 164,
B3122-B3129. [CrossRef] [PubMed]

Hilton, J.P; Olsen, T.; Kim, J.; Zhu, J.; Nguyen, T.; Barbu, M.; Pei, R.; Stojanovic, M.; Lin, Q. Isolation of
thermally sensitive protein-binding oligonucleotides on a microchip. Microfluid. Nanofluid. 2015, 19, 795-804.
[CrossRef] [PubMed]

Kim, J.; Hilton, J.P; Yang, K.-A; Pei, R.; Stojanovic, M.; Lin, Q. Nucleic Acid Isolation and Enrichment on a
Microchip. Sens. Actuators A Phys. 2013, 195, 183-190. [CrossRef] [PubMed]

Kim, J.; Olsen, T.R.; Zhu, J.; Hilton, J.P,; Yang, K.-A; Pei, R.; Stojanovic, M.N.; Lin, Q. Integrated Microfluidic
Isolation of Aptamers Using Electrophoretic Oligonucleotide Manipulation. Sci. Rep. 2016, 6, 26139. [CrossRef]
[PubMed]

Tang, Z.; Shangguan, D.; Wang, K.; Shi, H.; Sefah, K.; Mallikratchy, P.; Chen, H-W.; Li, A.Y.; Tan, W. Selection of
Aptamers for Molecular Recognition and Characterization of Cancer Cells. Anal. Chem. 2007, 79, 4900-4907.
[CrossRef] [PubMed]

Zumrut, H.E.; Ara, M.N.; Fraile, M.; Maio, G.; Mallikaratchy, P. Ligand-Guided Selection of Target-Specific
Aptamers: A Screening Technology for Identifying Specific Aptamers Against Cell-Surface Proteins.
Nucleic Acid Ther. 2016, 26, 190-198. [CrossRef]

Kluimann, S.; Nolte, A.; Bald, R.; Erdmann, V.A ; Fiirste, ].P. Mirror-image RNA that binds D-adenosine.
Nat. Biotechnol. 1996, 14, 1112-1115. [CrossRef]

Gold, A.; Ayers, D.; Bertino, J.; Bock, C.; Bock, A.; Brody, E.; Carter, J.; Cunningham, V.; Dalby, A.; Eaton, B.;
et al. Aptamer-based multiplexed proteomic technology for biomarker discovery. PLoS ONE 2010, 5, e15004.
[CrossRef]

Somasunderam, A.; Ferguson, M.R.; Rojo, D.R.; Thiviyanathan, V.; Li, X.; O’Brien, W.A.; Gorenstein, D.G.
Combinatorial Selection, Inhibition, and Antiviral Activity of DNA Thioaptamers Targeting the RNase H
Domain of HIV-1 Reverse Transcriptase. Biochemistry 2005, 44, 10388-10395. [CrossRef]


http://dx.doi.org/10.1021/bc100032v
http://dx.doi.org/10.1016/j.jim.2004.10.011
http://dx.doi.org/10.1021/ac4037894
http://www.ncbi.nlm.nih.gov/pubmed/24512542
http://dx.doi.org/10.1016/j.aca.2019.03.015
http://www.ncbi.nlm.nih.gov/pubmed/30982509
http://dx.doi.org/10.1021/ac401755s
http://dx.doi.org/10.1021/acs.analchem.9b03450
http://www.ncbi.nlm.nih.gov/pubmed/31855403
http://dx.doi.org/10.1261/rna.1005808
http://dx.doi.org/10.1021/ja306856y
http://dx.doi.org/10.1038/s41598-018-37624-1
http://dx.doi.org/10.1149/2.0191705jes
http://www.ncbi.nlm.nih.gov/pubmed/29170564
http://dx.doi.org/10.1007/s10404-015-1604-2
http://www.ncbi.nlm.nih.gov/pubmed/31223297
http://dx.doi.org/10.1016/j.sna.2012.07.022
http://www.ncbi.nlm.nih.gov/pubmed/24729660
http://dx.doi.org/10.1038/srep26139
http://www.ncbi.nlm.nih.gov/pubmed/27217242
http://dx.doi.org/10.1021/ac070189y
http://www.ncbi.nlm.nih.gov/pubmed/17530817
http://dx.doi.org/10.1089/nat.2016.0611
http://dx.doi.org/10.1038/nbt0996-1112
http://dx.doi.org/10.1371/journal.pone.0015004
http://dx.doi.org/10.1021/bi0507074

Int. J. Mol. Sci. 2020, 21, 5748 34 of 40

30.

31.

32.

33.

34.

35.
36.

37.
38.
39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Volk, D.E.; Lokesh, G.L.R. Development of Phosphorothioate DNA and DNA Thioaptamers. Biomedicine
2017, 5, 41. [CrossRef]

He, W.; Elizondo-Riojas, M.-A.; Li, X.; Lokesh, G.L.R.; Somasunderam, A.; Thiviyanathan, V.; Volk, D.E.;
Durland, R.H.; Englehardt, J.; Cavasotto, C.N.; et al. X-aptamers: A bead-based selection method for random
incorporation of druglike moieties onto next-generation aptamers for enhanced binding. Biochemistry 2012,
51, 8321-8323. [CrossRef] [PubMed]

Gorenstein, D.G.; He, W.; Volk, D.E.; Elizondo-Riojas, M.A.; Durland, R.; Engelhardt, ]. Methods of X-Aptamer
Generation and Compositions Thereof. U.S. Patent No. 9,988,623, 5 June 2018.

Aziz, E; Smith, M.; Blackburn, ].M. Autoantibody-Based Diagnostic Biomarkers: Technological Approaches
to Discovery and Validation. In Autoantibodies and Cytokines; IntechOpen: London, UK, 2019.

Trier, N.H.; Houen, G. Antibodies as Diagnostic Targets and as Reagents for Diagnostics. Antibodies 2020, 9,
15. [CrossRef] [PubMed]

Murray, P.R.; Rosenthal, K.S.; Pfaller, M.A. Medical Microbiology, 8th ed.; Elsevier: Philadelphia, PA, USA, 2016.
Vashist, S.K. In Vitro Diagnostic Assays for COVID-19: Recent Advances and Emerging Trends. Diagnostics
2020, 10, 202. [CrossRef] [PubMed]

Gould, H.J.; Sutton, B.J. IgE in allergy and asthma today. Nat. Rev. Immunol. 2008, 8, 205-217. [CrossRef]
Amarasekera, M. Inmunoglobulin E in health and disease. Asia Pac. Allergy 2011, 1, 12-15. [CrossRef]
Huston, D.P.; Kavanaugh, A.F.; Huston, M.M.; Rohane, P.W. Immunogloblin deficiency syndromes and
therapy. J. Allergy Clin. Immunol. 1991, 87, 1-17. [CrossRef]

Notarangelo, L.D.; Fischer, A.; Geha, R.S.; Casanova, J.-L.; Chapel, H.; Conley, M.E.; Cunningham-Rundles, C.;
Etzioni, A.; Hammartrém, L.; Nonoyama, S.; et al. Primary immunodeficiencies: 2009 update. J. Allergy Clin.
Immunol. 2009, 124, 1161-1178. [CrossRef]

Dudas, S.P.; Chatterjee, M.; Tainsky, M. Usage of cancer associated autoantibodies in the detection of disease.
Cancer Biomark. 2010, 6, 257-270. [CrossRef]

Sinnott-O’Connor, C.; Comyns, TM.; Nevill, A.; Warrington, G.; Comyns, T. Salivary Biomarkers and Training
Load During Training and Competition in Paralympic Swimmers. Int. J. Sports Physiol. Perform. 2018, 13,
839-843. [CrossRef]

Zhang, G.-L.; Zhao, Q.; Xie, C.; Peng, L.; Zhang, T.; Gao, Z.-L. Elevated Serum IgG Levels Positively
Correlated with IL-27 May Indicate Poor Outcome in Patients with HBV-Related Acute-On-Chronic Liver
Failure. J. Immunol. Res. 2019, 2019, 1538439. [CrossRef] [PubMed]

Lugada, E.S.; Mermin, J.; Asjo, B.; Kaharuza, F; Downing, R.; Langeland, N.; Ormaasen, V.; Bruun, J.;
Awor, A.C; Ulvestad, E. Inmunoglobulin levels amongst persons with and without human immunodeficiency
virus type 1 infection in Uganda and Norway. Scand. ]. Immunol. 2004, 59, 203-208. [CrossRef] [PubMed]
Gavrilis, P; Rothenberg, S.P.; Guy, R. Correlation of low serum IgM levels with absence of functional splenic
tissue in sickle cell disease syndromes. Am. |. Med. 1974, 57, 542-545. [CrossRef]

Weeke, B.; Jarnum, S. Serum concentration of 19 serum proteins in Crohn’s disease and ulcerative colitis. Gut
1971, 12, 297-302. [CrossRef] [PubMed]

Crespo, A.; Curto, E.; Mateus, E.; Soto, L.; Garcia-Moral, A.; Torrején, M.; Belda, A.; Giner, ].; Ramos-Barbén, D.;
Plaza, V. Total and specific immunoglobulin E in induced sputum in allergic and non-allergic asthma.
PLoS ONE 2020, 15, €0228045. [CrossRef]

Unal, D.; Gelincik, A ; Elitok, A.; Demir, S.; Olgac, M.; Coskun, R.; Kocaaga, M.; Colakoglu, B.; Buyukozturk, S.
Impact of high serum Immunoglobulin E levels on the risk of atherosclerosis in humans. Asia Pac. Allergy
2017, 7, 74-81. [CrossRef]

Zheng, Y. High Serum IgE Concentration in Patients with Psoriasis. J. Clin. Res. Dermatol. 2017, 4, 1-4.
[CrossRef]

Carballo, I.; Rabufial, N.; Alvela, L.; Pérez, L.-F.; Vidal, C.; Alonso, M.; Sopefia, B.; Gude, F; Quintela, A.G.
Factors Influencing Serum Concentrations of Inmunoglobulin D in the Adult Population: An Observational
Study in Spain. Scand. J. Immunol. 2017, 85, 272-279. [CrossRef]

Ansotegui, I.].; Melioli, G.; Canonica, G.W.; Caraballo, L.; Villa, E.; Ebisawa, M.; Passalacqua, G.; Savi, E.;
Ebo, D.; Gémez, RM.; et al. IgE allergy diagnostics and other relevant tests in allergy, a World Allergy
Organization position paper. World Allergy Organ. ]. 2020, 13, 100080. [CrossRef]

Yamaguchi, M.; Kanemori, T.; Kanemaru, M.; Takai, N.; Mizuno, Y.; Yoshida, H. Performance evaluation of
salivary amylase activity monitor. Biosens. Bioelectron. 2004, 20, 491-497. [CrossRef]


http://dx.doi.org/10.3390/biomedicines5030041
http://dx.doi.org/10.1021/bi300471d
http://www.ncbi.nlm.nih.gov/pubmed/23057694
http://dx.doi.org/10.3390/antib9020015
http://www.ncbi.nlm.nih.gov/pubmed/32443407
http://dx.doi.org/10.3390/diagnostics10040202
http://www.ncbi.nlm.nih.gov/pubmed/32260471
http://dx.doi.org/10.1038/nri2273
http://dx.doi.org/10.5415/apallergy.2011.1.1.12
http://dx.doi.org/10.1016/0091-6749(91)90203-Z
http://dx.doi.org/10.1016/j.jaci.2009.10.013
http://dx.doi.org/10.3233/CBM-2009-0138
http://dx.doi.org/10.1123/ijspp.2017-0683
http://dx.doi.org/10.1155/2019/1538439
http://www.ncbi.nlm.nih.gov/pubmed/31198792
http://dx.doi.org/10.1111/j.0300-9475.2004.01376.x
http://www.ncbi.nlm.nih.gov/pubmed/14871298
http://dx.doi.org/10.1016/0002-9343(74)90004-7
http://dx.doi.org/10.1136/gut.12.4.297
http://www.ncbi.nlm.nih.gov/pubmed/4102485
http://dx.doi.org/10.1371/journal.pone.0228045
http://dx.doi.org/10.5415/apallergy.2017.7.2.74
http://dx.doi.org/10.15226/2378-1726/4/4/00163
http://dx.doi.org/10.1111/sji.12529
http://dx.doi.org/10.1016/j.waojou.2019.100080
http://dx.doi.org/10.1016/j.bios.2004.02.012

Int. J. Mol. Sci. 2020, 21, 5748 35 of 40

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Snoeck, V.; Peters, I.; Cox, E. The IgA system: A comparison of structure and function in different species.
Vet. Res. 2006, 37, 455-467. [CrossRef]

Mallikaratchy, P.; Tang, Z.; Kwame, S.; Meng, L.; Shangguan, D.; Yang, R. Aptamer Directly Evolved from
Live Cells Recognizes Membrane Bound Immunoglobin Heavy Mu Chain in Burkitt’s Lymphoma Cells.
Mol. Cell. Proteom. 2007, 6, 2230-2238. [CrossRef] [PubMed]

Mallikaratchy, P.; Ruggiero, A.; Gardner, ].R.; Kuryavyi, V.; Maguire, W.F.; Heaney, M.L.; McDevitt, M.R.;
Patel, D.J.; Scheinberg, D.A. A multivalent DNA aptamer specific for the B-cell receptor on human lymphoma
and leukemia. Nucleic Acids Res. 2010, 39, 2458-2469. [CrossRef] [PubMed]

Zheng, S.; Sieder, M.; Mitterer, M.; Reth, M.; Cavallari, M.; Yang, ]. A new branched proximity hybridization
assay for the quantification of nanoscale protein—protein proximity. PLoS Biol. 2019, 17, €3000569. [CrossRef]
Liu, R.; Zhai, J.; Liu, L.; Wang, Y.; Wei, Y,; Jiang, X.; Gao, L.; Zhu, H.; Zhao, Y.; Chai, Z.; et al. Spatially
marking and quantitatively counting membrane immunoglobulin M in live cells via Ag cluster-aptamer
probes. Chem. Commun. 2014, 50, 3560. [CrossRef] [PubMed]

Robinson, P.V,; De Almeida-Escobedo, G.; De Groot, A.E.; McKechnie, J.L.; Bertozzi, C.R. Live-Cell Labeling
of Specific Protein Glycoforms by Proximity-Enhanced Bioorthogonal Ligation. J. Am. Chem. Soc. 2015, 137,
10452-10455. [CrossRef] [PubMed]

Delley, C.L.; Liu, L.; Sarhan, M.F.; Abate, A.R. Combined aptamer and transcriptome sequencing of single
cells. Sci. Rep. 2018, 8, 2919. [CrossRef] [PubMed]

Zumrut, H.E.; Batool, S.; Van, N.; George, S.; Bhandari, S.; Mallikaratchy, P. Structural optimization of an
aptamer generated from Ligand-Guided Selection (LIGS) resulted in high affinity variant toward mIgM
expressed on Burkitt’s lymphoma cell lines. Biochim. Biophys. Acta Gen. Subj. 2017, 1861, 1825-1832. [CrossRef]
Zumrut, H.E.; Mallikaratchy, P.R. Ligand Guided Selection (LIGS) of Artificial Nucleic Acid Ligands against
Cell Surface Targets. ACS Appl. Bio. Mater. 2019, 3, 2545-2552. [CrossRef]

Batool, S.; Argyropoulos, K.V.; Azad, R.; Okeoma, P; Zumrut, H.E.; Bhandari, S.; Dekhang, R.;
Mallikaratchy, P.R. Dimerization of an aptamer generated from Ligand-guided selection (LIGS) yields
a high affinity scaffold against B-cells. Biochim. Biophys. Acta Gen. Subj. 2019, 1863, 232-240. [CrossRef]
Hardin, C.C.; Watson, T.; Corregan, M.; Bailey, C. Cation-dependent transition between the quadruplex and
Watson-Crick hairpin forms of d(CGCG3GCG). Biochemistry 1992, 31, 833-841. [CrossRef]

Venczel, E.A.; Sen, D. Parallel and antiparallel G-DNA structures from a complex telomeric sequence.
Biochemistry 1993, 32, 6220-6228. [CrossRef] [PubMed]

Hardin, C.C.; Perry, A.G.; White, K. Thermodynamic and kinetic characterization of the dissociation and
assembly of quadruplex nucleic acids. Biopolymers 2000, 56, 147-194. [CrossRef]

Inomata, E.; Tashiro, E.; Miyakawa, S.; Nakamura, Y.; Akita, K. Alkaline-tolerant RNA aptamers useful to
purify acid-sensitive antibodies in neutral conditions. Biochimie 2018, 145, 113-124. [CrossRef]

Hiep, H.M.; Saito, M.; Nakamura, Y.; Tamiya, E. RNA aptamer-based optical nanostructured sensor for
highly sensitive and label-free detection of antigen—-antibody reactions. Anal. Bioanal. Chem. 2010, 396,
2575-2581. [CrossRef] [PubMed]

Skovsgaard, M.B.; Mortensen, M.R.; Palmfeldt, J.; Gothelf, K.V. Aptamer-Directed Conjugation of DNA to
Therapeutic Antibodies. Bioconj.Chem. 2019, 30, 2127-2135. [CrossRef] [PubMed]

Yoshida, Y.; Horii, K.; Sakai, N.; Masuda, H.; Furuichi, M.; Waga, I. Antibody-specific aptamer-based PCR
analysis for sensitive protein detection. Anal. Bioanal. Chem. 2009, 395, 1089-1096. [CrossRef]

Yoshida, Y.; Waga, I.; Horii, K. Quantitative and sensitive protein detection strategies based on aptamers.
Proteom. Clin. Appl. 2012, 6, 574-580. [CrossRef]

Vu, C.-A.; Hu, W.-P;; Yang, Y.-S.; Chan, HW.-H.; Chen, W.-Y. Signal Enhancement of Silicon Nanowire
Field-Effect Transistor Imnmunosensors by RNA Aptamer. ACS Omega 2019, 4, 14765-14771. [CrossRef]
Nomura, Y.; Sugiyama, S.; Sakamoto, T.; Miyakawa, S.; Adachi, H.; Takano, K.; Murakami, S.; Inoue, T,;
Mori, Y.; Nakamura, Y.; et al. Conformational plasticity of RNA for target recognition as revealed by the 2.15
A crystal structure of a human IgG-aptamer complex. Nucleic Acids Res. 2010, 38, 7822-7829. [CrossRef]
Sugiyama, S.; Nomura, Y.; Sakamoto, T.; Kitatani, T.; Kobayashi, A.; Miyakawa, S.; Takahashi, Y.; Adachi, H.;
Takano, K.; Murakami, S.; et al. Crystallization and preliminary X-ray diffraction studies of an RNA aptamer
in complex with the human IgG Fc fragment. Acta Crystallogr. Sect. F Struct. Boil. Cryst. Commun. 2008, 64,
942-944. [CrossRef]


http://dx.doi.org/10.1051/vetres:2006010
http://dx.doi.org/10.1074/mcp.M700026-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/17875608
http://dx.doi.org/10.1093/nar/gkq996
http://www.ncbi.nlm.nih.gov/pubmed/21030439
http://dx.doi.org/10.1371/journal.pbio.3000569
http://dx.doi.org/10.1039/c3cc49036j
http://www.ncbi.nlm.nih.gov/pubmed/24563906
http://dx.doi.org/10.1021/jacs.5b04279
http://www.ncbi.nlm.nih.gov/pubmed/26280358
http://dx.doi.org/10.1038/s41598-018-21153-y
http://www.ncbi.nlm.nih.gov/pubmed/29440771
http://dx.doi.org/10.1016/j.bbagen.2017.03.020
http://dx.doi.org/10.1021/acsabm.9b00938
http://dx.doi.org/10.1016/j.bbagen.2018.10.006
http://dx.doi.org/10.1021/bi00118a028
http://dx.doi.org/10.1021/bi00075a015
http://www.ncbi.nlm.nih.gov/pubmed/8512932
http://dx.doi.org/10.1002/1097-0282(2000/2001)56:3&lt;147::AID-BIP10011&gt;3.0.CO;2-N
http://dx.doi.org/10.1016/j.biochi.2017.10.025
http://dx.doi.org/10.1007/s00216-010-3488-z
http://www.ncbi.nlm.nih.gov/pubmed/20155492
http://dx.doi.org/10.1021/acs.bioconjchem.9b00363
http://www.ncbi.nlm.nih.gov/pubmed/31247138
http://dx.doi.org/10.1007/s00216-009-3041-0
http://dx.doi.org/10.1002/prca.201200037
http://dx.doi.org/10.1021/acsomega.9b01264
http://dx.doi.org/10.1093/nar/gkq615
http://dx.doi.org/10.1107/S1744309108028236

Int. J. Mol. Sci. 2020, 21, 5748 36 of 40

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Yoshida, H.; Sato, K.; Ishikawa, T.; Sakamoto, T.; Yamagishi, K. Binding interaction analysis of RN A aptamer-Fc
region of human immunoglobulin G using fragment molecular orbital calculation. Chem. Phys. Lett. 2019,
738, 136854. [CrossRef]

Gopinath, S.C.; Awazu, K.; Fujimaki, M.; Kumar, P.K. Signal changes for dye-complexed biomolecular
interactions on waveguide-sensor chips. Sens. Actuators B Chem. 2011, 155, 239-244. [CrossRef]

Hamm, J. Characterisation of Antibody-Binding RNAs Selected from Structurally Constrained Libraries.
Nucleic Acids Res. 1996, 24, 2220-2227. [CrossRef] [PubMed]

Muharemagic, D.; Zamay, A.S.; Ghobadloo, S.M.; Evgin, L.; Savitskaya, A.; Bell, ].C.; Berezovski, M.
Aptamer-facilitated Protection of Oncolytic Virus from Neutralizing Antibodies. Mol. Ther. Nucleic Acids
2014, 3, e167. [CrossRef]

Yamada, T; Saito, T.; Hill, Y.; Shimizu, Y.; Tsukakoshi, K.; Mizuno, H.; Hayashi, H.; Ikebukuro, K.; Toyo’Oka, T.;
Todoroki, K. High-Throughput Bioanalysis of Bevacizumab in Human Plasma Based on Enzyme-Linked
Aptamer Assay Using Anti-Idiotype DNA Aptamer. Anal. Chem. 2019, 91, 3125-3130. [CrossRef]

Zhang, Y.; Xu, H.; Wang, X.; Wang, L.; Liu, R.; Li, L.; Zhou, H. Single-strained DNA aptamers mask RhD
antigenic epitopes on human RhD+ red blood cells to escape alloanti-RhD immunological recognition.
Mol. Med. Rep. 2020, 21, 1841-1848. [CrossRef]

Yamada, T.; Saito, T.; Shimizu, Y.; Tsukakoshi, K.; Hayashi, H.; Mizuno, H.; Tsuji, D.; Yamamoto, K.; Itoh, K,;
Toyo’Oka, T.; et al. Anti-Idiotype DNA Aptamer Affinity Purification-High-Temperature Reversed-Phase
Liquid Chromatography: A Simple, Accurate, and Selective Bioanalysis of Bevacizumab. Molecules 2019, 24,
857. [CrossRef]

Kim, Y.-M.; Choi, K.H.; Jang, Y.-J.; Yu, J.; Jeong, S. Specific modulation of the anti-DNA autoantibody-nucleic
acids interaction by the high affinity RNA aptamer. Biochem. Biophys. Res. Commun. 2003, 300, 516-523.
[CrossRef]

Haberland, A.; Wallukat, G.; Dahmen, C.; Kage, A.; Schimke, I. Aptamer Neutralization of Betal-Adrenoceptor
Autoantibodies Isolated From Patients With Cardiomyopathies. Circ. Res. 2011, 109, 986-992. [CrossRef]
Haberland, A.; Wallukat, G.; Berg, S.; Schulz, A.; Freyse, E.-].; Vetter, R.; Salzsieder, E.; Miiller, J.; Kreutz, R.;
Schimke, I. Neutralization of pathogenic betal-receptor autoantibodies by aptamers in vivo: The first
successful proof of principle in spontaneously hypertensive rats. Mol. Cell. Biochem. 2014, 393, 177-180.
[CrossRef]

Schimke, I.; Haberland, A.; Kage, A.; Wallukat, G.; Dahmen, C. Aptamers that Inhibit Interaction Between Antibody
and 2nd Extracellular Loop of Human Beta-1-Adrenergic Receptor; EP 2 588 115 B1; Charite-Universitaetsmedizin
Berlin: Berlin, Germany, 2011.

Wallukat, G.; Haberland, A.; Berg, S.; Schulz, A.; Freyse, E.-].; Dahmen, C.; Kage, A.; Dandel, M.; Vetter, R.;
Salzsieder, E.; et al. The First Aptamer-Apheresis Column Specifically for Clearing Blood of 31-Receptor
Autoantibodies—A Successful Proof of Principle Using Autoantibody-Positive SHR Rats. Circ. |. 2012, 76,
2449-2455. [CrossRef] [PubMed]

Schimke, I.; Haberland, A.; Wallukat, G. Use of Aptamers in Therapy and/or Diagnosis of Autoimmune
Diseases. U.S. Patent 9,234,201 B2, 12 January 2016.

Werner, S.; Wallukat, G.; Becker, N.-P.; Wenzel, K.; Miiller, J.; Schimke, I.; Wess, G. The aptamer BC 007
for treatment of dilated cardiomyopathy: Evaluation in Doberman Pinschers of efficacy and outcomes.
ESC Hear. Fail. 2020, 7, 844-855. [CrossRef] [PubMed]

Becker, N.-P,; Haberland, A.; Wenzel, K.; Gottel, P.; Wallukat, G.; Davideit, H.; Schulze-Rothe, S.; Honicke, A.-S.;
Schimke, I.; Bartel, S.; et al. A Three-Part, Randomised Study to Investigate the Safety, Tolerability,
Pharmacokinetics and Mode of Action of BC 007, Neutraliser of Pathogenic Autoantibodies Against
G-Protein Coupled Receptors in Healthy, Young and Elderly Subjects. Clin. Drug Investig. 2020, 40, 433-447.
[CrossRef] [PubMed]

Wallukat, G.; Miiller, J.; Haberland, A.; Berg, S.; Schulz, A ; Freyse, E.-].; Vetter, R.; Salzsieder, E.; Kreutz, R.;
Schimke, I. Aptamer BC007 for neutralization of pathogenic autoantibodies directed against G-protein
coupled receptors: A vision of future treatment of patients with cardiomyopathies and positivity for those
autoantibodies. Atherosclerosis 2016, 244, 44-47. [CrossRef]

Doudna, J.A.; Cech, T.R.; Sullenger, B.A. Selection of an RNA molecule that mimics a major autoantigenic
epitope of human insulin receptor. Proc. Natl. Acad. Sci. USA 1995, 92, 2355-2359. [CrossRef] [PubMed]
Lee, S.W.; Sullenger, B.A. Isolation of a nuclease-resistant decoy RNA that selectively blocks autoantibody
binding to insulin receptors on human lymphocytes. J. Exp. Med. 1996, 184, 315-324. [CrossRef]


http://dx.doi.org/10.1016/j.cplett.2019.136854
http://dx.doi.org/10.1016/j.snb.2010.11.054
http://dx.doi.org/10.1093/nar/24.12.2220
http://www.ncbi.nlm.nih.gov/pubmed/8710489
http://dx.doi.org/10.1038/mtna.2014.19
http://dx.doi.org/10.1021/acs.analchem.8b05725
http://dx.doi.org/10.3892/mmr.2020.10985
http://dx.doi.org/10.3390/molecules24050857
http://dx.doi.org/10.1016/S0006-291X(02)02858-9
http://dx.doi.org/10.1161/CIRCRESAHA.111.253849
http://dx.doi.org/10.1007/s11010-014-2057-8
http://dx.doi.org/10.1253/circj.CJ-12-0212
http://www.ncbi.nlm.nih.gov/pubmed/22850243
http://dx.doi.org/10.1002/ehf2.12628
http://www.ncbi.nlm.nih.gov/pubmed/32212256
http://dx.doi.org/10.1007/s40261-020-00903-9
http://www.ncbi.nlm.nih.gov/pubmed/32222912
http://dx.doi.org/10.1016/j.atherosclerosis.2015.11.001
http://dx.doi.org/10.1073/pnas.92.6.2355
http://www.ncbi.nlm.nih.gov/pubmed/7534420
http://dx.doi.org/10.1084/jem.184.2.315

Int. J. Mol. Sci. 2020, 21, 5748 37 of 40

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Lee, S.-W.; Sullenger, B.A. Isolation of a nuclease-resistant decoy RNA that can protect human acetylcholine
receptors from myasthenic antibodies. Nat. Biotechnol. 1997, 15, 41-45. [CrossRef]

Seo, H.-S.; Lee, S.-W. In vitro Selection of the 2’-Fluoro-2’-Deoxyribonucleotide Decoy RNA Inhibitor of
Myasthenic Autoantibodies. J. Microbiol. Biotechnol. 2000, 10, 707-713.

Hwang, B.; Lee, S.-W. Improvement of RNA Aptamer Activity against Myasthenic Autoantibodies by
Extended Sequence Selection. Biochem. Biophys. Res. Commun. 2002, 290, 656-662. [CrossRef]

Hwang, B.; Han, K.; Lee, S.-W. Prevention of passively transferred experimental autoimmune myasthenia
gravis by an in vitro selected RNA aptamer. FEBS Lett. 2003, 548, 85-89. [CrossRef]

Cho, J.-S.; Lee, S.-W. Sequence and Structural Features of RNA Aptamer Against Myasthenic Autoantibodies.
Oligonucleotides 2009, 19, 273-280. [CrossRef] [PubMed]

Wang, Y.; Ye, Z.; Ying, Y. Detection of immunoglobulin E using an aptamer based dot-blot assay. Chin. Sci.
Bull. 2013, 58, 2938-2943. [CrossRef]

Pollet, J.; Strych, U.; Willson, R. A peroxidase-active aptazyme as an isothermally amplifiable label in an
aptazyme-linked oligonucleotide assay for low-picomolar IgE detection. Analyst 2012, 137, 5710-5712.
[CrossRef] [PubMed]

Lin, X.; Yu, C.; Lin, H.; Wang, C.; Su, J.; Cheng, J.; Kankala, RK.; Zhou, S. Self-Assembly of Functional
Nucleic Acid-Based Colorimetric Competition Assay for the Detection of Immunoglobulin E. Sensors 2019,
19, 2224. [CrossRef]

Yoshida, W.; Sode, K.; Ikebukuro, K. Label-free homogeneous detection of immunoglobulin E by an aptameric
enzyme subunit. Biotechnol. Lett. 2007, 30, 421-425. [CrossRef]

Yoshida, W.; Sode, A.K.; Ikebukuro, K. Aptameric Enzyme Subunit for Biosensing Based on Enzymatic
Activity Measurement. Anal. Chem. 2006, 78, 3296-3303. [CrossRef]

Li, Z.; Li, Z.; Niu, Q.; Li, H.; Vuki, M.; Xu, D. Visual microarray detection for human IgE based on silver
nanoparticles. Sens. Actuators B Chem. 2017, 239, 45-51. [CrossRef]

Wu, Z.-S.; L, H,; Liu, X.; Hu, R.; Zhou, H.; Shen, G.; Yu, R.-Q. Inhibitory Effect of Target Binding on Hairpin
Aptamer Sticky-End Pairing-Induced Gold Nanoparticle Assembly for Light-up Colorimetric Protein Assay.
Anal. Chem. 2010, 82, 3890-3898. [CrossRef]

Chang, C.-C.; Chen, C.-Y;; Zhao, X.; Wu, T.-H.; Wei, S.-C.; Lin, C.-W. Label-free colorimetric aptasensor for
IgE using DNA pseudoknot probe. Analyst 2014, 139, 3347-3351. [CrossRef]

Khramtsov, P.; Kropaneva, M.; Kalashnikova, T.; Bochkova, M.; Timganova, V.; Zamorina, S.; Rayev, M.
Highly Stable Conjugates of Carbon Nanoparticles with DNA Aptamers. Langmuir 2018, 34, 10321-10332.
[CrossRef]

Adhikari, M.; Strych, U.; Kim, J.; Goux, H.; Dhamane, S.; Poongavanam, M.V.; Hagstrém, A.E.V.; Kourentzi, K,;
Conrad, ].C.; Willson, R.C. Aptamer-Phage Reporters for Ultrasensitive Lateral Flow Assays. Anal. Chem.
2015, 87, 11660-11665. [CrossRef] [PubMed]

Pollet, J.; Delport, E; Thi, D.T.; Wevers, M.; Lammertyn, J. Aptamer-based Surface Plasmon Resonance Probe.
Proc. IEEE Sens. 2008, 1187-1190.

Katilius, E.; Flores, C.; Woodbury, N.W. Exploring the sequence space of a DNA aptamer using microarrays.
Nucleic Acids Res. 2007, 35, 7626-7635. [CrossRef] [PubMed]

Kim, Y.H.; Kim, ].P; Han, S.J.; Sim, S.J. Aptamer biosensor for lable-free detection of human immunoglobulin
E based on surface plasmon resonance. Sens. Actuators B Chem. 2009, 139, 471-475. [CrossRef]

Pollet, J.; Delport, F,; Janssen, K.PE; Jans, K.; Maes, G.; Pfeiffer, H.; Wevers, M.; Lammertyn, J. Fiber optic SPR
biosensing of DNA hybridization and DNA—protein interactions. Biosens. Bioelectron. 2009, 25, 864-869.
[CrossRef]

Wang, J.; Lv, R; Xu, J.; Xu, D.; Chen, H. Characterizing the interaction between aptamers and human IgE by
use of surface plasmon resonance. Anal. Bioanal. Chem. 2007, 390, 1059-1065. [CrossRef]

Lautnera, G.; Gyurcsanyia, R.; Mercierb, K.; Ly-Morinb, E. Monitoring of interactions between aptamers and
human IgE by Surface Plasmon Resonance imaging. Horiba Appl. Note 2013, 31, 1-3.

Kim, S.; Lee, ]J.; Lee, S.J.; Lee, H.J. Ultra-sensitive detection of IgE using biofunctionalized nanoparticle-
enhanced SPR. Talanta 2010, 81, 1755-1759. [CrossRef]

Wang, Z.; Wilkop, T.; Xu, D.; Dong, Y.; Ma, G.; Cheng, Q. Surface plasmon resonance imaging for affinity
analysis of aptamer—Protein interactions with PDMS microfluidic chips. Anal. Bioanal. Chem. 2007, 389,
819-825. [CrossRef]


http://dx.doi.org/10.1038/nbt0197-41
http://dx.doi.org/10.1006/bbrc.2001.6252
http://dx.doi.org/10.1016/S0014-5793(03)00745-2
http://dx.doi.org/10.1089/oli.2009.0201
http://www.ncbi.nlm.nih.gov/pubmed/19642914
http://dx.doi.org/10.1007/s11434-013-5702-9
http://dx.doi.org/10.1039/c2an36201e
http://www.ncbi.nlm.nih.gov/pubmed/23103946
http://dx.doi.org/10.3390/s19102224
http://dx.doi.org/10.1007/s10529-007-9575-3
http://dx.doi.org/10.1021/ac060254o
http://dx.doi.org/10.1016/j.snb.2016.07.142
http://dx.doi.org/10.1021/ac100422h
http://dx.doi.org/10.1039/C4AN00253A
http://dx.doi.org/10.1021/acs.langmuir.8b01255
http://dx.doi.org/10.1021/acs.analchem.5b00702
http://www.ncbi.nlm.nih.gov/pubmed/26456715
http://dx.doi.org/10.1093/nar/gkm922
http://www.ncbi.nlm.nih.gov/pubmed/17981839
http://dx.doi.org/10.1016/j.snb.2009.03.013
http://dx.doi.org/10.1016/j.bios.2009.08.045
http://dx.doi.org/10.1007/s00216-007-1697-x
http://dx.doi.org/10.1016/j.talanta.2010.03.036
http://dx.doi.org/10.1007/s00216-007-1510-x

Int. J. Mol. Sci. 2020, 21, 5748 38 of 40

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Simon, L.; Bognar, Z.; Gyurcsanyi, R.E. Finding the Optimal Surface Density of Aptamer Monolayers by SPR
Imaging Detection-based Aptamer Microarrays. Electroanalysis 2020, 32, 851-858. [CrossRef]

Ruiz, E.P,; Kemper, M,; Spasic, D.; Gils, A.; Van Ijzendoorn, L.J.; Lammertyn, J.; Prins, M.W.J. Probing the
Force-Induced Dissociation of Aptamer-Protein Complexes. Anal. Chem. 2014, 86, 3084-3091. [CrossRef]
[PubMed]

Wang, J.; Munir, A.; Li, Z; Zhou, H.S. Aptamer-Au NPs conjugates-enhanced SPR sensing for the
ultrasensitive sandwich immunoassay. Biosens. Bioelectron. 2009, 25, 124-129. [CrossRef] [PubMed]

Sim, HR.; Wark, A.; Lee, H.J. Attomolar detection of protein biomarkers using biofunctionalized gold
nanorods with surface plasmon resonance. Analyst 2010, 135, 2528-2532. [CrossRef] [PubMed]

Cho, EJ,; Collett, J.R.; Szafranska, A.E.; Ellington, A.D. Optimization of aptamer microarray technology for
multiple protein targets. Anal. Chim. Acta 2006, 564, 82-90. [CrossRef] [PubMed]

Stadtherr, K.; Wolf, H.; Lindner, P. An Aptamer-Based Protein Biochip. Anal. Chem. 2005, 77, 3437-3443.
[CrossRef]

Kim, J.P.; Kwon, LK.; Sim, S.J. The strategy of signal amplification for ultrasensitive detection of hIgE based
on aptamer-modified poly(di-acetylene) supramolecules. Biosens. Bioelectron. 2011, 26, 4823-4827. [CrossRef]
Li, H,; Qiang, W.; Vuki, M.; Xu, D.; Chen, H.-Y. Fluorescence Enhancement of Silver Nanoparticle Hybrid
Probes and Ultrasensitive Detection of IgE. Anal. Chem. 2011, 83, 8945-8952. [CrossRef]

Li, H,; Chen, C.-Y.;; Wei, X,; Qiang, W.; Li, Z.; Cheng, Q.; Xu, D. Highly Sensitive Detection of Proteins
Based on Metal-Enhanced Fluorescence with Novel Silver Nanostructures. Anal. Chem. 2012, 84, 8656—-8662.
[CrossRef]

Wei, X,; Li, H,; Li, Z.; Vuki, M,; Fan, Y.; Zhong, W.; Xu, D. Metal-enhanced fluorescent probes based on silver
nanoparticles and its application in IgE detection. Anal. Bioanal. Chem. 2011, 402, 1057-1063. [CrossRef]
Jiang, P; He, M.; Shen, L.; Shi, A.; Liu, Z. A paper-supported aptasensor for total IgE based on luminescence
resonance energy transfer from upconversion nanoparticles to carbon nanoparticles. Sens. Actuators B Chem.
2017, 239, 319-324. [CrossRef]

Sun, Y.; Cai, S.; Cao, Z.; Lau, C,; Lu, J. Aptameric system for the highly selective and ultrasensitive detection of
protein in human serum based on non-stripping gold nanoparticles. Analyst 2011, 136, 4144-4151. [CrossRef]
[PubMed]

Hu, K,; Yang, H.; Zhou, J.; Zhao, S.; Tian, J. Aptasensor for amplified IgE sensing based on fluorescence
quenching by graphene oxide. Luminescence 2012, 28, 662—-666. [CrossRef] [PubMed]

Jiang, Y.; Fang, X.; Bai, C. Signaling Aptamer/Protein Binding by a Molecular Light Switch Complex.
Anal. Chem. 2004, 76, 5230-5235. [CrossRef] [PubMed]

Katilius, E.; Katiliene, Z.; Woodbury, N.W. Signaling Aptamers Created Using Fluorescent Nucleotide
Analogues. Anal. Chem. 2006, 78, 6484—6489. [CrossRef]

He, J.-L.; Wu, Z.-S.; Zhang, S.-B.; Shen, G.-L.; Yu, R.-Q. Novel fluorescence enhancement IgE assay using a
DNA aptamer. Analyst 2009, 134, 1003. [CrossRef]

Feng, K.; Kong, R.-M.; Wang, H.; Zhang, S.; Qu, F. A universal amplified strategy for aptasensors: Enhancing
sensitivity through allostery-triggered enzymatic recycling amplification. Biosens. Bioelectron. 2012, 38,
121-125. [CrossRef]

Wu, Z.-S.; Hu, P; Zhou, H.; Shen, G.; Yu, R. Fluorescent oligonucleotide probe based on G-quadruplex
scaffold for signal-on ultrasensitive protein assay. Biomaterials 2010, 31, 1918-1924. [CrossRef]
Gokulrangan, G.; Unruh, J.R.; Holub, D.F,; Ingram, B.; Johnson, C.K.; Wilson, G.S. DNA Aptamer-Based
Bioanalysis of IgE by Fluorescence Anisotropy. Anal. Chem. 2005, 77, 1963-1970. [CrossRef]

Zhao, Q.; Bai, Y.; Wang, H. Directing a rational design of aptamer-based fluorescence anisotropy assay for
sensitive detection of immunoglobulin E by site-specific binding study. Talanta 2020, 217, 121018. [CrossRef]
Poongavanam, M.V.; Kisley, L.; Kourentzi, K.; Landes, C.F,; Willson, R.C. Ensemble and single-molecule
biophysical characterization of D17.4 DNA aptamer-IgE interactions. Biochim. Biophys. Acta Proteins Proteom.
2016, 1864, 154-164. [CrossRef]

Wang, H.; Wu, Z,; Tang, L.-].; Yu, R.-Q.; Jiang, ].-H. Fluorescence protection assay: A novel homogeneous
assay platform toward development of aptamer sensors for protein detection. Nucleic Acids Res. 2011, 39,
e122. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/elan.201900736
http://dx.doi.org/10.1021/ac404107s
http://www.ncbi.nlm.nih.gov/pubmed/24579568
http://dx.doi.org/10.1016/j.bios.2009.06.016
http://www.ncbi.nlm.nih.gov/pubmed/19592231
http://dx.doi.org/10.1039/c0an00457j
http://www.ncbi.nlm.nih.gov/pubmed/20725693
http://dx.doi.org/10.1016/j.aca.2005.12.038
http://www.ncbi.nlm.nih.gov/pubmed/17723365
http://dx.doi.org/10.1021/ac0483421
http://dx.doi.org/10.1016/j.bios.2011.05.040
http://dx.doi.org/10.1021/ac201574s
http://dx.doi.org/10.1021/ac301787x
http://dx.doi.org/10.1007/s00216-011-5591-1
http://dx.doi.org/10.1016/j.snb.2016.08.005
http://dx.doi.org/10.1039/c1an15520b
http://www.ncbi.nlm.nih.gov/pubmed/21881666
http://dx.doi.org/10.1002/bio.2412
http://www.ncbi.nlm.nih.gov/pubmed/22949376
http://dx.doi.org/10.1021/ac049565u
http://www.ncbi.nlm.nih.gov/pubmed/15373466
http://dx.doi.org/10.1021/ac060859k
http://dx.doi.org/10.1039/b812450g
http://dx.doi.org/10.1016/j.bios.2012.05.008
http://dx.doi.org/10.1016/j.biomaterials.2009.11.054
http://dx.doi.org/10.1021/ac0483926
http://dx.doi.org/10.1016/j.talanta.2020.121018
http://dx.doi.org/10.1016/j.bbapap.2015.08.008
http://dx.doi.org/10.1093/nar/gkr559
http://www.ncbi.nlm.nih.gov/pubmed/21742759

Int. J. Mol. Sci. 2020, 21, 5748 39 of 40

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Peng, Q.; Cao, Z.; Lau, C.; Kai, M.; Lu, ]J. Aptamer-barcode based immunoassay for the instantaneous
derivatization chemiluminescence detection of IgE coupled to magnetic beads. Analyst 2011, 136, 140-147.
[CrossRef] [PubMed]

Feng, K.; Sun, C,; Jiang, ].-H.; Yu, R. An Aptamer-Based Competitive Fluorescence Quenching Assay for IgE.
Anal. Lett. 2011, 44, 1301-1309. [CrossRef]

Bai, Y.; Zhao, Q. Rapid fluorescence detection of immunoglobulin E using an aptamer switch based on a
binding-induced pyrene excimer. Anal. Methods 2017, 9, 3962-3967. [CrossRef]

Cao, J.; Wang, H.; Liu, Y. Petal-like CdS nanospheres-based electrochemiluminescence aptasensor for
detection of IgE with gold nanoparticles amplification. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2015,
151, 274-279. [CrossRef]

Liu, Y.-M.; Yang, J.-J.; Cao, ].-T.; Zhang, J.-J.; Chen, Y.-H.; Ren, S.-W. An electrochemiluminescence aptasensor
based on CdSe/ZnS functionalized MoS2 and enzymatic biocatalytic precipitation for sensitive detection of
immunoglobulin E. Sens. Actuators B Chem. 2016, 232, 538-544. [CrossRef]

Szfics, J.; Gyurcsanyi, R.E. Towards Protein Assays on Paper Platforms with Potentiometric Detection.
Electroanalysis 2011, 24, 146-152. [CrossRef]

Fukasawa, M.; Yoshida, W.; Yamazaki, H.; Sode, K.; Ikebukuro, K. An Aptamer-Based Bound/Free Separation
System for Protein Detection. Electroanalysis 2009, 21, 1297-1302. [CrossRef]

Luo, X;; Lee, I; Huang, J.; Yun, M.; Cui, X.T. Ultrasensitive protein detection using an aptamer-functionalized
single polyaniline nanowire. Chem. Commun. 2011, 47, 6368. [CrossRef]

Huang, J.; Luo, X; Lee, I; Hu, Y.; Cui, X.T.; Yun, M. Rapid real-time electrical detection of proteins using
single conducting polymer nanowire-based microfluidic aptasensor. Biosens. Bioelectron. 2011, 30, 306-309.
[CrossRef]

Xu, D.; Xu, D; Yu, X,; Liu, Z.; He, W.; Ma, Z. Label-Free Electrochemical Detection for Aptamer-Based Array
Electrodes. Anal. Chem. 2005, 77, 5107-5113. [CrossRef] [PubMed]

Wang, J.; Xu, D.; Chen, H. A novel protein analytical method based on hybrid-aptamer and DNA-arrayed
electrodes. Electrochem. Commun. 2009, 11, 1627-1630. [CrossRef]

Tran, D.T.; Vermeeren, V.; Grieten, L.; Wenmackers, S.; Wagner, P.,; Pollet, J.; Janssen, K.P.F.; Michiels, L.;
Lammertyn, J. Nanocrystalline diamond impedimetric aptasensor for the label-free detection of human IgE.
Biosens. Bioelectron. 2011, 26, 2987-2993. [CrossRef] [PubMed]

Ding, S.; Gao, C.; Gu, L.-Q. Capturing Single Molecules of Inmunoglobulin and Ricin with an Aptamer-Encoded
Glass Nanopore. Anal. Chem. 2009, 81, 6649-6655. [CrossRef] [PubMed]

Hofler, L.; Gyurcsanyi, R.E. Nanosensors lost in space. A random walk study of single molecule detection
with single-nanopore sensors. Anal. Chim. Acta 2012, 722, 119-126. [CrossRef] [PubMed]

Papamichael, K.; Kreuzer, M.P,; Guilbault, G. Viability of allergy (IgE) detection using an alternative aptamer
receptor and electrochemical means. Sens. Actuators B Chem. 2007, 121, 178-186. [CrossRef]

Feng, K.; Kang, Y.; Zhao, ].-J.; Liu, Y.-L,; Jiang, J.-H.; Shen, G.-L.; Yu, R.-Q. Electrochemical immunosensor
with aptamer-based enzymatic amplification. Anal. Biochem. 2008, 378, 38—42. [CrossRef]

Nam, E.J.; Kim, E.J.; Wark, A.; Rho, S.; Kim, H.; Lee, H.J. Highly sensitive electrochemical detection of
proteins using aptamer-coated gold nanoparticles and surface enzyme reactions. Analyst 2012, 137, 2011.
[CrossRef]

Li, H.; Wang, C.; Wu, Z.-S,; Lu, L.; Qiu, L.; Zhou, H.; Shen, G.; Yu, R. An electronic channel switching-based
aptasensor for ultrasensitive protein detection. Anal. Chim. Acta 2013, 758, 130-137. [CrossRef]

Xu, Y.; Cheng, G.; He, P; Fang, Y. A Review: Electrochemical Aptasensors with Various Detection Strategies.
Electroanalysis 2009, 21, 1251-1259. [CrossRef]

Xiao, Y.; Uzawa, T.; White, R.J.; DeMartini, D.G.; Plaxco, KW. On the Signaling of Electrochemical
Aptamer-Based Sensors: Collision- and Folding-Based Mechanisms. Electroanalysis 2009, 21, 1267-1271.
[CrossRef]

White, R.J.; Rowe, A.A.; Plaxco, K.W. Re-engineering aptamers to support reagentless, self-reporting
electrochemical sensors. Analyst 2010, 135, 589-594. [CrossRef]

Jiang, B.; Li, F; Yang, C.; Xie, ].; Xiang, Y.; Yuan, R. Aptamer Pseudoknot-Functionalized Electronic Sensor
for Reagentless and Single-Step Detection of Inmunoglobulin E in Human Serum. Anal. Chem. 2015, 87,
3094-3098. [CrossRef] [PubMed]


http://dx.doi.org/10.1039/C0AN00448K
http://www.ncbi.nlm.nih.gov/pubmed/20944841
http://dx.doi.org/10.1080/00032719.2010.511747
http://dx.doi.org/10.1039/C7AY01308F
http://dx.doi.org/10.1016/j.saa.2015.06.104
http://dx.doi.org/10.1016/j.snb.2016.03.165
http://dx.doi.org/10.1002/elan.201100522
http://dx.doi.org/10.1002/elan.200804555
http://dx.doi.org/10.1039/c1cc11353d
http://dx.doi.org/10.1016/j.bios.2011.08.016
http://dx.doi.org/10.1021/ac050192m
http://www.ncbi.nlm.nih.gov/pubmed/16097746
http://dx.doi.org/10.1016/j.elecom.2009.06.013
http://dx.doi.org/10.1016/j.bios.2010.11.053
http://www.ncbi.nlm.nih.gov/pubmed/21185167
http://dx.doi.org/10.1021/ac9006705
http://www.ncbi.nlm.nih.gov/pubmed/19627120
http://dx.doi.org/10.1016/j.aca.2012.02.010
http://www.ncbi.nlm.nih.gov/pubmed/22444543
http://dx.doi.org/10.1016/j.snb.2006.09.024
http://dx.doi.org/10.1016/j.ab.2008.03.047
http://dx.doi.org/10.1039/c2an15994e
http://dx.doi.org/10.1016/j.aca.2012.10.019
http://dx.doi.org/10.1002/elan.200804561
http://dx.doi.org/10.1002/elan.200804564
http://dx.doi.org/10.1039/b921253a
http://dx.doi.org/10.1021/acs.analchem.5b00041
http://www.ncbi.nlm.nih.gov/pubmed/25666563

Int. J. Mol. Sci. 2020, 21, 5748 40 of 40

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Wang, J.; Munir, A.; Li, Z.; Zhou, H.S. Aptamer-Au NPs conjugates-accumulated methylene blue for the
sensitive electrochemical immunoassay of protein. Talanta 2010, 81, 63-67. [CrossRef] [PubMed]

Khezrian, S.; Salimi, A.; Teymourian, H.; Hallaj, R. Label-free electrochemical IgE aptasensor based on
covalent attachment of aptamer onto multiwalled carbon nanotubes/ionic liquid/chitosan nanocomposite
modified electrode. Biosens. Bioelectron. 2013, 43, 218-225. [CrossRef] [PubMed]

Lee, C.-Y.; Wu, K.-Y,; Su, H.-L.; Hung, H.-Y,; Hsieh, Y.-Z. Sensitive label-free electrochemical analysis of
human IgE using an aptasensor with cDNA amplification. Biosens. Bioelectron. 2013, 39, 133-138. [CrossRef]
[PubMed]

Song, W.; Li, H.; Liu, H,; Wu, Z,; Qiang, W.; Xu, D. Fabrication of streptavidin functionalized silver
nanoparticle decorated graphene and its application in disposable electrochemical sensor for immunoglobulin
E. Electrochem. Commun. 2013, 31, 16-19. [CrossRef]

Wang, Y.; Cui, M; Jiao, M.; Luo, X. Antifouling and ultrasensitive biosensing interface based on self-assembled
peptide and aptamer on macroporous gold for electrochemical detection of immunoglobulin E in serum.
Anal. Bioanal. Chem. 2018, 410, 5871-5878. [CrossRef]

Wang, S.; Ma, Y.; Wang, Y.; Jiao, M; Luo, X.; Cui, M. One-step electrodeposition of poly(m-aminobenzoic
acid) membrane decorated with peptide for antifouling biosensing of Immunoglobulin E. Colloids Surf. B
Biointerfaces 2020, 186, 110706. [CrossRef]

German, I.; Buchanan, D.D.; Kennedy, R.T. Aptamers as ligands in affinity probe capillary electrophoresis.
Anal. Chem. 1998, 70, 4540-4545. [CrossRef]

Buchanan, D.D.; Jameson, E.E.; Perlette, J.; Malik, A.; Kennedy, R.T. Effect of buffer, electric field, and
separation time on detection of aptamer-ligand complexes for affinity probe capillary electrophoresis.
Electrophoresis 2003, 24, 1375-1382. [CrossRef] [PubMed]

Bai, Y.; Li, Y.; Zhang, D.; Wang, H.; Zhao, Q. Enhancing the Affinity of Anti-Human a-Thrombin 15-mer
DNA Aptamer and Anti-Immunoglobulin E Aptamer by PolyT Extension. Anal. Chem. 2017, 89, 9467-9473.
[CrossRef] [PubMed]

Liu, Y.-M,; Cao, J.-T,; Liu, Y.-Y.; Zhang, ].-J.; Zhou, M.; Huang, K.; Chen, Y.-H.; Ren, S5.-W. Aptamer-based
detection and quantitative analysis of human immunoglobulin E in capillary electrophoresis with
chemiluminescence detection. Electrophoresis 2015, 36, 2413—-2418. [CrossRef] [PubMed]

Janssen, K.P.E; Pollet, J.; Roberts, S.J.; Schrooten, J.; Knez, K.; Lammertyn, J. Assay design considerations
for use of affinity aptamer amplification in ultra-sensitive protein assays using capillary electrophoresis.
Anal. Methods 2011, 3, 2156. [CrossRef]

Hecht, A H.; Sommer, G.J.; Durland, R.H.; Yang, X.; Singh, A.K.; Hatch, A.V. Aptamers as Affinity Reagents
in an Integrated Electrophoretic Lab-on-a-Chip Platform. Anal. Chem. 2010, 82, 8813-8820. [CrossRef]

Hu, J.; Easley, C.J. A simple and rapid approach for measurement of dissociation constants of DNA aptamers
against proteins and small molecules via automated microchip electrophoresis. Analyst 2011, 136, 3461-3468.
[CrossRef]

Gong, M.; Wehmeyer, K.R.; Limbach, P.A.; Heineman, W.R. Frontal analysis in microchip CE: A simple and
accurate method for determination of protein-DNA dissociation constant. Electrophoresis 2007, 28, 837-842.
[CrossRef]

Arter, WE.; Charmet, J.; Kong, J.; Saar, K.L.; Herling, TW.; Miiller, T.; Keyser, U.E,; Knowles, T.PJ. Combining
Affinity Selection and Specific Ion Mobility for Microchip Protein Sensing. Anal. Chem. 2018, 90, 10302-10310.
[CrossRef]

Turgeon, R.T.; Fonslow, B.R.; Jing, M.; Bowser, M.T. Measuring Aptamer Equilibria Using Gradient Micro
Free Flow Electrophoresis. Anal. Chem. 2010, 82, 3636-3641. [CrossRef]

Cheow, L.F; Han, J. Continuous Signal Enhancement for Sensitive Aptamer Affinity Probe Electrophoresis
Assay Using Electrokinetic Concentration. Anal. Chem. 2011, 83, 7086-7093. [CrossRef]

Wild, D. (Ed.) The Immunoassay Handbook. Theory and Applications of Ligand Binding; ELISA and Related Techniques,
4th ed.; Elsevier Science: Oxford, UK, 2013.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.talanta.2009.11.035
http://www.ncbi.nlm.nih.gov/pubmed/20188888
http://dx.doi.org/10.1016/j.bios.2012.12.006
http://www.ncbi.nlm.nih.gov/pubmed/23313881
http://dx.doi.org/10.1016/j.bios.2012.07.009
http://www.ncbi.nlm.nih.gov/pubmed/22883750
http://dx.doi.org/10.1016/j.elecom.2013.02.001
http://dx.doi.org/10.1007/s00216-018-1201-9
http://dx.doi.org/10.1016/j.colsurfb.2019.110706
http://dx.doi.org/10.1021/ac980638h
http://dx.doi.org/10.1002/elps.200390176
http://www.ncbi.nlm.nih.gov/pubmed/12731022
http://dx.doi.org/10.1021/acs.analchem.7b02313
http://www.ncbi.nlm.nih.gov/pubmed/28763192
http://dx.doi.org/10.1002/elps.201500158
http://www.ncbi.nlm.nih.gov/pubmed/26095306
http://dx.doi.org/10.1039/c1ay05124e
http://dx.doi.org/10.1021/ac101106m
http://dx.doi.org/10.1039/c0an00842g
http://dx.doi.org/10.1002/elps.200600398
http://dx.doi.org/10.1021/acs.analchem.8b02051
http://dx.doi.org/10.1021/ac902877v
http://dx.doi.org/10.1021/ac201307d
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Antibodies as Diagnostic Biomarkers 
	IgA Detection with Aptamers 
	Aptamers for IgM Detection 
	Detection of IgGs with Aptamers 
	Fc Domain Specific Aptamers 
	Fab Domain Specific Aptamers 

	IgE Detection with Aptamers 
	Aptamer-assisted Optical Detection of IgE 
	Colorimetric Methods 
	Surface Plasmon Resonance Based Detection 
	Fluorescent/Luminescent Methods 
	Electrochemiluminescence (ECL) Assays 

	Electrochemical Detection of IgE 
	Electrophoretic Methods for IgE Detection 

	Conclusions and Outlook 
	References

