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Abstract: The development of sensitive and selective assays for protein biomarkers and other
biological analytes is important for advancing the fields of clinical diagnostics and bioanalytical
chemistry. The potential advantages of using aptamers in electrochemical sandwich assays are being
increasingly recognized. These assays may include an aptamer as both capture and detection agent or
a combination of an aptamer with a different partner such as an antibody, a lectin or a nanomaterial.
The second binding partner in the sandwich structure is typically conjugated to a redox marker, a
catalyst or an enzyme that can be used to generate the signal needed for electrochemical detection.
Nanoparticles and other nanostructures can be used as the carriers for multiple molecules of the
detection partner and thereby increase the signal. Nanostructured surfaces can be used to increase
surface area and improve electron transfer. Sensitive electrochemical methods including impedance,
differential and square-wave voltammetry and chronocoulometry have been used for electrochemical
signal read-out. Impressive results have been achieved using electrochemical sandwich assays in
terms of limit of detection and linear range for a growing range of analytes. The recent progress for
this type of assay for proteins and other biomarkers is the subject of this review.
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1. Introduction

As a strategy for increasing sensitivity and selectivity, the development of electro-
chemical assays using aptamers in sandwich structures has become popular. In these
assays, the analyte is sandwiched between two aptamers, between an aptamer and an
antibody, or between an aptamer and another agent such as a lectin or a nanomaterial. In
all of these approaches, the incorporation of nanostructured surfaces and nanoparticles
or nanomaterials of many kinds has been pursued to enhance the electrochemical signal
and improve the limits of detection and selectivity. In the past five years, the range of
analytes studied has broadened to include more protein biomarkers of diagnostic sig-
nificance. Additionally, in this period, the range of nanomaterials and nanostructures
incorporated both on electrode surfaces and as labels for detection agents has grown in the
past 5 years to include nanowires, metal-organic frameworks, nanosheets and templated
natural nanostructures. Scheme 1 shows a selection of the sandwich assay architectures
described in this review and some of the kinds of surfaces on which these assays have been
performed and demonstrates the breadth of possibilities.

The most studied analyte for electrochemical sandwich assays involving aptamers
is the serine protease thrombin, so in this review, we first profile sandwich assays for
this analyte as a major example of the growing diversity of assay architectures. We then
review electrochemical assays for other analytes that use two aptamers in the sandwich,
assays that combine an aptamer and an antibody, and assays that combine an aptamer
with a lectin or a nanomaterial as the second partner in the structure. The broader role
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of aptamer-based electrochemical sensors in medical diagnostics is reviewed including
strategies based on hybridization and changes in aptamer conformation [1]. An interesting
earlier review concerning electrochemical sandwich assays is also presented [2]. The most
common electrochemical detection strategies are those that detect a peak current and those
that detect an accumulation of charge by binding a redox marker to the surface-bound
oligonucleotides associated with the detection part of the sandwich structure.
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Scheme 1. A sample of some of the sandwich assay structures that are possible and that are discussed in this review. (A) an
aptamer-analyte-aptamer sandwich with capture aptamers bound to a nanoparticle-modified electrode surface with the
detection aptamers bound to a nanoparticle that also is labeled by an enzyme, (B) an aptamer-analyte-antibody sandwich
on a nanostructured layer which has continuous nanoscale features to which capture aptamers are bound with the detection
antibodies then bound to a nanoparticle in the form of antibody—enzyme conjugates, (C) aptamer-modified magnetic
nanoparticles captured on an electrode surface using a magnet so that an aptamer—analyte—(antibody—enzyme conjugate)
sandwich structure can be formed, and (D) a nanocomposite surface containing materials such as carbon nanotubes and
polymers with adsorbed or covalently attached aptamers forming a sandwich with a glycoprotein for which the glycan
structure is bound by a lectin-enzyme conjugate. There are numerous other possibilities. The linkage of aptamers to
surfaces or nanoparticles may be by the use of thiolated aptamers, the use of bioconjugation reactions, biotin-streptavidin
interactions or by physisorption. Enzymes may be linked to aptamers or antibodies using biotin-streptavidin interactions,
or bioconjugation reactions. The analyte is most often a protein biomarker but can also represent other possibilities such as
a cell, a bacterium, a peptide, or some other biomolecule.
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Electrochemical approaches to detecting biomarkers for a wide range of diseases
are under intensive development focusing on specific proteins, peptides, and oligonu-
cleotides [3]. Electrochemical detection of specific protein biomarkers is a key technology
under development for the diagnosis of cancer and other diseases in clinical and point-
of-care settings [4]. Electrochemical immunosensors based on antibodies and antibody
sandwich complexes have become a highly popular approach [5-7]. Electrochemical assays
have the advantage of making use of low-cost instrumentation, ease of implementation,
and offer good prospects for high sensitivity and selectivity. Electrochemical assays can
be developed for a very wide range of biomarkers by using the appropriate recognition
molecules and designing an assay resulting in a current or charge response that is related
to biomarker concentration. As an alternative to antibodies, aptamers possess several
appealing features for application in biosensors, such as their stability, high specificity and
sensitivity, ease of re-use and small size compared to other agents such as antibodies [8].
Whereas antibody probes can be subject to irreversible denaturation, aptamers can be
reliably regenerated.

The desired aptamer is developed using the systematic evolution of ligands by the
exponential enrichment (SELEX) process. SELEX starts with an initial library of oligonu-
cleotides and through a number of cycles identifies an oligonucleotide that has a strong
affinity for the target. The oligonucleotides in the initial pool consist of a random internal
region of base pairs and constant flanking regions of typically 15 to 20 base pairs long
needed for the polymerase chain reaction (PCR) amplification step [9]. A random region
of 20 base pairs would present the possibility for 42 = 1.1 x 10'2 possible sequences. The
number of nucleotides in the random region can be as high as 60. The initial pool does not
contain all of the possibilities, especially for longer lengths of the random region [10]. A
SELEX cycle consists of allowing the target to bind to oligonucleotides in the pool, followed
by a selection of those that have bound to the target, and their amplification in advance
of the next cycle. A typical process when the target is a protein involves allowing the
protein to mix with the oligonucleotide pool in solution so that the sequences with higher
affinities can bind to the protein. Nitrocellulose membranes are frequently used to capture
the oligonucleotide—protein complexes and pass through the free oligonucleotides [11]. The
proteins can also be captured on activated sepharose and the unbound oligonucleotides
removed [12]. The oligonucleotides sequences that are bound to the captured proteins are
released so that they can be subjected to amplification [13]. While aptamers are identified
from pools of ssDNA oligonucleotides, aptamers based on RNA are also known [14]. There
have been many variations in the SELEX process reported [15]. The affinities achieved for
protein targets using aptamers are as high as those achieved by most antibodies, and are in
the 1-100 nM range [10].

In their use as capture agents on gold electrode surfaces, or for example, as reporter
agents on gold nanoparticles, aptamers with thiolated ends can readily be prepared. Ap-
tamers designed for immobilization on gold typically have a linker such as a short alkyl
chain attached to one end of the oligonucleotide and a disulfide with mercaptohexanol on
the other end [16]. Reduction with dithiothreitol or with tris(2-carboxyethyl)phosphine
(TCEP) is used to produce the free thiol. The disulfide form can directly modify a gold
surface but will result in lower aptamer surface density. Derivatives of the 15-mer and
29-mer aptamers against thrombin have been reported in which the 5’-end was modi-
fied with two dithianes with a phosphodiester bridge and a short polyethylene glycol
(PEG) linker resulting in especially strong and flexible binding to the gold surface [17].
When carbon-based electrodes are used, a strategy for aptamer immobilization is to gen-
erate carboxyl groups on the surface and conjugate amine-terminated aptamers using
EDC/NHS chemistry [18]. Immobilization of aptamers on glassy carbon electrodes has
also been achieved using m-stacking on a spread graphene—porphyrin composite [19]. The
adsorption of a graphene/aptamer complex onto glassy carbon electrodes modified by
poly(o-phenylenediamine) has been reported [20]. Pyrene units at the 3’-end were used for
aptamer immobilization onto reduced graphene oxide [21]. It is also possible to covalently
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attach aptamers to carbon electrodes using diazonium salt chemistry [22]. Methods for
immobilization of aptamers onto surfaces are reviewed [23].

Given these advantageous properties, significant efforts have been pursued in recent
years for the development of biosensors for proteins and some small molecules using
aptamers and electrochemical detection strategies have been a prime focus. The need
for protein biosensors is strongly driven by the desire to detect proteins that serve as
biomarkers for various disease states in clinical and diagnostic settings. If there are two
different aptamers available that bind to different sites on a protein, then one aptamer can
be immobilized on an electrode surface to serve as the capture aptamer, and another can
then serve as the reporter aptamer and bind from the solution to another site on the protein.
If only one aptamer binding to one site on the target protein is available, then an antibody
partner can be employed that binds to another site either in the capture or reporter role.
The nature of the electrode surface can also be varied, using simple flat gold films or glassy
carbon, or more elaborate nanostructured surfaces whose higher surface area can also
contribute to signal amplification. While gold electrodes are widely used, other types
of electrodes such as glassy carbon have also been regularly employed. Aptamer-based
systems for these electrochemical assays are steadily emerging and show great potential as
described in this review.

2. Electrochemical Sandwich Assays for Thrombin Using Aptamers

Thrombin, which is a serine protease present in the blood during ongoing coagulation,
serves as a biomarker for diseases including Alzheimer’s [24] and cancer [25]. Thrombin
is by far the most studied analyte in electrochemical sandwich assays using aptamers
because two complimentary thrombin binding aptamers have been developed. A 15-mer
aptamer was first discovered [26] and later a 29-mer [27], each binding to different sites of
the protein. The 15-mer forms a G quadruplex that interacts with the fibrinogen recognition
exosite by mainly electrostatic interactions [28] and has a reported K4 value of ~100 nM.
The 29-mer aptamer binds to the heparin-binding exosite of thrombin with hydrophobic
interactions and duplex formation being significant and resulting in K4 = 0.5 nM [29].
These two sites on the protein are well separated.

Numerous approaches have been reported for the detection of thrombin using ap-
tamers, including optical, electrochemical and chromatographic affinity-based assays [30].
Thrombin can be an important biomarker for diseases that involve changes or abnormalities
in the coagulation process [31]. Thrombin is an important component of the coagulation
cascade [32]. Thrombin is a serine protease homologous to other serine proteases such as
chymotrypsin [33]. The precursor to thrombin, prothrombin, circulates in the blood at a
concentration of 1.4 uM. The relevant physiological range of thrombin concentration is low
nanomolar to low micromolar [34]. The appeal of thrombin as a target, as noted above, is
that there are two aptamers available that target two different, spatially separated sites
on the protein making formation of a sandwich structure readily achieved. Some electro-
chemical assays have made use of only one aptamer, such as an assay based on aptamer
conformational change upon thrombin binding [35]. A 32-mer aptamer for thrombin would
undergo a conformational change from unfolded to G-quartet conformation that binds to
thrombin. The distance of a redox label, methylene blue conjugated to the 3’-end, from a
gold electrode surface increased upon thrombin binding. The peak current in a differential
pulse voltammetry sweep would decrease with increasing thrombin concentration. Analy-
sis using the Laviron equation [35] revealed that binding of thrombin reduced the kinetic
rate constant from 88 s~! to 58 s~1, attributed to a change in the electron transfer pathway
due to a binding-induced conformational change. A linear response for thrombin spiked in
fetal calf serum was seen from 6.4-768 nM. Other methods aside from Electrochemistry
used to detect thrombin using aptamers have included a guided-mode resonance (GMR)
sensor [36] which is an optical method based on the change in refractive index showing
up as a shift in transmittance of a grating structure. The SiO, on the GMR sensor surface
was modified with 3-aminopropyltriethoxysilane and then conjugated to the 29-mer for
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thrombin, which is the one of higher binding affinity. This sensor achieved a detection limit
of 0.19 uM and a linear range of 0.25-1.0 uM. Using a Biacore SPR chip, a multiple sandwich
assay for thrombin was reported that achieved a detection limit of 0.1 aM (attomolar), and
a range from 0.1-4.0 aM [37]. In this approach, a gold sensor chip was first modified with a
mixture of mercaptoundecanoic acid and a PEGylated alkanethiol followed by conjugation
of an anti-thrombin antibody using EDC/NHS chemistry. The thrombin bound to the
antibody was then exposed to the 29-mer binding sequence thrombin aptamer but with
a polyadenine tail of 30 units in length. The SPR response was enhanced using a dual
nanoparticle strategy, where gold nanorods (length = 50 &= 10 nm, width = 10 £ 2 nm)
modified by poly(thymine) chains of 20 units would then bind to roughly spherical gold
nanoparticles (50 & 5 nm) modified by poly(adenine) chains of 30 units.

An early report made use of electrochemical impedance spectroscopy (EIS) as the
detection method for an assay and used the increase in charge transfer resistance (Ret)
as the response versus thrombin concentration [38]. In the assay, a gold electrode was
modified by thiolated 15-mer aptamer (5'-HS-(CH,)s-GGTTGGTGTGGTTGG-3') and mer-
captohexanol or mercaptoethanol were used to fill in bare spots on the electrode surface.
The use of mercaptoethanol was found to be preferred as it gave the best response in EIS.
Incubation with thrombin solutions of varying concentrations took place for 60 min. A
sandwich structure was then formed by incubation with aptamer-modified gold nanopar-
ticles that had their surface filled in by rhodamine-6G which presumably interacts with
the nanoparticle surfaces through its two N-H groups. The gold nanoparticles modi-
fied by DNA are negatively charged and thus repel the [Fe(CN)g]3~/4~ probes used in
the buffer for conducting impedance spectroscopy. In this work, the same aptamer was
used on the surface and on the nanoparticles. The ratio of R¢ for thrombin solution to
Rt of a blank solution was plotted versus thrombin concentration and a detection limit
of 0.02 nM was achieved with a linear range from 0.05-18 nM. BSA used as a control
showed a minimal response. The presence of the adsorbed rhodamine 6G was found
to increase the response and was also noted as of potential use as a Raman probe for
detection of thrombin binding using surface-enhanced Raman spectroscopy (SERS). Two
different anti-thrombin aptamers that recognized different binding sites of the targeted
thrombin were assembled on the surface of the gold electrode for the fabrication of the
electrochemical sensor system [39]. Glucose dehydrogenase (GDH) from Burkholdelia cepa-
cian was used as the label on the detecting aptamer. The two different aptamers were
the 15-mer aptamer, 5-GGTTGGTGTGGTTGG-3' and the other was a 29-mer aptamer,
5'-AGTCCGTGGTAGGGCAGGTTGGGGTGACT-3' with Ky values of 26 nM and 0.5 nM,
respectively. The thiolated aptamer (29-mer) was immobilized on the surface of the gold
electrode followed by the target thrombin and the GDH labeled (15-mer) second aptamer.
BSA was used as the control protein. The lower limit of the detection of this system was
1 pM. In a thrombin detection study using potentiometric detection, gold electrodes were
first modified by a thiolated primary aptamer and filled in with 6-mercaptohexanol [40].
After binding with thrombin for 1 h, the bound thrombin was exposed to CdS quantum
dots modified by the secondary aptamer. The CdS quantum dots were oxidized for 15 min
using 0.01 M H,O, and then the Cd?* ions were detected using a solid-contact ion-selective
microelectrode. The EMF vs. log(thrombin, ppm) was nearly linear and useful for detection
over a range of 10-250 ppb with a detection limit of 5 ppb (0.14 nM). Another impedimetric
study made use of Au nanoparticle-modified sheets of reduced graphene oxide (rGO) to
provide amplification of the charge transfer resistance response to formation of the capture
aptamer—thrombin-reporter aptamer sandwich [41]. Gold electrodes were modified with
thiolated capture aptamer and filled with dithiothreitol. In a one-pot reaction, rGO was
generated from graphene oxide and decorated with 7.5 nm Au nanoparticles. The thiolated
reporter aptamer was bound to these gold nanoparticles. Incubation with thrombin was
done for 90 min and the incubation with the rGO-Au nanoparticle conjugates required 5 h
to reach saturation. The increase in charge transfer resistance to thrombin concentration
was linear from 0.3-50 nM with a detection limit of 0.01 nM.
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In addition to flat gold surfaces, electrodes with nanostructured surfaces or assemblies
of gold nanoparticles have been used to enhance surface area as an additional means to
achieve signal amplification. An aptamer sandwich assay on nanoporous gold (NPG) elec-
trode was used to achieve high sensitivity with chronocoulometric detection for detection
of thrombin [42]. An electrode of high surface area was created by generating a nanoporous
gold layer by applying a square wave potential pulse to a gold disc electrode in a highly
basic solution (2 M NaOH). The roughness factor of this electrode as determined using
oxide stripping in cyclic voltammetry was ~34. The NPG electrode was first modified
by thiolated 15-mer aptamer with a TTTTT tail (5'-SH-(CH,)e-TTTTT-GGTTG-GTGTG-
GTTGG-3') and then mercaptohexanol was allowed to assemble to fill in bare spots and
provide better orientation of the aptamers. Subsequent or co-addition of mercaptohexanol
for self-assembly of oligonucleotides onto Au is an established strategy for providing better
orientation and filling in bare spots between aptamers on a gold surface [43]. Aptamer-
modified gold nanoparticles of 3.2 nm diameter were prepared modified by a 3/1 ratio of
non-binding aptamer to binding aptamer with the goal of having each modified nanopar-
ticle bind to only one thrombin. Electrochemical impedance spectroscopy was used to
characterize the extent of surface modification after each step in electrode modification
and sandwich formation through the increase in charge transfer resistance. The detection
step used the electrostatic binding of [Ru(NHj)6]?* to the DNA strands in the outer regions
of the sandwich complexes. The binding of greater numbers of aptamer-modified Au
nanoparticles to the thrombin captured on the aptamer-modified electrode resulted in the
accumulation of a greater amount of [Ru(NH3)6]>* which was then detected by the amount
of charge passed as measured by chronocoulometry upon reduction of [Ru(NHj3)]?* to
[Ru(NHj3)e]?*. The difference in charge passed in the presence and absence of thrombin
was plotted versus thrombin concentration achieving a detection limit of 30 fM and a
linear range from 0.01-22 nM. The selectivity of the biosensor was tested using fibrinogen,
prothrombin, and Factor Xa and found to be excellent. The times required for incubation
with thrombin and then with the aptamer-modified nanoparticles were reported each as
2h

An approach using magnetic beads was used to perform an aptamer-based electro-
chemical sandwich assay for thrombin [44]. Streptavidin-coated magnetic beads were first
used to bind the biotinylated 15-mer aptamer (primary aptamer) followed by binding of
thrombin and then binding of biotinylated 29-mer aptamer (secondary aptamer). Opti-
mization of conditions resulted in the choice of 0.1 uM 29-mer biotinylated aptamer and an
incubation time of 15 min. Incubation with thrombin was also for 15 min. Incubation with
streptavidin—enzyme conjugate was carried out for 10 min. Each step was performed in an
appropriate buffer. The bound sandwich complexes were then attracted to a screen-printed
carbon electrode. The amount of thrombin bound was then assayed by measuring the cur-
rent peak due to reduction of the 1-napthol product obtained by the action of the alkaline
phosphatase enzyme on the substrate 1-napthyl phosphate. A nonlinear dose-response
curve was observed. A detection limit of 0.45 nM was obtained, and the assay was useful
over the range 0.1-100 nM. Selectivity in the presence of 72 uM human serum albumin was
only slightly greater than that obtained using buffer alone as a blank. The response for
thrombin spiked into 10x diluted serum was similar to that obtained in the buffer.

Assays for thrombin using magnetic beads were reported in indirect competitive,
direct competitive and product detection formats [45]. In the indirect competitive assay,
thrombin conjugated to magnetic beads competed with free thrombin for binding of
biotinylated 15-mer aptamer. Subsequently, the biotinylated aptamer captured on the
magnetic beads could bind to alkaline phosphatase labeled streptavidin. In the direct
competitive assay, 15-mer aptamer-modified magnetic beads competed to bind thrombin
from solution in the presence of biotinylated thrombin and then alkaline phosphatase
labeled streptavidin was bound onto the captured thrombin. The magnetic beads were then
captured on the electrode surface by a magnetic field, washed, and the activity of alkaline
phosphatase for the substrate 1-napthyl phosphate was measured by differential pulse
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voltammetry detection of the 1-napthol product. The direct competitive assay achieved
a detection limit of 430 nM. The indirect competitive assay was subject to too much non-
specific adsorption of the alkaline phosphatase labeled streptavidin to be useful as an
assay. The enzymatic activity of thrombin captured onto aptamer-modified magnetic beads
was assayed using the substrate (3-Ala-Gly-Arg-p-nitroaniline by detection of the released
p-nitroaniline by its reduction peak using DPV. A detection limit of 175 nM was achieved
using this approach. This study confirmed that the detection limit of 0.45 nM achieved
using the sandwich assay approach [45] was superior, and additionally, the sandwich assay
displayed outstanding selectivity in the presence of 72 uM human serum albumin.

A novel electrochemical biosensor based on the aptamer and the signal amplification
by gold nanoparticles was fabricated for the determination of thrombin [46], as shown in
Figure 1. The aptamer was immobilized on the Au NPs coated gold electrode for about
16 h followed by 6-mercapto-1-hexanol for about 1 h to block the uncovered parts of the
surface. The aptamer-modified electrode then interacted with different concentrations of
the thrombin followed by incubation in the solution contain AuNP probes. AuNP probes
were prepared by incubating 25 nm Au particles in the solution containing the aptamer
and CdS-ssDNA for 16 h with gentle shaking. The resulting sandwich complex was treated
with 1.0 M HNO3; to dissolve the CdS nanoparticles. DPV measurements of the dissolved
Cd?* were performed to measure anodic stripping peak currents. Thrombin was detected
in this assay in the linear range of 1.0 fM to 10 pM with the detection limit of 0.55 fM of
the target protein. Detection of the thrombin was done by an aptasensor with platinum
nanoparticles (PtNPs) decorated carbon nanocages (CNCs) as signal labels [47]. PtNPs of
3-5 nm in diameter were dispersed on the surface of CNCs. The thiolated aptamer was
immobilized on the surface of the gold electrode to capture the thrombin, and then aptamer
functionalized PtNPs/CNCs nanocomposites were used to fabricate a sandwich aptasensor.
The aptasensor was tested by recording the electrocatalytic reduction current toward HyO,
by CV, EIS and DPV. The thrombin probe used was 5'-SH-(CH,)s GGTTGGTGTGGGTTGG-
3’. The linear response of the aptasensor ranged from 0.05 pM to 20 nM with a low limit of
detection of 10 fM. The aptasensor provided excellent specificity toward thrombin in the
mixture of other proteins including BSA, Hb, L-vys, lysozyme, and spiking of thrombin
with different concentrations into the 10-fold diluted serum.

Graphene doped with sulfur and nitrogen has improved electrical conductivity and
was combined with gold nanoparticles and two aptamers to produce a highly sensitive elec-
trochemical sandwich assay for thrombin [48]. One of the thrombin aptamers was thiolated
on the 5'-end with a poly(T) tail (5'-SH-(CH,)-TTTTTTTTTTGGTTGGTGTGGTTGG-3').
A glassy carbon electrode was modified by casting the doped graphene oxide dispersed
with Au nanoparticles and then modifying it with the thiolated aptamer. A second dis-
persion was prepared of doped graphene oxide-modified with gold nanoparticles and
then modified with an aptamer both thiolated on the 3'-end and biotinylated on the 5'-
end (5'-biotin-AGTAGGCGGCGTTATGGTATTTTTTTITTTTTTT-SH-3'). Incubation with
thrombin in phosphate buffer was carried out for one hour at 37 °C and then after washing
exposure to the dispersion of aptamer-modified gold nanoparticles on doped graphene
oxide took place for 80 min. The biotinylated aptamer was then bound to horseradish
peroxidase-labeled avidin. Electrochemical detection of the oxidation of hydroquinone
by HyO, by DPV was used as the response to increasing thrombin concentration. The
detection limit achieved in phosphate buffer was 25 fM and a linear range of response was
found from 100 fM to 10 nM. Selectivity was excellent when tested against human serum
albumin, -fetoprotein, and carcinoembryonic antigen. Agreement between thrombin
spiked into human serum samples from 50 fM to 50 pM was very good.
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Figure 1. Scheme of an electrochemical method for the determination of thrombin based on aptamers forming a sandwich

structure on an Au electrode covered by electrodeposited Au nanoparticles. The dissolution of CdS nanoparticles linked

around gold nanoparticle labels releases Cd>* ions that are detected by differential pulse voltammetry. Reprinted with

permission from reference [46]. Copyright 2010 Elsevier.

In addition to alkaline phosphatase and horseradish peroxidase, other enzymes could
be used to develop aptamer-based electrochemical assays. In one study, an enzyme for
which the substrate is simply glucose was used to develop an assay [49]. An electrochemical
sandwich assay for thrombin was based on pyroquinolinequinone glucose dehydrogenase,
(PQQ)GDH. (PQQ)GDH was conjugated to biotinylated 29-mer aptamer using glutaralde-
hyde and used as the reporter. The 15-mer aptamer was used in a thiolated form and
self-assembled onto a gold electrode surface. The enzyme-labeled detection aptamer was
incubated together with thrombin in buffer and after washing the enzyme activity to added
glucose was measured. Using 62 mM glucose in 10 mM 3-(N-morpholino)propanesulfonic
acid (MOPS) buffer and chronoamperometric detection, a linear range from 40-100 nM
was found with a detection limit of 10 nM.

Some electrochemical assays for thrombin have combined the use of an aptamer
and an antibody. Both possibilities, aptamer as capture probe and antibody as capture
probe have been reported. In one study [50], a nanostructured film of chitosan and gold
nanoparticles was formed by electrodeposition from a solution of chitosan and HAuCly
at —1 to —3 V (vs. SCE, saturated calomel electrode) for 2-6 min giving nanoparticles
of diameter around 50 nm. A polyclonal sheep anti-thrombin antibody was then drop-
cast onto the electrode, allowed to react, and then the remaining reactive sites blocked
using BSA. The assay involved binding of thrombin to the antibody-modified electrode
followed by binding of a 22-mer aptamer (170 nM) and then intercalation of methylene
blue (MB) between the base pairs of the aptamer. The parameters for film formation and
the concentrations of KCI and MgCl, in the buffer solution were optimized, as the presence
of Mg?* promotes aptamer folding into stable G-quadruplexes that results in improved
binding to thrombin. Using DPV to measure the peak current from the reduction of MB
versus thrombin concentration gave a linear range from 1-60 nM and a detection limit
of 0.5 nM. In contrast, an electrochemical sandwich assay combining an anti-thrombin
antibody and 15-mer aptamer in which the aptamer served as the capture agent was
reported [51]. The 15-mer aptamer had a long T tail of 20 base pairs terminated by
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biotin on the 5’-end. Au nanoparticles of 13 nm diameter were prepared, and then anti-
thrombin antibody and horseradish peroxidase were physisorbed onto the nanoparticles.
Screen-printed electrodes (SPCE) were treated with NH4OH to generate amine groups
and then Au nanoparticles were adsorbed onto the surface and ferrocenedicarboxylic
acid was added as a mediator. Streptavidin was then adsorbed onto the electrode surface
followed by adsorption of the biotinylated aptamer. Thrombin samples were drop-cast
onto the electrode and incubated at 4 °C for 1 h. The electrodes were then incubated
with the enzyme and antibody-modified gold nanoparticles for 40 min. Detection of the
bound nanoparticles was done using chronoamperometry to measure the current from the
reduction of 3% H,O;. The detection of thrombin using this scheme was found to give
a linear range from 10 pM to 100 nM with a detection limit of 1.5 pM. Thrombin spiked
into human serum was able to be detected over a linear range from 100 pM-100 nM. An
ultrasensitive and highly specific electrochemical aptamer-based assay for thrombin was
designed based on the capture of Fe30,/Au core-shell magnetic nanoparticles (AuMNPs)
onto an Au electrode using a magnet [52]. AuMNPs were modified with the thiolated
capture aptamers. The thiolated detection aptamer was immobilized on Au nanoparticles
together with horseradish peroxidase (HRP). The formation of the sandwich structure
including thrombin and the two aptamer labeled nanoparticles took place in solution and
was followed by the capture of these sandwich complexes from 30 pL of the solution
drop-cast onto the Au working electrode and collected onto the electrode surface using
a magnet. After the addition of 1 mL of solution containing hydroquinone and H,O,,
detection of benzoquinone by DPV was done after a 5 min incubation. The assay was able
to detect thrombin over a linear range of 0.1-60 pM and with a detection limit of 30 fM as
shown in Figure 2.

The use of a sandwich between the primary aptamer and antibody-modified magnetic
nanoferrite nanoparticles was introduced as a means of achieving much faster analysis
times [53]. Screen-printed electrodes (SPCE) were modified with a conducting polymer
(poly-(2,2:5' 5"-terthiophene-3'-p-benzoic acid)) and the amine-terminated aptamer conju-
gated to the polymer using EDC/NHS chemistry. The nanoferrite particles were modified
by starch with attached streptavidin proteins for binding of biotinylated antibodies. The
hydroxyl groups of the nanoparticles were activated by carbonyl-diimidazole for binding
to toluidine blue O (TBO) which would serve as a redox marker. The analysis parameters
were optimized and found to be 3 min for thrombin binding followed by 4 min of binding
of the magnetic nanoparticles with the magnetic field followed by 10 s of reversed magnetic
field to remove magnetic nanoparticles not bound by antibody-thrombin interaction. The
current due to reduction of TBO was used as the signal and a linear range of 1-500 nM was
found with a detection limit of 0.49 nM.

An approach to signal amplification in an aptamer sandwich assay for thrombin was
based on having the reporter aptamer bound to gold nanoparticles decorating the surface
of microparticles of hollow CeO, capable of catalyzing the reduction of HyO, [54]. Indium
tin oxide (ITO) electrodes were dip-coated with Ag nanowires (d = 80 nm, 1 = 20 um) for
three cycles and then modified with the amine-terminated capture aptamer. The highly
conductive Ag nanowires helped to enhance the electrochemical signal. The hollow CeO,
microparticles (d~1 pm) were prepared by template synthesis and then served as templates
for decoration with Au nanoparticles onto which the thiolated reporter aptamer was bound.
The detection was achieved using DPV in 10 mM H,O, after a 40 min thrombin binding
time. The arrangement of the components for this assay is depicted in Figure 3. A linear
relation was found between the current due to H,O, reduction and log [thrombin] over
the range 0.5 pM-30 nM with a detection limit of 0.25 pM.
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Figure 2. (A) Differential pulse voltammograms of an AuMNPs-Aptl/thrombin/Apt2-AuNPs-HRP-modified gold electrode
in solution of pH 7.0 PBS containing (a) no H,O, and hydroquinone (HQ), (b) 2 mM HQ, and (c) 1.5 mM HyO, + 2 mM
HQ. (B) The current response of the aptasensor in PBS containing 2 mM HQ and 1.5 mM H,0O; at different pH values.
(C) The current response of the aptasensor in PBS (pH 7.0) containing different HQ concentrations. (D) The current response
of the aptasensors in PBS (pH 7.0) at the potential of —0.2 V while H,O, was stepwise added into the system. The final
concentration of H,O, reaches to (a) 0.25, (b) 0.5, (c) 0.75, (d) 1.0, (e) 1.25, (f) 1.5, (g) 1.75, (h) 2.0, (i) 2.25, and (j) 2.5 mM.
Reprinted with permission from reference [52]. Copyright Elsevier 2011.

A summary of the results obtained for the detection of thrombin using aptamers and
electrochemical sandwich assay approaches is presented in Table 1. In certain studies, both
a very low detection limit and a wide linear range have been reported, conditions needed
for a successful assay.
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Figure 3. Schematic of an electrochemical assay for thrombin (TB) based on indium tin oxide electrodes (ITO) first modified
with Ag nanowires (AgNW) onto which the capture aptamer is bound along with mercaptohexanol (MCH). The Cu,O
particle is a template for formation of hollow CeO, particles that are decorated with Au nanoparticles. Detection of

catalysis of reduction of HyO, by CeO; is done using differential pulse voltammetry. Reprinted with the permission from
reference [54]. Copyright Elsevier 2020.

Table 1. Electrochemical Sandwich Assays for Thrombin using Aptamers.

Components of Sandwich Assay for Thrombin

(Th = Thrombin, SAM = Self-Assembled Method of Detection Linear Range Limit of Detection Ref.
Monolayer)
Au/SAM/Aptamer covalently attached to
methylene blue (not a sandwich assay, for AC voltammetry 6.4 nM-768 nM 6.4nM [35]
comparison only)
Au/thiolated aptamer/Th/aptamer-modified gold ~ Electrochemical Impedance
nanoparticles with adsorbed rhodamine 6G Spectroscopy 0.05-18 nM 0.02nM [38]
Au/thiolated aptamer/Th/glucose
dehydrogenase (GDH)-labeled aptamer (glucose Amperometry nonlinear 1uM [39]
substrate)
Au/mixed SAM with thiolated .
aptamer/Th/aptamer labeled CdS quantum dots Potentiometry 100 pM-1nM 0-14nM 401
Au e}ectrode / thiolateFI aptamer /Th/graphene Electrochemical Impedance 0.3-50 nM 0.01 nM [41]
modifed Au nanoparticles with reporter aptamer Spectroscopy
Nanoporous Au/thiolated aptamer in mixed
SAM/Th/aptamer-modified Au nanoparticles Chronocoulometry 0.01-22 nM 30 M [42]
Screen-printed carbon electrode/streptavidin
coated magnetic beads/5"-biotinylated primary . .
aptamer/Th/5'-biotinylated secondary Differential pulse 0.1-100 nM (non-linear) 0.45 nM [44]
L . voltammetry
aptamer/streptavidin-alkaline phosphatase
conjugate
Screen-printed carbon electrode,
streptavidin-coated magnetic beads, thrombin, .
biotinylated thrombin, streptavidin-alkaline . . 0-2000 nM (not linear) 430 nM (direct)
. Differential pulse not successful (indirect)
phosphatase conjugate, oltammet N/A 175 nM (thrombin product [45]
-Ala-Gly-Arg-p-nitroaniline (thrombin substrate) v metry 100-600 nM studied detection) rombin produ
(not sandwich, indirect and direct competitive
assay for comparison)
Au/thiolated aptamer in mixed SAM/Th/Au Differential pulse
nanoparticles modified with aptamer and DNA pu 1.0 fM-10 pM 0.55 fM [46]

linked CdS nanoparticles

voltammetry
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Table 1. Cont.

Components of Sandwich Assay for Thrombin
(Th = Thrombin, SAM = Self-Assembled
Monolayer)

Method of Detection

Linear Range

Limit of Detection

Ref.

Au/thiolated aptamer/Th/Pt nanoparticle
decorated carbon nanocages

Differential pulse
voltammetry

0.05 pM-20 nM

10 M

[47]

Glassy carbon electrode/graphene oxide sheets
doped with nitrogen and sulfur decorated with
gold nanoparticles/thiolated
aptamer/Th/graphene oxide sheets doped with
nitrogen and sulfur decorated with gold
nanoparticles modified by thiolated secondary
aptamer and thiolated biotinylated

DNA /avidin-horseradish peroxidase conjugate

Differential pulse
voltammetry

0.1 pM-10 nM
(vs. log[Th])

25 fM

[48]

Au/thiolated aptamer/Th/pyrroquinoline
quinone glucose dehydrogenase labeled secondary
aptamer

Chrono—amperometry

40-100 nM

10 nM

[49]

Glassy carbon electrode/chitosan-nanogold
film/ cross-linked antibody/Th/secondary
aptamer and methylene blue

Differential pulse
voltammetry

1-60 nM

0.5nM

[50]

Screen-printed carbon electrode/Au nanoparticles
and ferrocene dicarboxylic acid
mediator/streptavidin/biotinylated
aptamer/Th/Au nanoparticles modified with
horseradish peroxidase-antibody conjugates

Chrono-amperometry

10 pM-0.1 uM

1.5pM

[51]

Au/core-shell Fe30,/Au magnetic nanoparticles
modified with primary aptamer/Th/Au
nanoparticles labeled with secondary aptamer and

Differential pulse
voltammetry

0.1-60 pM

30 fM

[52]

horseradish peroxidase

Screen-printed carbon electrodes/conducting

polymer layer conjugated to primary
aptamer/Th/streptavidin-starch coated

magnetic Chrono-amperometry 1.0-500 nM 0.49 nM [53]

nanoparticles and biotinylated secondary aptamer,

toluidine blue O

Indium tin oxide electrodes/Ag

nanowires/amino-functionalized primary
aptamer/Th/Au nanoparticles on hollow CeO,

structures with secondary aptamer

Differential pulse

voltammetry 0.5 pM-30 nM 0.25pM [54]

3. Other Electrochemical Sandwich Assays Using Two Aptamers

Strategies using two aptamers have been applied to develop assays for a number of
other analytes ranging from small molecules to biomolecules to cells but with a particular
focus on protein biomarkers. The surfaces on which the primary (capture) aptamer is
immobilized have included self-assembled monolayers on Au electrode surfaces, electrode-
posited Au nanoparticles, and on a variety of nanostructured surfaces and nanocomposite
materials of high surface area or improved conductivity supported on electrodes such as
glassy carbon. The secondary aptamer (detection, or reporter aptamer) has been applied in
many forms, including conjugated to enzymes through the biotin-streptavidin interaction
and also bound around nanoparticles to provide amplification or for the nanoparticles
themselves to be used as electrochemical tags. The aptamers themselves are often modified,
being thiolated, biotinylated, or bearing a redox-active tag. In the simplest approach for
a sandwich assay using two aptamers, the most common electrochemical measurement
technique used is differential pulse voltammetry to detect an enzyme product produced
by an enzyme associated with the detection aptamer in the presence of added substrate.
Another approach uses chronocoulometry to detect charge associated with the binding of a
redox marker by electrostatic interactions. These two basic assay architectures are shown
in Scheme 2. In more elaborate architectures in which a double-stranded DNA is formed in
a hybridization step, a redox marker that intercalates into the dsDNA can be used.
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Scheme 2. The basic architectures for electrochemical sandwich assays consisting of a capture aptamer (Aptl) and a

detection aptamer (Apt2). In the scheme shown in (a), the detection aptamer is bound to an enzyme and the enzyme product

is detected using differential pulse voltammetry, with the difference in current in the presence and absence of protein

plotted versus analyte concentration over the linear range, as shown in (b). In the scheme shown in (c), a redox marker
binds electrostatically to the detection aptamer and is detected using chronocoulometry which measures charge vs. time in

the initial measurement with total charge passed plotted vs. analyte concentration over the linear range, as shown in (d).

A two aptamer sandwich assay was developed for a form of platelet-derived growth
factor (PDGF), useful as a biomarker for cancer and renal function deterioration [55]. The
surface of a glassy carbon electrode (GCE) was drop-cast with a 0.1% chitosan solution
containing carbon aerogel (CA) mesoporous carbon material incorporating MoS; nanoflow-
ers that provided excellent conductivity and increased the surface area. The chitosan was
used to immobilize gold nanoparticles modified with the thiolated capture aptamer. The
reporter and capture aptamer were the same 45-mer with hexanethiol at the 5-end. The
PDGF protein form detected was a dimer with two identical disulfide-linked subunits
and hence using the same aptamer for capture and reporting was suitable. The reporter
aptamers were attached to gold nanoparticles together with 6-ferrocenyl hexanethiol. The
assay was performed using a 2-h incubation time in the PDGF solution with the capture
aptamer-modified electrode followed by an additional 2 h incubation with the reported
aptamer-modified gold nanoparticles, providing the results shown in Figure 4. Cyclic
voltammetry or DPV was done in the presence of dissolved [Fe(CN)g]>~/4~ serving as
a mediator. A detection limit of 0.3 pM was achieved along with a linear range from
0.001-10 nM. The determination of PDGF using the biosensor in three human serum sam-
ples diluted into PBS from healthy donors and two from patients was found to agree well,
better than 5%, with the amount determined by a standard ELISA assay.
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Figure 4. (A) CV of different electrodes at a scan rate of 50 mV s1: (@) GCE, (b) MoS,/CA/GCE,
(c) AuNPs/MoS,/CA/GCE, (d) Aptl/AuNPs/MoS,/CA/GCE, (e) BSA/Aptl/AuNPs/MoS,/CA/GCE; (B) Nyquist
plots of bare GCE (a), MoS, /CA/GCE (b), AuNPs/MoS,/CA/GCE; (C) CV of BSA/Aptl/AuNPs/MoS,/CA/GCE (a),
PGDEF-BB/BSA/Aptl/AuNPs/MoS, /CA/GCE (b), Fc-AuNPs-Apt2/PGDF/BB/BSA/Aptl/AuNPs/MoS, /CA/GCE;
(D) DPV response to the different volume proportions of AuNP-modified Fc (5 mM) and Apt 2 (1 uM); (E) Plot of Q-t curves
of the (a) GCE and (b) AuNPs/MoS,/CA/GCE. Inset plot of Q-t1/2 curves on (a) GCE and (b) AuNPs/MoS,/CA/GCE.
Reprinted with permission from reference [55]. Copyright Elsevier 2015.
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Neutrophil gelatinase-associated lipocalin (NGAL or lipocalin-2) protein is a potential
biomarker for pancreatic adenocarcinoma (PADC), and hepatocellular carcinoma in combi-
nation with other biomarkers. Two different NGAL aptamers were used in direct sandwich
and competitive assay formats on Au electrodes and magnetic beads. A sandwich assay
using capture aptamer on magnetic beads and a reporter aptamer tagged with biotin or
with 6-carboxyfluorescein that would bind to either a peroxidase-streptavidin conjugate
or to a peroxidase—anti-FC-peroxidase conjugate was found to show large currents in the
absence of NGAL, attributed to possible aptamer hybridization. Using truncated aptamers,
similar currents were seen in the presence or presence of NGAL [56]. Detection of lipocalin-
2, also known as a biomarker for renal failure, was achieved using an electrochemical
aptamer sandwich assay [57]. A graphite screen-printed electrode was modified by a
layer of conducting polymer formed by electropolymerization onto which a layer of gold
nanoparticles was formed by electrodeposition. The gold nanoparticles were modified
by a first aptamer that would bind lipocalin-2. After the binding of lipocalin-2, a second
aptamer conjugated to biotin was bound to form a sandwich. Streptavidin conjugated to
alkaline phosphatase was applied and using 1-napthylphosphate as an enzyme substrate
yielded 1-napthol that could then be detected by oxidation in DPV yielding a linear range
from 1.0-1000 ng mL~! and a detection limit of 0.3 ng mL 1.

An electrochemical aptasensor for immunoglobulin E (IgE) was fabricated using
enzyme-linked aptamer in a sandwich assay format [58]. First, an amide-terminated capture
aptamer and thionine (redox mediator) were covalently attached to the amine functional
group of chitosan via amide bond formation using phthaloyl chloride as linker on glassy
carbon electrode (GCE) modified with multi-walled carbon nanotubes (MWCNT)/ionic
liquid (IL)/chitosan nanocomposite. The biotin—streptavidin interaction was used to attach
another IgE aptamer with biotin and horseradish peroxidase (HRP). HRP has been used
as a label for signal amplification and catalyzing the oxidation of thionine by hydrogen
peroxide. The presence of IgE induces the formation of a sandwich structure on the
electrode and was monitored by electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) and differential pulse voltammetry as shown in Figure 5. The limit of
detection found was 6 pM with a sensitivity of 1.88 pA nM~! at a range up to 20 nM. The
purposed aptasensor was used to detect IgE in human serum as other proteins such as
lysosome and bovine serum albumin (BSA) did not interfere with the detection of IgE.

An electrochemical aptamer-based assay for the detection of both total and glycated
hemoglobin in blood has been reported [59]. A blood concentration of the glycated form
of hemoglobin (HbAlc) of over 6.5% is one of the criteria for the diagnosis of diabetes. A
higher amount of HbAlc is associated with other diseases including cardiovascular disease,
nephropathy, and retinopathy. Thiol-modified forms of the aptamers were immobilized on
gold nanoparticle-modified array electrodes. A new DNA aptamer against HbAlc and tHb
was identified and characterized from a 60-mer library with dissociation constants of 2.8 nM
and 2.7 nM for HbA1lc and tHb, respectively. The aptasensor voltammetry response towards
tHb and HbAlc was measured in the concentration range of 100 pg mL~'-10 pg mL 1.
Detection limits for tHb of 0.34 ng mL~! and 0.2 ng mL~! for HbAlc were found. The
detection of the HbAlc in whole blood samples was also carried out showing its potential
application to discriminate between diabetic and healthy individuals.

Recently, an electrochemical assay capable of detecting the glycosylation of prostate-
specific antigen (PSA) using two aptamers in a sandwich format was developed [60]. Bi-
otinylated aptamer was immobilized on a gold electrode by conjugation to a self-assembled
monolayer followed by incubation with serial dilutions of a standard PSA solution fol-
lowed by binding of the detection aptamer, which was labeled with 6-carboxyfluorescein
that would bind to a Fab anti-fluorescein—peroxidase conjugate. The enzyme substrate
used to generate the detection current was 3, 3/, 5, 5'-tetramethylbenzidine (TMB). A novel
DNA aptamer was isolated targeting human PSA (hPSA) by a counter-selection process
using recombinant PSA (rPSA) that does not carry the glycan moiety, thus selecting for an
aptamer that bound both to regions of the protein and the glycan. The selected aptamer
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was tested using an electrochemical binding assay with chronoamperometric detection.
The range of detection for hPSA was 0.66-62.5 ng mL~! in TBS buffer and 0.66-25 ng mL~!
in diluted serum with a detection limit of 0.66 ng mL~!. The response of the assay to
rPSA was very low as the glycan was absent. The sensor supported measurement in
serum samples with minimum dilution which allows evaluation of the PSA levels in the
diagnosis of prostate cancer. A subsequent study presented a computational prediction of
the structure of the aptamer and of its complex with the glycoprotein [61].
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Figure 5. (A) Differential pulse voltammograms of SA-HRP-biotin aptamer/IgE/NH, aptamer/MWCNT/IL/Chit/GC
electrode after incubation for 15 min with different IgG concentrations (from inner to outer: 0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 2,
4, 6,10, and 20 nM) in PBS (0.1 M, pH 7.4) containing 2.5 mM H,O,. (B) Plot of current response vs. IgE concentration.
(C) The linear portion of the current versus IgE concentration response. Reprinted with permission from reference [58].

Copyright, 2014 Elsevier.

The detection of adenosine triphosphate was performed on a nanoporous gold elec-
trode using 3,4-diaminobenzoic acid (DABA) as a molecular reporter in the aptamer-based
electrochemical biosensor [62]. The ATP binding aptamer was split into two fragments
and the first fragment was immobilized on the nanoporous gold surface and the second
fragment was covalently bound to the activated carboxylic end of DABA using EDC/NHS
chemistry. A 27-mer ATP binding aptamer was split into two fragments and these two
fragments fold around the ATP. The electrochemical signal was generated by the oxidation
of DABA and due to a nine-fold higher surface area of the nanoporous gold electrode
compared to the geometric area of the electrode, the signal was amplified due to the loading
of more DABA molecules. The nanoporous gold electrode was prepared by anodization by
applying a step potential from open circuit potential to 4V followed by the reduction of
gold oxide to metallic gold using ascorbic acid. The limit of detection of the sensor was
100 nM without significant interference from the other similar nucleotide analogs.

Cardiac troponin (cTnl) is a protein found in heart muscle and when released into the
blood it serves as a biomarker for myocardial infarction and can remain in the myocardial
tissue for 10 days. An electrochemical dual-aptamer-based biosensor was proposed for
the analysis of ¢Tnl based on using DNA nanotetrahedron (NTH) capture probes and
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multifunctional hybrid probes [63]. NTHs presenting the Tro4 aptamer were immobilized
on a screen-printed gold electrode (SPGE). Magnetic Fe304 nanoparticles were used as
nanocarriers to load the larger amount of cTnl-specific Tro6 aptamer, HRP, HRP-mimicking
Au@Pt nanoenzyme and G-quadruplex/hemin DNAzyme as the hybrid nanoprobes. The
target cTnl was sandwiched between the two types of aptamers (Tro4 and Tro6) and the
electrochemical signal from DPV was measured by immersing in the detection solution
containing hydroquinone (HQ), which was oxidized to benzoquinone (BQ) with H,O, in
the enzymatic reactions of the numerous HRP, HRP-like nanoenzymes and DNAzymes.
Tro4 aptamer probes are built onto one of the NTH sequences, and the other 3 DNAs
present thiol groups for bonding to the Au surface. The use of NTH results in well-
spaced aptamer presentation on the electrode surface. The dynamic range of detection
was 0.01-100 ng mL~! and the limit of detection was 7.5 pg mL~!. In a related study, cTnl
was analyzed using an aptasensor based on DNA NTH linked dual-aptamer and magnetic
metal-organic frameworks of type Fe3sO,@UiO-66 decorated by Au@Pt nanoparticles, HRP,
G-quadruplex/hemin DNAzyme and Tro4 and Tro6 aptamers. The dynamic range of detec-
tion was 0.01-100 ng mL~! and the limit of detection was 5.7 pg mL~! [64]. The assembly
of the components for this assay is shown in Figure 6. An electrochemical biosensor for
cTnl was also created on SPCE coated with a carboxyethylsilanetriol-modified graphene
oxide and detection was achieved using an aptamer-biomarker-enzyme labeled aptamer
sandwich scheme [65]. An amine-terminated capture aptamer was covalently attached
to the modified graphene oxide sheets using EDC/NHS chemistry. Ethanolamine was
used as a capping agent and casein was used as a blocking agent. The detection aptamer
was conjugated to horseradish peroxidase. The amperometric current was recorded at
—200 mV (vs. Ag/AgCl) in the presence of H,O, and hydroquinone in pH 7.6 buffer. For
measurement in human serum spiked with c¢Tnl, a detection limit of 3.4 pg mL~! was
reported with a linear range extending up to 1.0 ug mL~!. The selectivity against four
other common blood proteins (C-reactive protein, human serum albumin, myoglobin,
immunoglobulin G) was tested and the signal associated with each of these four proteins
was found to be less than 20% of the signal due to cTnl. Another electrochemical biosensor
for cTnl was designed based on the reduction of H,O, by hydrazine [66]. SPCE were modi-
fied with 5 nm Au nanoparticles by drop-casting followed by potential cycling to achieve
electrostatic deposition. A layer of conducting polymer was then formed by potential
cycling in the presence of the 5,2':5,2”-terthiophene-3'-carboxylic acid monomer. The Tro4
aptamer was conjugated to the polymer layer through the 5’-amine end using EDC/NHS
chemistry and served as the capture aptamer. The Tro6 aptamer was 5'-phosphate mod-
ified and then linked to adipic acid dihydrazide through a phosphoramidate bond. The
reaction between the hydrazine labeled Tro6 detection aptamer and H,O, was detected
using chronoamperometry. A detection limit of 1.0 pM was achieved and a linear range of
1-100 pM. The limit of detection was below that of commercial immunoassay kits for cTnl.

A highly sensitive electrochemical sandwich assay for human epidermal growth factor
2 (HER?2), a biomarker for breast cancer, was developed using two aptamers and a combi-
nation of nanoflowers functioning as nanozymes [67]. Thiolated DNA nanotetrahedrons
were assembled onto a gold electrode presenting the capture aptamer. Nanoflowers of
Mn;30y coated by a layer of poly(diallyldimethylammonium chloride) were prepared of
size 100 nm and decorated with 40 nm Pd@Pt nanoflowers functioning as nanozymes
followed by assembly of the detection aptamer and horseradish peroxidase onto these
particles. The three-component nanocatalyst was designed to very effectively catalyze the
reaction of hydroquinone with H,O, to form benzoquinone. Following the formation of
the sandwich structure and additional complementary DNA strand terminated in Pd@Pt
nanoflower was hybridized to the detection aptamer to further enhance the signal. A
detection limit of 0.08 ng mL~!, the lowest yet reported for HER2, and a linear range of
0.1-100 ng mL~! was reported. Agreement with ELISA kits was within 5-8% for HER2
spiked into diluted human serum samples. The relevant diagnostic range for HER2 was
noted as 4-75 ng mL~!.
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Figure 6. Schematic of the electrochemical sandwich assay for cardiac troponin I (¢Tnl) in which the capture aptamer

is a thiolated DNA nanotetrahedron with one aptamer strand. The detection aptamer is bound to Au@Pt nanoparticles

around magnetic metal organic framework (Fe30,@UiO-66) particles bound to Tro4 and Tro6 aptamers along with G-

quadruplex/hemin (GQH) DNAzyme and horseradish peroxidase (HRP). Pathway (a) shows the steps for the modification

of the screen-printed gold electrodes with DNA nanotetrahedrons presenting the Tro4 aptamer, the formation of the

sandwich structure with ¢Tnl and the modified Fe30O4 nanoparticles presenting the Tro6 aptamer and enzymes. The

sequences for Tro4 and Tro6 are shown at the bottom of the figure. Pathway (b) shows the steps for the production of the

Tro6 modified aptamer-labeled nanoparticles and enzymes for detection. Reproduced with permission from [64]. Copyright

Springer 2019.

An aptamer sandwich assay for cocaine was developed that included enzymatic
redox-cycling for signal amplification [68]. SPCE were drop coated with graphene oxide
that was then reduced to graphene followed by electrodeposition of gold nanoparticles
from a solution of HAuCly precursor. A thiolated cocaine binding aptamer was then
self-assembled onto the gold nanoparticles. The electrodes were incubated for 40 min with
concentrations of cocaine and a second cocaine binding aptamer that was biotinylated.
Alkaline phosphatase (ALP) conjugated to streptavidin was then bound to the sandwich
complex and the enzyme substrate p-aminophenyl phosphate (p-APP) and NADH were
introduced. ALP catalyzed the conversion of p-APP to p-aminophenol that was then
oxidized on the electrode surface to p-quinoneimine. The presence of NADH caused
conversion of p-quinoneimine to p-aminophenol resulting in enhanced current response
during a DPV sweep. A linear range from 1-500 nM was found with a detection limit of
1nM.

An aptamer sandwich approach was used to detect MCF-7 human breast cancer
cells [69]. A thiolated MUC1 (mucin glycoprotein) aptamer was assembled on gold
electrodes. The cell suspension was incubated with the electrode for 2 h and after non-
specifically bound cells were washed away incubation with MUC1 aptamer conjugated
to horseradish peroxidase was done. In the presence of thionine as an electron transfer
medjiator, the catalytic current observed by cyclic voltammetry arising from the reduction
of H,O, was linear with respect to log(cell count) with a detection limit of 100 cells and
a range from 100-107 cells. Another dual aptamer-based sandwich biosensor was con-
structed to detect MCF-7 breast cancer cells using the MUC1 tumor marker [70]. MUC1
binding aptamer was immobilized on the surface of GCE modified with a multi-walled
carbon nanotube/poly(glutamic acid) composite. Cancer cells were sandwiched between
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capture aptamer and AgNPs linked to detection aptamer by glutathione. The captured
Ag nanoparticles were dissolved by 0.5 M HNOj; and then detection of Ag* was carried
out using differential pulse voltammetry. The concentration range of the detection was
1.0 x 10% to 1.0 x 107 cells mL~! with a detection limit of 25 cells.

The detection of S. aureus using a primary and secondary aptamer sandwich assay was
reported [71]. The primary aptamer was immobilized on magnetic beads and the secondary
aptamer was bound to silver nanoparticles. The capture bacteria and attached silver
nanoparticles were treated in acid to dissolve the silver nanoparticles followed by detection
of the Ag™ ion by stripping voltammetry. A detection range from 10-1 x 10® CFU mL ™!
was obtained with a detection limit of 10 CFU mL~!. Results for real water samples
containing S. aureus were found to be consistent with those found using the assay.

The detection of type 2 diabetes biomarker vaspin using an electrode modified by a
high surface area natural biomineral structure (coccolith) from Emiliania huxleyi, an ocean
unicell organism [72]. The coccoliths were drop-cast on a screen-printed gold electrode and
then sputter-coated with gold. A pair of aptamers binding to different epitopes on vaspin
was used in the sandwich assay, with the first aptamer drop-cast and then after vaspin
binding, the second aptamer conjugated to enzyme HRP was added. The electrochemical
signal was the oxidation of substrate TMB in the presence of H,O, achieving a detection
limit of 298 pM.

An electrochemical sandwich assay for lysozyme was developed using two ap-
tamers [73]. Abnormal concentrations of lysozyme can serve as a biomarker for a range
of diseases. A thiol terminated lysozyme binding aptamer (LBA, of sequence: 5'-SH-(CH,)6-
ATC-TAC-GAA-TTC-ATC-AGG-GCT-AAA-GAG-TGC-AGA-GTT-ACT-TAG-3’) and horse-
radish peroxidase was loaded onto Au nanoparticles of average size 18 nm. LBA and
dithiothreitol were drop-cast onto a flat gold electrode and then surface blocking was
carried out using mercaptohexanol. EIS was sued to confirm the binding of lysozyme to
the aptamer-modified electrode and then the binding of the Au-LBA-HRP conjugates.
The parameters of hydroquinone concentration, H,O, concentration, pH, immersion time
and amount of HRP were all optimized to produce the largest DPV signal. Detection was
performed using DPV in 150 mM H,0O, and 30 mM hydroquinone. A linear dependence
of the increase in DPV peak current with log[lysozyme] was found from 0.01 pg mL~! to
105 pg mL~! with a detection limit of 0.003 pg mL~!. The selectivity of the aptasensor
against interfering species (thrombin, BSA, glucose, cytochrome ¢, immunoglobulin G,
ATP) was found to be good and recovery of lysozyme from human serum samples in the
range 85%-108% was reported.

A summary of the results for these studies of biological analyte detection using
aptamers in a sandwich configuration and electrochemical methods is presented in Table 2.

Table 2. Electrochemical Sandwich Assays Using Two Aptamers.

Analyte

Components of Sandwich Assay Method of Detection Linear Range Limit of Detection Ref.

Platelet-Derived
Growth Factor BB
(PDGF-BB)

Glassy carbon electrode/carbon
aerogel-MoS, composite with Au
nanoparticles/primary
aptamer/PDGF-BB/ Au nanoparticles
with secondary aptamer and
6-ferrocenylhexanethiol

Cyclic voltammetry 0.001-10 nM 0.3 pM [55]

Lipocalin-2

Screen-printed Au electrode/magnetic

beads coated with capture

aptamer/lipocalin-2/reporter aptamer

tagged with biotin or Chrono-amperometry N/A N/A [56]
6-carboxyfluorescein /peroxidase label

(either by streptavidin conjugate or

Fab-antiFITC conjugate)

Lipocalin-2

Graphite screen-printed

electrode/conducting polymer/Au

nanoparticles/thiolated Differential pulse
aptamer/lipocalin-2 /biotinylated voltammetry
aptamer/alkaline

phosphatase-streptavidin conjugate

1-1000 ng/mL 0.3ng/mL [57]
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Table 2. Cont.

Analyte

Components of Sandwich Assay

Method of Detection

Linear Range

Limit of Detection

Ref.

Immuno-globulin E
(gE)

Glassy carbon electrode/multi-wall
carbon nanotubes + ionic liquid +
chitosan composite conjugated to
terepthaloyl chloride conjugated to
thionine/5'-NH,-IgE

aptamer/IgE /biotinylated
aptamer/streptavidin-horseradish
peroxidase conjugate

Differential Pulse
Voltammetry

0.05-2nM

6 pM

[58]

Glycated hemoglobin
(hbA1lc) and total
hemoglobin (tHb)

Screen-printed gold electrode/gold
nanoparticles modified with thiolated
aptamer and mercaptohexanol/hbAlc
or tHb

Square wave
voltammetry

100 pg/mL-100 ng/mL

0.2 ng/mL (tHb);
0.34 ng/mL (hbAlc)

[59]

Prostate-specific antigen
(PSA)

Screen-printed Au
electrode/self-assembled
monolayer/streptavidin/biotinylated
aptamer /PSA /fluorescein-labeled
aptamer/anti-fluorescein-peroxidase
conjugate

Chrono-amperometry

Nonlinear, Langmuir fit;
0.66-25 ng/mL in
diluted serum;
0.66-62.5 ng/mL in TBS
buffer

0.66 ng/mL

[60]

Adenosine
tri-phosphate (ATP)

Nanoporous gold on gold recordable
CD/capture aptamer/ATP/diamino
benzoic acid labeled detection aptamer

Differential pulse
voltammetry

Nonlinear, 100 nM to
3mM

100 nM

[62]

Cardiac troponin I
(cTnl)

Screen-printed gold electrode/DNA
nanotetrahedron/aptamer/cTnl/Fe;O4
nanoparticles with aptamer and
horseradish peroxidase (HRP),
HRP-mimicking Au@Pt nanozymes and
G-quadruplex/hemin DNAzyme

Differential pulse
voltammetry

10-10° pg mL ™!

7.5 pg mL~!

[63]

Cardiac troponin I
(cTnl)

Gold electrode/DNA nanotetrahe-
dron/aptamer/cTnl/magnetic metal
organic frameworks decorated with
Au@Pt nanoparticles, horseradish
peroxidase, G-quadruplex/hemin
DNAzyme, and aptamers

Differential pulse
voltammetry

10-10° pg mL~!

5.7 pgmL~!

[64]

Cardiac troponin I
(cTnl)

Screen-printed carbon
electrode/carboxyethylsilanetriol-
modified graphene
oxide/amine-terminated
aptamer/cTnl/aptamer—horseradish
peroxidase conjugate

Chrono-amperometry

Up to 1.0 ug/mL

3.4 pg/mL

[65]

Cardiac troponin I
(cTnl)

Screen-printed carbon electrode/Au
nanoparticles/conducting polymer
layer/Tro4 aptamer/cTnl/Tro6 aptamer
conjugated to hydrazine

Chrono- amperometry

1-100 pM

1.0pM

[66]

Human epidermal
growth receptor -2
(HER2)

Thiolated DNA nanotetrahedron
presenting capture
aptamer/HER2/Mn3O, nanoflowers
decorated by Pd@Pt nanoflowers and
horseradish peroxidase/complementary
signal DNA on Pd@Pt nanoflowers

Differential pulse
voltammetry

0.1-100 ng/mL

0.08 ng/mL

[67]

Cocaine

Screen-printed carbon
electrode/graphene and gold nanoparti-
cles/aptamer/cocaine /biotinylated
aptamer/streptavidin—alkaline
phosphatase conjugate

Differential pulse
voltammetry

1-500 nM

1nM

[68]

MCF-7 human breast
cancer cells

Gold electrode/thiolated
apatamer/cells/horseradish peroxidase
labeled aptamer

Cyclic voltammetry

100-107 cells

100 cells

[69]

MCEF-7 human breast
cancer cells

Glassy carbon electrode/multi-walled
carbon nanotube and poly(glutamic
acid) composite/MUC-1
aptamer/MCF-7 cell/ Ag nanoparticles
labeled with MUC-1 aptamer

Differential pulse
voltammetry

2-7 in log(cells mL~!)

25 cells

[70]

S. Aureus bacteria

Streptavidin coated magnetic
beads/biotinylated

aptamer /bacteria/aptamer-modified
silver nanoparticles

Differential pulse
voltammetry

10to 1 x 10° CFU/mL

1.0 CFU/mL

[71]

Vaspin

Screen-printed Au
electrode/gold-sputtered
coccoliths/thiolated
aptamer/vaspin/aptamer—horseradish
peroxidase conjugate

Chrono-amperometry

Up to 18 nM

298 pM

[72]

Lysozyme

Gold electrode/dithiothreitol and
aptamer/lysozyme/gold nanoparticle
labeled with aptamer and horseradish
peroxidase

Differential pulse
voltammetry

Linear in log[lys] from
0.01-105 pg/mL

0.003 pg/mL

[73]
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4. Electrochemical Sandwich Assays Combining Aptamers and Antibodies

A number of studies have used an aptamer together with an antibody. This can
be an attractive approach when there are not two aptamers available that will bind to
different regions of the target to create a sandwich. There are also established schemes
for use of antibodies as detection agents such as when they are labeled with enzymes.
Immobilization of either aptamer or antibody on the electrode surface may be utilized. For
example, a sandwich assay for the viral protein of the H5N1 avian flu virus was designed
using an H5N1 aptamer and an anti-H5N1 antibody that was conjugated to alkaline phos-
phatase (ALP) [74]. Gold nanoparticles were formed by electrodeposition from HAuCly
solution onto screen-printed carbon electrodes then modified with 3-mercaptopropionic
acid to which the aptamer was conjugated using EDC/NHSS chemistry (NHSS = N-
hydroxysulfosuccinimide). Incubation with H5N1 protein at different concentrations was
done for 1 h followed by incubation with the antibody—enzyme conjugate for 1 h. The
substrate p-aminophenylphosphate was converted to p-aminophenol by ALP that could
be detected by its oxidation to p-quinoneimine. Detection was done using currents from
cyclic voltammetry and from DPV and compared with DPV being found to be twice as
sensitive. The response vs. protein concentration showed two linear regions, from 100 fM
to 100 pM and from 25-100 pM. The detection limit was found to be 100 fM, comparing
favorably with commercial ELISA.

A biosensor for lysozyme was developed by first covalently immobilizing a 40-mer
onto screen-printed carbon electrodes [75]. Sodium nitrite (NaNO,) and 4-aminobenzoic
acid were reacted to form a 4-diazonium cation of benzoic acid that was then reacted with
the carbon surface during a linear potential sweep from 0.6 to —0.8 V (vs. Ag/AgCl) to
give covalently immobilized benzoic acid moieties on the carbon surface. The covalently
immobilized benzoic acid was activated with EDC/NHS chemistry to covalently attach
the aptamer through the 5'-end. Incubation of the lysozyme with the aptamer-modified
electrode was done for 15 min, followed by incubation with the biotinylated anti-lysozyme
antibody for 1 h. The next step was incubation with avidin labeled with alkaline phos-
phatase for 1 h. The substrate used was 1-napthyl phosphate with product 1-napthol
detected by DPV. The parameters of detection pH (7.4), concentration of anti-lysozyme
antibody, concentration of alkaline phosphatase-avidin, and lysozyme incubation time
were all optimized. The detection limit achieved of 4.3 fM was the lowest reported to
date, and the linear range from 1 fM-5 nM was noted as broad compared to most of those
previously reported. The selectivity was tested using BSA, cytochrome ¢, and casein and
found to be very good, as was sample recovery for lysozyme spiked into wine samples.

An aptamer sandwich-based assay was developed for protein tyrosine kinase-7 (PTK?),
a biomarker for breast and possibly other cancers, using gold nanoparticle-modfied screen-
printed carbon electrodes (SPCE), as depicted in Figure 7 [76]. PTK7 is a type of membrane
protein that plays an important role in cell recognition, ion transport as well as cancer
development [77]. The gold nanoparticles were modified with mercaptopropionic acid
then conjugated to the amine-terminated aptamer (5'-H,N-ATC TTA CTG CTG CGC CGC
CGG GAA AAT ACT GTA CGG TTA GAT TTT TTT TTT-3') using EDC/sulfo-NHS. The
gold nanoparticles were electrodeposited onto SPCE from 0.5 mM HAuCly in 0.5 M H,SO4
while stirring at 0.18 V for 400 s. The sandwich structure consisted of the surface-bound
aptamer, PTK7, and an anti-PK7 antibody labeled with alkaline phosphatase. The binding
of PTKY? to the surface-bound aptamer and to the anti-PK7 antibody was evaluated on
planar gold by SPR and the formation of the sandwich complex was also confirmed by SPR.
The substrate used for ALP was p-aminophenylphosphate and oxidation of the product
p-aminophenol was detected electrochemically using both CV and DPV in 50 mM TRIS
buffer of pH 9. The current responses showed two distinct linear ranges as a function of
PTK? concentration, one from 0.1-10 pM and a second from 20-300 pM, and the limit of
detection was 100 fM.
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Figure 7. Schematic of the electrochemical sandwich assay for protein tyrosine kinase-7 that uses and aptamer and an
antibody labeled with the enzyme alkaline phosphatase. Reproduced with permission from reference [76]. Copyright

Elsevier 2021.

A capacitive-based aptamer-based immunosensor was developed for the detection of
vascular endothelial growth factor-165 (VEGF) in human serum [78]. The aptamer-based
immunosensor utilized a highly specific and selective VEGF aptamer functionalized on
the aptasensor. The assay design involves capturing of VEGF protein followed by sand-
wiching with antibody-conjugated magnetic beads and then the change in capacitance was
measured using non-faradaic electrochemical impedance spectroscopy. Interdigitated gold
electrode arrays were used which were modified with mercaptopropionic acid followed
by conjugation to the 5'-NH,-(CH;)s—modified aptamer using EDC/NHS chemistry. The
signal generated using this aptasensor was greatly enhanced by the use of the magnetic
beads with the detection range of 5 pg mL~! to 1 ng mL~! of VEGF protein in human
serum achieved with no additional reagents or redox species.

The B-amyloid oligomers associated with Alzheimer’s disease were detected by
an antibody—-aptamer electrochemical sandwich assay. Amyloid (3-peptide (Af) in its
oligomeric form is often considered as the most toxic species in Alzheimer’s disease
(AD) [79]. Antibodies for AP oligomers were used as the recognition elements for specif-
ically binding to A} oligomers. A nanocomposite of aptamer-Au-thionine prepared by
in situ modification of gold nanoparticles (AuNPs) with DNA aptamer and thionine (Th)
was utilized as the detection probe. A3 oligomer-specific DNA aptamers were isolated
by the combination of a gel-shift assay and a competitive screening method. The electro-
chemical signal was generated and amplified by high loading of Th on AuNPs, and a limit
of detection of 100 pM was achieved with a linear range of 0.5-30 nM. The physiological
level of AP in normal human cerebrospinal fluid (CSF) is about 1-2 nM. The level of Af3
oligomers in CSF is efficacious for predicting the severity and the progression of the early
preclinical stage of the AD disease. The level of the protein tau in cerebrospinal fluid is
also thought to be clinically significant for the prognosis of Alzheimer’s disease and an
aptamer-antibody electrochemical sandwich assay has been developed for the T-381 form
of the protein [80]. In this assay, an Au electrode was modified by mercaptopropionic
acid and the anti-tau antibody was linked to the surface using EDC/NHS chemistry. Au
nanoparticles were modified with cysteamine and the tau aptamer of the sequence 5'-H,N-
GCGGAGCGTGGCAGG-3'. Differential pulse voltammetry was used with [Fe(CN)g]P~/4~
used as a redox probe. A current response linear in log[tau] was found for the concentra-
tions studied ranging from 0.5-100 pM t-381 in 0.1 M PBS. Recovery in the detection of
7-381 from human cerebrospinal fluid samples diluted 100-fold in 0.1 M PBS was found to
be excellent.
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Human immunoglobulin E (IgE) was detected by using methylene blue (MB) as
a redox probe and using the combined advantages of the aptamer, nanomaterial and
antibody to design the electrochemical sandwich biosensor [81]. Goat anti-human IgE
was immobilized on the surface of the gold electrode followed by exposure to different
concentrations of human IgE. The aptamer immobilized Au NPs can bind with human
IgE at different binding sites and this specific binding of the aptamer and human IgE
on the electrode surface enables the accumulation of the MB on the electrode surface by
the interaction of MB with G bases in the aptamer and therefore an amplified signal was
observed in the electrochemical sensing system. The range of the detection of human IgE
was 1-10,000 ng mL~! with a limit of detection of 0.52 ng mL~ 1.

C-reactive protein (CRP) is one of the cytokine-induced acute phase proteins and
its normal concentration in serum is below 5.0 mg L~! with a clinical range within 1-
500 mg L1, and is widely accepted as one of the biomarkers for cardiovascular diseases
and inflammation. An RNA aptamer-based electrochemical aptasensor was designed to
detect C-reactive protein using functionalized silica microspheres as immunoprobes, and
is depicted in Figure 8 [82]. Silica microspheres were synthesized and then functional-
ized with Au nanoparticles to provide a large surface area for immobilizing Zn?* and
antibodies. The CRP aptamer used was a 44-mer RNA aptamer of sequence: 5'-SH-(CH;)-
GCCUGUAAGGUGGUCGGUGUGGGGAGUGUGUUAGGAGAGAUUGC-3'. The ap-
tamer was immobilized on the surface of Au nanoparticles deposited onto GCE for 5 h. An
immunoprobe was prepared by the incubation of the anti-CRP (Ab) on the AuNP-modified
silica microspheres followed by re-dispersion in a solution of Zn(NO3), to load the Zn%*
on the surface. Various concentrations of the CRP samples were sandwiched between the
aptamer immobilized electrode and immunoprobe and the response was recorded by SWV
detecting reduction of Zn?*. Under optimized conditions, the linear range of the detection
was 0.005-125 ng mL~!, and the detection limit was 0.0017 ng mL~".

An electrochemical aptamer-antibody sandwich assay for CRP was developed with
the aid of magnetic nanoparticles [83]. Streptavidin-coated magnetic beads (1.05 um size)
were modified with a CRP 44-mer RNA aptamer that was 5'-biotinylated. The incubation
period was 15 min followed by washing for 2 min which was aided by collecting the
particles using a magnetic field and then re-suspending them. After binding of CRP, a
biotinylated monoclonal antibody to CRP was then bound, again for 15 min followed
by a magnetically aided washing step. Finally, a conjugate of streptavidin and alkaline
phosphatase was added and after washing the particles were magnetically collected onto
SPCE. Using the substrate 1-napthylphosphate and DPV detection of the 1-napthol project
a dose-response curve was obtained with a measuring range of 1-1000 mg L}, a dynamic
range from 0.1-50 mg L~! and a limit of detection of 0.054 mg L~1.

An aptamer—antibody sandwich assay was developed for «-1 antitrypsin (AAT),
a biomarker for Alzheimer’s disease [84]. Carbon nanotubes (I~5 pm, d~20 nm) were
modified by adsorption of 3, 4, 9, 10-perylene tetracarboxylic acid and then cast onto
screen-printed carbon electrodes (SPCE). The carboxylic groups were then activated by
EDC/NHS chemistry and conjugated to the 37-mer AAT aptamer. The other part of the
sandwich was composed of silver nanoparticles that were modified by mercaptopropionic
acid followed by application of EDC/NHS chemistry and conjugation to an anti-AAT
monoclonal antibody conjugated to alkaline phosphatase. Incubation of the aptamer-
modified electrode with AAT was for 1 h and detection was done using DPV with p-
aminophenylphosphate (p-APP) at 100 uM as higher p-APP concentration did not increase
the response further. A linear range from 0.05-20 pM was found with a detection limit of
0.01 pM. The assay was found to be selective against IgG or IgE interfering proteins, and
recovery from serum samples with AAT was 95-102%.
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Figure 8. Schematic representation of fabrication process of the CRP aptasensor. (A) Preparation of immunoprobe
Zn2* / Ab/ Au NPs@Si MSs, (B) Fabrication of MCH/RNA /Au NP-modified electrode. (C) Depiction of the components of
the CRP aptasensor. Reprinted with permission from reference [82]. Copyright Elsevier 2017.

An antibody—aptamer sandwich assay for a platelet-derived growth factor (PDGF)
was developed using a circular DNA probe for signal enhancement [85]. A gold electrode
(d = 3 mm) was modified by mercaptopropionic acid and rabbit anti-human IgG for
PDGF was conjugated to the surface using EDC/NHS chemistry followed by blocking
of the remaining surface using bovine serum albumin (BSA). An aptamer binding PDGF
was extended by a circular DNA probe then hybridized using DNA polymerase. The
completion of the sandwich by binding of the aptamer—circular DNA probe was detected
by binding of methylene blue whose reduction was detected by SWV. A linear range from
50-500 ng mL~! and a detection limit of 18 pg mL~! were found, and agreement of the
assay with traditional ELISA was excellent.

Another antibody—aptamer sandwich assay was designed for the cancer biomarker
MUC1 [86]. Screen-printed electrodes with a graphite working electrode were used as a
substrate on which to electropolymerize o-aminobenzoic acid. The conducting polymer
was then conjugated to a primary antibody against MUC1 using EDC/NHS chemistry with
unreacted sites capped using ethanolamine. An aptamer binding to another site on MUC1
completed the sandwich and binding of methylene blue was detected by its reduction
during a DPV sweep. The binding of MUC1 to antibody was done for 90 min and the
binding to aptamer was allowed to take place overnight. An increase in charge transfer
resistance during each step of immobilization and sandwich formation was seen clearly
using electrochemical impedance spectroscopy. A linear range of 3-10 ppb with a detection
limit of 2.4 ppb was obtained. A related electrochemical sensor was developed for the
detection of cancer biomarker glycoprotein MUC16 using indium tin oxide (ITO) electrodes
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onto which Au nanoparticles had been electrodeposited [87]. In this approach, the MUC16
polyclonal antibody was drop-cast onto the electrode surfaces. After binding of MUC16,
an aptamer with a primer tail bound to complete the sandwich. Using two DNA probes,
the hybridization chain reaction was used in multiple cycles to extend the DNA strand to
yield long concatamers so that more of the methylene blue redox indicator could binding
to the structure. Using DPV, a linear range of 0.39-200 units mL~! with a detection limit of
0.02 units mL~! was obtained.

The inflammation marker tumor necrosis factor-alpha (TNF-«) was detected using
an electrochemical sandwich assay involving an aptamer and an antibody conjugated to
HRP [88]. The electrode, a graphite screen-printed electrode, was covered by a film of cobalt
hexacyanoferrate electrosynthesized from a solution of CoCl, and K3[Fe(CN)¢] intended to
provide superior electron transfer ability. Au nanoparticles (d = 15 nm) were adsorbed onto
the thin film and then modified by a thiolated aptamer. After binding to TNF-o for 20 min,
the binding of an antibody conjugated to HRP for 60 min took place. The HRP activity
against the substrate o-aminophenol in H,O; was detected using DPV yielding a linear
range from 1-100 ng L~! with a detection limit of 0.52 ng L~!. The step-by-step formation
of the modified electrode and sandwich structure was followed by EIS. Agreement for
TNF-o three human serum samples with results from ELISA within error bars was found.

Insulin-like growth factor 1 (IGF1) is a 70 amino acid hormone similar in structure to
insulin and found to be a biomarker for abdominal aortic aneurysm. A sandwich assay
on interdigitated electrodes (IDE) for IGF1 was created using a biotinylated aptamer for
capture and an anti-IGF1 antibody [89]. The protein streptavidin was first bound to the
IDE using 1,1-carbonyldiimdazole and then used to capture the biotinylated aptamer.
The binding of IGF1 would result in a current increase upon a voltage sweep from 0-2 V
across the 10 pm IDE gaps. A detection limit of 10 fM was found and the formation of the
sandwich structure was seen to increase the current levels. This sensor design involved a
sandwich structure and electrodes but is not an actual electrochemical sensor.

A summary of the results from these electrochemical assays using aptamers together
with antibodies is presented in Table 3.

Table 3. Electrochemical Sandwich Assays Combining Aptamers and Antibodies.

Analyte Components of Sandwich Assay Method of Detection Linear Range Limit of Detection Ref.
Screen-printed carbon electrode/Au
H5N1 avian influenza nanoparticles/aptamer/H5N1/antibody— Differential pulse 100 fM-10 pM and 100 fM [74]
virus protein alkaline phosphatase voltammetry 25-100 pM
conjugate
Screen-printed carbon electrode /benzoic
acid/aptamer/lysozyme /biotinylated Differential pulse =
Lysozyme antibody/alkaline phosphatase-avidin voltammetry 1fM-5nM 43 M 73]
conjugate
. . Screen-printed electrodes/Au . .
Efﬁ:zg:‘; }(If’("}il(réi nanoparticles/aptamer/PTK7/antibody \]?(;{fji?:eii pulse 100 fM-10 pM 100 fM [76]
labeled with alkaline phosphatase y
Vascular endothelial ;r:derdlguated gold electrodes/aptamer Non-Faradaic
growth factor-165 thionine,/ VEGE /antibody—conjugated impedance 5 pg/mL-1ng/mL 5pg/mL [78]
(VEGF) maenetic bead y Jug spectroscopy
gnetic beads
Glassy carbon Differential pul
Amyloid {3-oligomers electrode/aptamer/amyloid (3 /aptamer lte N i puise 0.5-30 nM 100 pM [79]
and thionine-modified Au nanoparticles voltammetry
Au electrode/mercaptopropionic acid
monolayer/anti-tau Differential pul
Tau-381 protein antibody /tau-381/Au nanoparticles 1lterer1t1a pulse 0.5-100 pM 0.5 pM [80]
with aptamer and cysteamine, voltametry
Fe(CN)s®~/4~ in solution.
Human Gold Differential pulse
. . electrode/antibody /aptamer-modified 1-10,000 ng/mL 0.52 ng/mL [81]
immunoglobulin E (IgF) Au nanoparticles with methylene blue voltammetry
Glassy carbon electrode/Au
3 . . nanoparticles/aptamer /silica Square-wave 0.005 ng/mL—
Creactive protein microspheres with Au nanoparticlesand  voltammetry 125 ng/mL 0.0017 ng/mL 821

7Zn2*




Appl. Sci. 2021, 11, 7087 26 of 32

Table 3. Cont.

Analyte Components of Sandwich Assay Method of Detection Linear Range Limit of Detection Ref.
Magnet/carbon
electrode/streptavidin-coated magnetic

-~ . . beads/biotinylated Differential pulse 0.1-50 mg/L (nonlinear

Creactive protein aptamer/CRP/biotinylated voltammetry response) 0.054 mg/L (53]
antibody/alkaline
phosphatase—streptavidin conjugate
Screen-printed electrode/carbon
nanotubes/aptamer/AAT/Ag . .

-1 antitrypsin (AAT) nanoparticles modified by Differential pulse 0.05-20 pM 0.01 pM [84]

. : voltammetry

antibody-alkaline phosphatase
conjugate
Gold

Platelet-derived growth electrode/antibody /PDGF/aptamer Square-wave 1 1 -

factor BB (PDGF-BB) with circular DNA probe/methylene voltammetry 50-500 ng mL 18 pg mL [85]
blue
Graphite working electrode/conducting

Mucin protein-1 poly- Differential pulse -

(MUC1) mer/antibody /MUC1/aptamer/methylene voltammetry 3-10ppb 24 ppb (86l
blue
Indium tin oxide electrode/gold

Mucin protein-16 nanoparti- Differential pulse . . .

(MUC16) cles/antibody/MUC16/aptamer and voltammetry 0.39-200 unit/mL 0.02 unit/mL [87]
primer tail/DNA /methylene blue
Screen-printed graphite electrode/cobalt

Tumor necrosis factor «  hexacyanoferrate/Au Differential pulse

(TNFx) nanoparticles/aptamer/TNFa/antibody  voltammetry 1-100 pg/mL 0.52 pg/mL (881
conjugated to horseradish peroxidase

Insulin-like growth Interdigitated

& electrode/streptavidin/biotinylated Amperometry 10 fM-1 nM 10 fM [89]

factor (IGF1) aptamer/antibody

5. Electrochemical Sandwich Assay Combining Aptamers with Other Materials

Another avenue for the use of aptamers in electrochemical sandwich assays involves
using other materials and molecules such as molecularly imprinted polymers, other
biomolecules such as lectins, or redox-active nanomaterials. A summary of these as-
says is presented in Table 4. An electrochemical biosensor for the reliable detection of the
amyloid-f3 oligomers was developed by using molecularly imprinted polymers (MIPs)
and aptamer as the recognition element by forming an MIPs/target/aptamer sandwich
assay [90] as shown in Figure 9. The A(-specific aptamer was immobilized on the surface
of 200 nm SiO, nanoparticles decorated by a shell of smaller Ag nanoparticles using HS-
aptamer via Ag-S bonds to yield the SiO,@Ag-aptamer bioconjugate. An MIP biosensor
for AB1-_4p was prepared by using a template of chitosan on a glassy carbon electrode onto
which AuNPs and reduced graphene oxide had been deposited. Graphene oxide (GO)
and gold nanoparticles (AulNPs) were used to improve the electrical conductivity and
surface-to-volume ratio. Differential pulse voltammetry was used to detect the oxidation
of the Ag nanoparticles. The LOD for Af31_4 oligomers was 1.22 pg mL~! with the linear
range of detection 5 pg mL~! to 10 ng mL~!. The detection range of this biosensor covers
much of the physiological concentration range for Af3 oligomers in patients, which has
been reported to be in the range of 1.25-12.5 ng mL ™.

Lectins used along with DNA aptamers have been explored as molecular recognition
elements for glycoproteins. A biosensor for carcinoembryonic antigen (CEA) was devel-
oped based on Concanavalin A (Con A) and a DNA aptamer. CEA was detected with a
linear range of 5-40 ng mL~! and with a limit of detection of 3.4 ng mL~!, lower than the
threshold level in human serum for cancer patients of 10 ng mL~! [91]. The CEA target
was selectively captured on the gold electrode surface by DNA aptamers. Con A served as
the bridge between CEA and HRP (as an enzyme label) as the affinity of ConA was verified
with both CEA and HRP, as both are glycoproteins. Differential pulse voltammetry (DPV)
currents were measured in the presence of hydroquinone and hydrogen peroxide.
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Table 4. Electrochemical Sandwich Assays Combining Aptamers and Lectins or Other Materials.
Analyte Components of Sandwich Assay Method of Detection Linear Range Limit of Detection Ref.
Glassy carbon electrode/Graphene
oxide and Au nanoparticles/Chitosan
Amyloid B1-4 and molecularly imprinted polymer Differential pulse .
oligomers layer/A oligomer/aptamer-modified voltammetry 5 pg/ml-10ng mL 122 pg/mL [°0]
Ag nanoparticles bound to SiO; larger
nanoparticle
Carcino-emb . Au electrode/thiolated Differential pul
ar?tria:r? €mbryonic aptamer/CEA /Concanavalin A Vgltziﬁgir pulse 5-40 ng/mL 3.4 pg/mL [91]
& lectin/horseadish peroxidase y
Au electrode /HER?2 specific
human epidermal peptide/HER2/MnO; nanosheet with Square-wave B
growth factor receptor-2  phosphate ions and aptamers, voltammetry 5pg/mL-1ng/mL 0.05 pg/mL 2]
molybdate ions
A
o [Ag(NH3))" ion 6: 1.pVP 060 WV aAptamer D”%ogoc@\
ﬁ o ﬁ O © ﬂ 00
b o 2 Heating 70 °C cec’ \"\S\o‘g‘ﬂ/l/)
B
° ° ©
'8 © © ©
1. Chitosan © Template removal
Gl rbon electrod Gl rbon electrod _> ctrod
assy carbon e e 2. AUNPS-GO assy carbon electrode Molecular imprinting Glassy carbon ele: e Glassy carbon electrode
Y l, 2 s
@: ,@“’\ @‘E’ e
o o < =
> s =
° \:@ ] © ¢ -
© © © © s - ¥ = DPV in PBS S
Target binding Glassy carbon electrode I Glassy carbon electrode iz -
Potential (V)
©
Reduced graphene oxide Gold layer Molecularly imprinted layer o SioNPs @ AgNPs WA Aptamer g Amyloid B oligomer @ ( @ Recognition sites

Figure 9. Schematic illustration of (A) the preparation of the SiO,@Ag-aptamer composite, and (B) the fabrication of the
MIPs-based antibody-free biosensor and the electrochemical detection of A3 oligomer via a sandwich-type assay. Reprinted
with permission from reference [90]. Copyright 2020, Elsevier.

Breast cancer biomarker human epidermal growth factor receptor-2 (HER2) was de-
tected by aptamer-based biosensor using phosphate-functionalized MnO; nanosheets as
the electrochemical probe [92]. MnO, nanosheets were synthesized and phosphate ions
and the aptamer (5'-GCAGGGGTGTGGGG-3') were absorbed onto the nanosheets. The
reaction of phosphate ion with molybdate ion formed redox-active molybdophosphate as a
precipitate on the electrode surface that was then detected using square wave voltammetry.
The peptide specific to HER2 (CKLRLEWNR) was immobilized onto the gold surface fol-
lowed by the different concentrations of HER2 solution. Then, a modified MnO, nanosheet
was added to the modified electrode with Na,MoOj, solution and current arising from
reduction of molybdophosphate was measured. This assay achieved a linear range of
0.1-500 pg mL~!, and the detection limit was as low as 0.05 pg mL~!. This assay was
also used to detect HER2 in spiked human serum samples giving good agreement with
ELISA results.

6. Discussion

In recent years, a number of important trends have emerged in the development of
electrochemical sandwich assays using aptamers. Given that many biomarker proteins are
glycoproteins, the development of a pair of aptamers where the binding of one member
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of the pair depends on the glycosylation state of the protein is important since abnormal
glycosylation is found in many disease states [93]. Given the significance of glycoproteins
as assay targets, the incorporation of lectins with aptamers in sandwich assays is likely to
develop further. A trend toward more sophisticated architecture making use of a wider
variety of nanomaterials is evident in recent years. Within the past five years, the use
of carbon nanotubes in assay structures has increased, and highly novel structures such
as gold-sputtered coccoliths [72], doped graphene oxide nanosheets [48], hollow CeO,
particles [54], Mn3O4 and Pd@Pt nanozymes [67], and MnO; nanosheets [92] have been
introduced. These nanomaterials are used as supports for the detection of aptamers or
antibodies and also for signal-producing enzymes with the goal of increasing sensitivity
and dynamic range. These materials can also in some cases exhibit improved electron
transfer behavior. While sandwich assays for thrombin continue to be explored, efforts are
diversifying to a wide range of other biomarkers and targets of diagnostic significance. The
development of additional complimentary aptamer pairs that bind to distinct regions of a
protein target will be important for the advancement of these assays.

Aptamers have proven to be a highly valuable tool for the development of electro-
chemical assays. The stability of aptamers and their ability to regenerate into their active
conformations makes their use in assays especially robust. Aptamers can be used to mod-
ify nanoparticles and nanomaterials employed for assay signal amplification. Aptamers
also open the possibility for amplification by applying processes that extend the length
of the DNA associated with detection for binding of a greater number of redox markers
when detection takes place using chronocoulometry. Common nanoparticles such as gold
nanoparticles are popular choices for signal amplification but other more unique nanoma-
terials such as nanodiamonds, templated materials, nanocages and others have proven
well worthy of investigation.

For these electrochemical sandwich assays, differential pulse voltammetry which
provides reduced background current from double-layer charging and its sensitivity stands
out as a method of choice. Other electrochemical methods such as cyclic voltammetry and
electrochemical impedance spectroscopy are useful for the characterization of the electrode
assembly and stepwise modification. While those assays whose current response is linear
in analyte concentration are most convenient, those that are linear in the logarithm of
the analyte concentration or exhibiting a nonlinear dose-response curve are also useful.
It is important for those researchers developing electrochemical sandwich assays using
aptamers to be cognizant of the relevant and useful range for the specific analyte being
examined. The achievement of lower detection limits provides the opportunity to dilute
real clinical samples and thereby limit matrix effects. Further demonstration of the value of
this approach to testing real clinical samples is an important objective for some of these
assays to achieve regular and practical use. The potential convenience and low cost of
electrochemical methods make the further development and refinement of electrochemical
sandwich assays including aptamers promising areas for continued development.
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