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ABSTRACT

Aptamers are short length, single-stranded DNA or RNA affinity molecules which interact with
any desired targets such as biomarkers, cells, biological molecules, drugs or chemicals with
high sensitivity. They have been extensively employed for medical applications due to having
more advantages than the antibodies such as easier preparation and modification, higher
stability, lower batch-to-batch variability and cost. Moreover, aptamers can be easily integrated
efficiently with sensors, biosensors, actuators and other devices.

In this review article, different applications of aptamers for biological and chemical molecules
detection within the scope of electrochemical methods were presented with recent studies. In
addition, the present status and future perspectives for highly-effective aptasensors for specific
and selective analyte detection were discussed. As in stated throughout the review, combining
of extraordinary properties of aptamers with the electrochemical-based biosensors could have
improved the sensitivity of the assay and reduced limit of detection.

Keywords: Electrochemical Biosensors, Aptasensors, Biomarker Detection, Small Molecules,
Voltammetry, Affinity Sensors.
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1. INTRODUCTION

Aptamers are defined as single-stranded deoxyribonucleic acid (sSDNA) or ribonucleic acid
(RNA) that can bind specifically to target with high affinity and selectivity [1. Their high
affinity arise from their capability of folding upon their target molecules such as proteins,
biomarkers, carbohydrates, cells, tissues, small molecules, heavy metals or toxins. Aptamers
are short length oligonucleotides and they can easily form into secondary structures such as
hairpin, stem, loop, bugle and G-quadruplex and these formations play a critical role in
recognition-based binding activity between aptamer and its target 1. Aptamers are generally
considered as artificial antibodies which act similar to antibodies but provide better advantages.
The reason of comparing of aptamers with the antibodies is that the both molecules function as
affinity agents. Unlike antibodies, aptamers are synthetically manufactured without batch-to-
batch differences . Additionally, antibodies are able to bind to larger molecules, while
aptamers can interact to smaller molecules . Moreover, aptamers are more flexible than
antibodies and oligonucleotide-based aptamers are more thermally stable than the protein based
antibodies at elevated temperatures. The most significant advantage of aptamers to antibodies
is that antibodies with large size cannot penetrate into tumors or tissues deeply and result in
lower therapeutic and imaging efficiency. A comparison of aptamers with antibodies was
presented in Table 1.

Table 1: Comparison of aptamers and antibodies in terms of target type, synthesis time,
stability, size, chemical modification, production, cost and toxicity.

FEATURES APTAMERS ANTIBODY
Target Type Even the toxic molecules Non-toxic molecules
Synthesis Time Days or weeks Months
Stability At ambient temperature Low temperature
Size Smaller Relatively larger
Chemical Modification Easy Difficult, limited
Production In vitro In vivo
Cost Cost-effective Expensive
Toxicity Not observed Immune reaction observed

Although aptamers have remarkable advantages, they have also some limitations. Aptamers are
highly responsive to environmental changes, i.e., ionic strength, pH and temperature due to
their physical properties such as their short lengths. Therefore, experimental conditions can
drastically affect target binding efficiency. Thus, the experimental factors should be carefully
optimized to develop robust and stable aptamers for specific analytical applications. The main
limitation of aptamers is their sensitivity to nuclease activity. Moreover, response of aptamers
and their sensitivity may differ on different surfaces 1.
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Aptamers are isolated with ‘Systematic Evolution of Ligands by Exponential Enrichment’
(SELEX) selection process by applying a repeated process of in vitro selection and
amplification 1. SELEX contains three main steps: binding, partitioning and amplification
(Figure 1A). Target molecules are incubated with a random library in the binding step. In the
second part of SELEX, target bound aptamers are separated from unbound ones and finally
selected aptamers are amplified by Polymerase Chain Reaction (PCR) to be used in the next
round of selection. These steps are repeated several times (generally 6-10) and then target ligand
is collected. The steps for SELEX process was shown in Figure 1A. Success of SELEX process
rely on many factors such as aptamers library, physical and chemical characteristics of the target
molecules, purity of the target and aptamers enrichment assays. In addition, the use of proper
enzymes and their combinations for amplification and pool production affect the SELEX
success DBl After SELEX, candidate aptamers are identified with high-throughput
sequencing methods which are really labor intensive and time consuming. Recently,
bioinformatics analysis are also conducted for identifying process. Once the candidate aptamers
are analyzed, they are further tested to evaluate their binding affinity, specificity and stability.
In recent years, efforts have been turning to maximize structural contacts between the aptamers
and analytes to improve sensitivity and selectivity. For instance, computational studies of
primary and secondary structures to describe oligonucleotides for better aptamers qualities are
preferred before or after SELEX [). In years, SELEX have been modified with many techniques
such as capture-SELEX 8, cell-SELEX !, immunoprecipitation-coupled SELEX (IP-SELEX)
[101 " capillary electrophoresis-SELEX (CE-SELEX) Y1 and microfluidic SELEX 12, Cell-
SELEX process was shown in Figure 1B.
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Figure 1: (A) The steps for general SELEX process: binding, partitioning and amplification
(Reprinted from 31 with permission: ©2017 MDPI AG). (B) Cell-SELEX process (Reprinted
from [*4 with permission: ©2017 MDPI AG).
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Aptamers, which are authentic analytical tools, have been used for a wide range of functions
from basic research to commercial applications. They have been widely used to design sensors
and biosensors due to their easy adaptability to different platforms . Especially, using an
aptamer within a biosensor system has received significant attention for quantitative or semi-
quantitative analysis of biological targets. Aptasensors are the biosensor systems with aptamer
components 1281, The underlying mechanism of biosensing is the presence of an analyte, pairing
with aptamers that causes structural rearrangements and conformational changes of aptamers
that leads to a signal change. The most attractive feature of aptamers is that they can be easily
modified with various labels such as fluorescence tags, quenchers, indicators, nanomaterials or
enzymes. Aptasensors can be classified based on their transducer types such as electrochemical,
optical, colorimetric, mass sensitive or thermal. Analytes binding to aptamers cause
conformational changes in aptamers structures, that trigger signals detected by means of
transducers. Especially, electrochemical transducers have received significant attention for
biomarker detection, targeted therapeutics and molecular diagnostics thanks to their ability of
multiple detection, providing rapid and low-cost analysis, the need for minimal labor and low
sample volumes 71, The data for concentration, reaction kinetics and mechanisms, chemical
status and other behavior of species in solution can be easily analyzed with electrochemical
methods. Therefore, these kinds of transducers have been used in large numbers of clinical
assays. Electrochemical transducers could measure current, potential, conductance or resistance
and provide information of electrical signals that are proportional to analyte concentration.
However, converting biological information aroused from an interaction to electronical signals
is highly troublesome due to the complex structure of an electronic device [*8l,

Amperometry measures the potential differences between indicator and reference electrodes at
a constant potential. Chemical molecules are either oxidized or reduced at inert electrodes at
constant potential. Amperometry generally provides lower detection limits, but its usage is
restricted to electroactive species. Amperometric systems are generally used in enzyme-based
sensors, where the enzyme catalyzes a redox reaction [*°1,

Voltammetry measures the resulting current of an electrochemical cell as a function of a time-
dependent potential. In voltammetry, applied potential can be changed and the obtained current
can be recorded over a period of time. In voltammetric measurements, three electrode system
generally are used. Voltammetric methods are subdivided into Cyclic Voltammetry (CV),
Differential Pulse Voltammetry (DPV), Alternating Current Voltammetry (ACV), Linear
Sweep Voltammetry (LSV), Anodic Stripping Voltammetry (ASW), Cathodic Stripping
Voltammetry (CSW) and Square Wave Voltammetry (SWV). Voltammetric measurements
mainly provide quantitative and qualitative results about the oxidation or reduction reactions
both directly and indirectly 2%,
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Potentiometry measures the potential of two-electrode system in the absence of current flow.
As a result of this absence, its composition remains unchanged. One of the most preferred
potentiometric based sensors, ion-selective electrodes (ISEs), have been used widely as a
straightforward and powerful tools for evaluating the activity of ions in variety of samples
including biological, chemical and environmental ones. ISEs enable selective detection of ions
in the presence of other substances and offers a cost-effective platform. One of the well-known
applications of potentiometry is measuring pH of solutions. In addition, trace metal analysis
with potentiometric methods have been widely used for environmental applications.

Electrochemical impedance spectroscopy (EIS) analyzes the alternative current (AC) response
as a function of frequency. EIS data are analyzed using the changes in the current/potential at
the measured frequencies, which determines the electrochemical behavior of the electrodes. EIS
which is a responsive and non-damaging technique, has been widely employed in different
reactions and interfaces such as corrosion, coatings, conductors, batteries, fuel cells and
electrocatalytic reactions as well as characterization of interface properties of biosensors 21,
The most significant feature of EIS method is to eliminate the need for the labeled electroactive
groups or indicators. However, EIS is a complementary technique, and other analyze methods
should also be used to interpret the interfacial processes.

In this review, the use of aptamers to detect biologically important analytes, biomarkers and
small molecules i.e., drugs or organic molecules with electrochemical methods were presented.
In addition, the present challenges and future perspectives for developing novel highly-effective
aptasensors for analyte detection were discussed.

2. APTASENSORS FOR BIOLOGICAL ANALYTES DETECTION

In recent years, several electrochemical aptasensors have been developed to detect specific
cells, biological molecules, biomarkers, proteins, genes, enzymes and hormones with EIS [22],
swv &1 ppv 4 cv 21 and chronocoulometry [?61, Especially, biomarkers have been a
significant focus of aptasensors. Biomarkers; including cells, proteins, and nucleic acids, are
the molecules with abnormal expression, activity or inactivity which would be observed in
pathologic conditions. Therefore, they can be used as indicators for evaluation of either normal
or pathologic conditions. The use of aptamers for biomarker detection especially in cancer
disease has been rising due to their selective target affinity and enabling of chemical
modification. Aptamers could also detect slight differences between proteins with similar
structure, and this unique feature enables aptamers to distinguish cancer cells from the healthy
ones. However, selectivity is still a concern for cancer aptasensors due to the complex
environment of cancer cells. Moreover, the concentrations of disease-related biomarkers
generally cannot be detected at first phases of the disease. Thus, the detection of the disease
related biomarkers as early as possible with lower concentrations are highly desirable.
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Recently, magnetic beads and nanoparticles based test are great of interest due to easy
integration of these methods with microfluidics systems. In a recent study, conversion of
exosome detection to nucleic acid detection was achieved ), First, three kinds of messenger
DNAs (mDNAs) were released by means of aptamer-magnetic bead bioconjugates capturing
tumor exosomes. In the presence of target exosomes, aptamers were recognized and bound to
the target and mDNAs were released. Then, separation was achieved magnetically and released
mDNAs hybridized with probe DNA. The assembled structure was mounted on surface of the
gold electrodes. Then, cyclic enzymatic amplification method was employed to detect the
released mDNAs. As an hybridization indicator, electroactive Ru(NH3)s>* current signal was
evaluated due to its electrostatic attraction to DNA. Tumor exosomes were detected with the
decrease in the signal of Ru(NHs)s®*, which was correlated with mDNA concentration and the
exosome concentration. The relationship between Ru(NH3)s>*, mMDNA and tumor exosomes
enabled a successful target detection as 70 particles/pL.

Aptamers have unique adaptabilities for different platforms and signaling modalities. For
instance, researchers developed a novel and label-free transporter system which is composed of
aptamer and nanomotor for the conveying of Human Promyelocytic Leukemia Cells (HL-60)
(281 In this study, nanomotors were formed of manganese oxide nanosheets and
polyethyleneimine decorated with nickel/gold nanoparticles (MnO.-PEI/Ni/Au). Then, the
nanomotors were transported to thiol-tagged aptamer solution. The magnetic stand in a vial was
used to separate the aptamer-modified self-propelled nanomotors. Then, the resulting
aptamer/nanomotors were used for transporting HL-60 cancer cells from serum samples. For
this purpose, complementary nucleotide sequences were added to the buffer solution,
containing HL-60/aptamers/nanomotors to release HL-60 cancer cells. The experimental steps
were shown in Figure 2A. Different concentration of HL-60 cancer cells in serum samples were
also determined by EIS. The proposed aptamer based method is efficient, economic and easy
to apply for the bulk fabrication of nanomotor. The LOD was found as 250 cells/mL.

In other study, sandwich-type amperometric aptasensor was developed for the detection of
human leukemic lymphoblasts (CCRF-CEM) by using a flow injection) 2°1. First, poly (3,4-
ethylenedioxythiophene) decorated with gold nanoparticles (PEDOT-AuUNPS) was
manufactured for immobilization of thiolated aptamers. Multi-walled carbon nanotubes
(MWCNTSs) were then incorporated with palladium nanoparticles/3,4,9,10-perylene
tetracarboxylic acid (MWCNTSs-Pdnano/PTCA) to construct the catalytic labeled aptamer. The
fabrication process was shown in Figure 2B. When the aptamer was attached to the target, it
catalyzed the electroactive molecules, e.g., hydrogen peroxide (H202), and enhanced the signals
that depend on the target concentration. The LOD was found as 8 cells/mL.
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Figure 2: (A) Presentation of isolation and determination of HL-60 cells using aptamer-
modified self-propelled nanomotors (Reprinted from 281 with permission: ©2018 Elsevier
B.V.). (B) Presentation of fabrication of sandwich-type aptasensor (Reprinted from [2°! with
permission: ©2017 Elsevier B.V.).

An electrochemical aptasensor for the detection of released vascular endothelial growth factor
(VEGF) and prostate-specific antigen (PSA) from RWPE-1, LNCaP and PC3prostate cell lines
was developed by using SWV and EIS B%. The principle was the self-assembly of thiolated
aptamers on the gold-coated silicon (working electrode). Methylene blue (MB) was used as
redox indicator. The homogeny immobilization of the aptamer to the surface was confirmed via
Surface Plasmon Resonance (SPR) system. In the study, binding of VEGF to the aptamer
caused unfolding of DNA hairpin structure, which caused to reduced electron transfer rate from
MB to the electrode. The LOD was calculated as 0.08 ng/ mL and 0.15 ng/mL for PSA and
VEGF respectively within a linear range of 0.15-100 ng/mL.

As it is known, EIS can be used for protein and other biological based molecules analysis since
proteins can lead remarkable changes in the charge transfer resistance (Rc¢t) when immobilized
on the electrode. To detect PSA, a polyaniline (PANI) and gold nanoparticles (AuNPs) based
amino-functionalized aptasensor was developed utilizing EIS B, In the study, PANI and
AuNPs modified electrodes were coated with peptides as the antifouling agents reduce
nonspecific adsorption. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) chemistry was applied to activate the carboxyl groups of the
peptide. The schematic steps were shown in Figure 3A. The Rt values of working electrodes
coated with the PANI/AuNPs/Peptide and PANI/AuNPs/Peptide/PSA aptamer were compared
(Figure 3B). When working electrode was modified with PANI and AuNPs, R reduced due to
the enhanced electron transfer. When PANI/AuNPs modified electrodes coated with peptide,
Rctincreased due to the non-conductive nature of peptide. Addition of aptamer to the modified
electrodes caused Rt values to increase. The variations within the R value enabled the
quantitative determination of PSA. LOD was found as 0.085 pg/ mL within a linear range of
0.1 pg/mL-100 ng/mL.
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Figure 3: (A) Schematic presentation of detection of PSA biomarker by using an
electrochemical system (B) EIS spectra of bare and different modified electrodes in 5.0 mM
[Fe(CN)s]*™* (Reprinted from Y with permission: ©2019 Elsevier B.V.).

As an example of electrochemical aptasensors for detecting an important biomarker of
inflammation, researchers investigated the interaction of surface-tethered RNA aptamer and C-
Reactive Protein (CRP) with voltammetric methods 2. The use of a thiolated RNA aptamer as
a receptor element enabled higher surface coverage in comparison to unmodified surfaces. MB
was used to monitor the interaction between the aptamers and the analyte. MB current decreased
linearly with increased CRP concentration. LOD was found as 5 pg/L. The interaction between
the aptamer and its target was also supported with quartz crystal microbalance (QCM)
measurements.

Another study tried to solve the selectivity problem of aptasensors by developing a label-free
detection strategy using TLS1la aptamers (APT) that binds to the membrane surface of
hepatocellular carcinoma (HepG2) cells 231, Before sending the APT, the gold electrode (GE)
surface was incubated with 3-mercaptopropionic acid (MPA) to prevent non-specific
interactions. HepG2 cells were then captured with a sandwich architecture using amino-labeled
APT covalently attached to the electrode and a secondary APT. The experimental steps were
shown in Figure 4A. The interaction was detected with CV (Figure 4B) and EIS (Figure 4C-
D). Using of APT as a recognition layer caused the detection HepG2 cancer cells with high
affinity compared to control. The LOD was found as 2 cells/mL with a wide linear dynamic
range over 102 to 108 cells/mL (Figure 4E).
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Figure 4: (A) Schematic presentation of TLS11a aptamer and its interaction with HepG2 cells.
(B) CV and (C) Nyquist plots for (a) bare GE, (b) GE/MPA, (c) GE/MPA/APT (d)
GE/MPA/APT/HepG2 cell, () GE/MPA/APT/HepG2/APT (D) Nyquist plots in the same
conditions of A and B, (a—i) GE/MPA/APT/cell/APT (0, 10, 107, 103, 10%, 10°, 5x10°, 10° and
1.5x10° HepG2 cells/mL). (E) Calibration plots for the developed aptasensor (Reprinted from
(331 with permission: ©2014 American Chemical Society).

In another selective biomarker detection study, a magnetoelectrochemical aptasensor was
developed for the detection of PSA with silver/cadmium oxide nanoparticles (Ag/CdO NPs) to
benefit from the nanomaterials’ properties such as small size, high surface to volume ratio and
quantum tunneling effect. 4. In the study, aptamer-modified nanoparticles were immobilized
on the surface of superparamagnetic FesOas/graphene oxide nanosheets through the hydrophobic
and pi-pi stacking. The assembly provided better electrochemical properties, efficient electron
transfer and super-paramagnetic responses. LOD was found as 28 pg/mL.
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Liu et al. developed a modified electrode system consisted of gold nanoparticles (AuNPsS),
thionine and multi-walled carbon nanotubes (AuNPs-Thi-MW-CNTS) to detect 17-estradiol in
real samples with an aptamer based system using DPV, CV and EIS B3 First, CNTs were
loaded with Thi and then AuNPs were decorated on the surface of CNTs by adding Thi-CNTs
solution into AuNPs solution. After assembling the electrodes, Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) mixed with DNA aptamer to decrease the possible disulfide bonds in
aptamer to thiols and a constant potential of +0.4 V was applied to the electrode. Trace analysis
of 17pB-estradiol in real samples was achieved with 1.5 pM detection limit.

Another interesting study was conducted for diagnosing periodontal diseases in early phases to
detect Human Odontogenic Ameloblast-Associated protein (ODAM). ODAM is a highly
specific biomarker for periodontal diseases in gingival crevicular fluid (GCF) from the saliva
[361 In the study, a pair of aptamers binding to ODAM with graphene oxide-based SELEX (GO-
SELEX) method was used. Selected aptamers were then characterized with GO-based
fluorescence resonance energy transfer (GO-FRET) due to the benefiting from GO’s quenching
fluorescence signal. SPR was also employed to characterize the method by immobilizing
aptamers onto the gold chip surface via avidin-biotin linkage. LOD was found as 1.63 nM in
saliva samples.

An ultrasensitive amperometric aptasensor based on SWV was developed for determination of
a transmembrane glycoprotein, Epithelial Cell Adhesion Molecule (EpCAM), a cancer
biomarker which involves cell signaling process 1. EpCAM is secreted at low levels from
normal cells, however it is overexpressed in cancer cells, so its sensitive and quantitative
detection is under interest. In the study, toehold-mediated DNA recycling amplification was
achieved by using toehold domain that was a short stretching single-stranded region (nearly 5—
8 nucleotides) and a trigger for initiating hybridization. First, hairpin probe 1 (Hpl) with a
toehold region was modified with a 5’-thiol (5’-SH) and immobilized onto the gold electrode.
Before adding EpCAM, the probe A was hybridized with aptamer to form aptamer/probe A
duplex. After addition of analyte, probe A was released from the aptamer/probe duplex and
hybridized with the Hpl toehold domain. The reaction resulted in further hybridizing with
hairpin probe 2 (Hp2) to displace probe A in the presence of Hp2. Hp2 was labeled with the
redox indicator MB. Subsequently, released probe A was hybridized with another Hp1 to start
the next round of DNA recycling amplification by reusing probe A. Formation of many MB-
labeled DNA strands on the electrode surface generated enhanced currents measured with
SWV. The designed method was successful for the determination of EpCAM. LOD was found
as 20 pg/mL. The schematic illustration and the current signals obtained from SWV
measurements were shown in Figure 5.
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Figure 5: (A) Schematic presentation of an aptasensor to detect EpCAM molecule via DNA
recycling amplification (B) Current signals obtained from different concentrations of EpCAM
in the presence of EpCAM aptamer/probe A and Hp2 (from bottom to top: 0 to 300 ng/mL) by
using SWV measurements. (C) Calibration curve of different concentrations of EpCAM. (Hp1:
Hairpin probe 1; Hp2: Hairpin probe 2; MB: Methylene blue; MCH: 6-Mercapto-1-hexanol;
EpCAM: Epithelial cell adhesion molecule). (Reprinted from B7 with permission: ©2020
Springer Nature Switzerland AG.).

One of the most used detection strategy with aptasensor design is the signal-ON/OFF principle.
In general, aptamers are functionalized with a redox indicator. When analyte and aptamer
interacts, a conformational change occurs and results in a change in the electron transfer
between an indicator and an electrode 8. The signal-ON/OFF based aptasensor systems causes
to increase or decrease of the signal of the redox probe after the target interaction which allows
real-time analysis and simultaneous multi-analyte detection. However, the conformation of
aptamer-redox probe-target is highly sensitive to environmental changes and composition of
the sample. Thus, experimental conditions should be properly adjusted when using these kind
of aptasensors systems. The principles of the methodology was shown in Figure 6.
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Figure 6: The main principle of the (A) signal-ON and (B) signal-OFF strategy in
electrochemical aptasensors (Reprinted from B8 with permission: ©2020 Springer Nature
Switzerland AG.).
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In an amperometric and signal-ON/OFF based study, gold-silica anisotropic nanomaterials,
Janus nanoparticles, were used as a bio-recognition-signaling element for the detection of
carcinoembryonic antigen (CEA) biomarker. At first step, Janus nanoparticles were
functionalized with horseradish peroxidase (HRP) enzyme and immobilized on the silica
surface. Afterwards, a biotin thiol-modified aptamer were sent onto gold surface as bio-
recognition element. The unique design enabled unfolding of DNA hairpin structure and
unmasking the biotin residues at the aptamer chain (Figure 7). Finally, nanoparticle/aptamer
structure was captured by avidin-modified Fe3Os@SiO2. Fe3Os particles were used for
achieving magnetic deposition on screen-printed carbon electrodes (OHT-000) surface. They
called the modified electrode as avidin-modified magnetic NanoCaptors (NCR-80). In Figure
7-Step A, addition of H20, and hydroquinone (HQ) caused by the reduction of the oxidized
form of the electrochemical mediator formed in the HRP-catalyzed reaction (signal-ON). In
Step B, amperometric signals obtained without CEA (signal-OFF). The designed assembly
successfully detected CEA biomarker within a linear range of 1-5000 ng/mL with a LOD of 1.2
pM in serum samples 9,
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Figure 7: Schematic representation of the Janus nanoparticles-based detection for CEA
biomarker by using NCR-80 and OHT-000) (Reprinted from B°1 with permission: ©2019
Elsevier B.V.).

In recent years, the demand for non-invasive, accurate and highly specific biomarkers have
been rising due to the complex nature of the cancer disease. One of the promising tumor
biomarkers, circulating tumor cells (CTCs), have been gaining great interests due to providing
useful information on metastatic risk, disease progression and treatment effectiveness. CTCs
are tumor components such as whole single cells and cell clusters released from tumors into the
blood. In order to detect CTCs, a procedure was developed by using an array nanochannel-ion
channel hybrid combined with an electrochemical analysis method. In the study, the specific
aptamer probe was immobilized to the surface of ion-channel to capture CTCs 9. The captured
cells effectively covered the entry of ion channels, which completely blocked the ionic flow via
the channels leading to an altered mass transfer property. The mass transfer properties were
analyzed with LSV and LOD was found as 100 cells/mL.
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Examples of aptasensors for detecting different types of biological analytes and their
sensitivities are listed in Table 2.

Table 2: Electrochemical based aptasensors for detecting different types of biological analytes
and their respective sensitivities.

METHOD ANALYTE TARGET LOD REFERENCE
DPV HeLa Cell 10 cell/mL (411
DPV K562 Cell 14 cell/mL 1421
DPV CCRF-CEM Cell 10 cell/mL (431

EIS, CV MCF-7 Cell 8 cell/mL [44]
EIS MCF-7 Cell 36 cell/mL 145]
DPV and EIS PSA Biomarker 1 pg/mL [46]
DPV EGFR Biomarker 50 pg/mL [47]

EIS PSA Biomarker 5 pg/mL [48]

CV, EIS Serpin A12 Biomarker 0.031 ng/mL [49]
EIS, CV, DPV MUC1 Biomarker 0.62 ppb [50]
EIS Cardiac Troponin | Biomarker 1.23 pM (511
DPV Cardiac troponin | Biomarker 16 pg/mL (521
Amperometry Interleukin 6 Biomarker 0.33 pg/mL 53]
Amperometry  Human Factor 1X Biomarker 6 pM 541

DPV, EIS Alpha-fetoprotein Protein 61.8 fg/mL [55]
EIS Thrombin Protein 10 pM [56]
DPV Insulin Hormone 0.18 fM [57]

CV, EIS Thyroxine (T4) Hormone 10.33 pM (58]
CV, EIS Progesterone (P4) Hormone 1.86 pM (59

Abbreviations: LOD: Limit of Detection; EIS: Electrochemical Impedance Spectroscopy;
ASV: Anodic Stripping Voltammetry; CV: Cyclic Voltammetry; DPV: Differential Pulse
Voltammetry; PSA: Prostate Specific Antigen; EGFR: Epidermal Growth Factor Receptor;
MUC1: Mucinl.
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Regardless of the significant and remarkable progresses in the development of novel
aptasensors, most of these platforms are still able to detect only one analyte. Biological fluids
including saliva, blood, blood plasma, urine and cerebrospinal fluid are pretty complex samples
contain impurities that may cause inaccurate detection of the analytes. Thus, developing novel
and highly specific in a complex environment is needed. For this purpose, an aptansensor have
been developed to detect cancer biomarkers, CEA and MUCL1, in real samples. Two different
aptamers labeled with redox tags were used as signal probel (sP1) and signal probe2 (sP2).
These probe structures were integrated into one DNA structure to develop the integrated signal
probe (ISP) for multiple analyte detection %1, In Figure 8, detection mechanism of ISP based
aptasensor was presented. MB labeled hairpin DNA containing CEA-binding aptamer was used
as sPl. Ferrocene (Fc)-modified MUC1-targeting aptamer as sP2 was designed as
complementary to sP1. The hybridization between sP1 and sP2 (Figure 8A) was allowed to
obtain ISP. Before immobilizing ISP to the bare glassy carbon electrodes, the surfaces were
coated with AuNPs in order to advance sensitivity. Then, ISP was immobilized onto modified
surfaces (Figure 8B) and formed to ISP/AuNPs/GCE. After having obtained ISP/AuNPs/GCE,
MUC1 (Figure 8C) and CEA (Figure 8D) was sent to the sensing interface. sP1 unfolded after
the binding to CEA and sP2 left from the ISP due to the formation of MUC1-aptamer complex.
In the presence of CEA and MUC1 (Figure 8E), the current response of Fc and MB decreased
due to the conformational change of aptamers, and thus, CEA and MUC1 can be simultaneously
measured. LOD was determined as 0.5274 ng/mL for CEA and 1.82 nM for MUCL1,
respectively.
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Figure 8: Schematic presentation of the ISP-based aptasensor for CEA and MUC-1 detection.
(Reprinted from %% with permission: ©2017 Elsevier B.V.).
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As another example for dual cancer biomarker detection (CEA) and alpha-fetoprotein (AFP), a
novel core-shell nanoparticle based structure was developed by using of different amounts of
copper (Cu) and silver (Ag) precursors to increase the sensitivity and enhance the stability of
AUNPs. The electrochemical detection was achieved with CV and DPV . The experimental
steps were presented in Figure 9. In this study, Au NPs core was used to accelerate the electron
transfer. Two different core-shell nanoparticles were fabricated, involving Au@Cu.0 and
AUu@Ag as signal amplifiers. After producing Au@Cu20 core-shell NPs and Au@Ag core-
shell NPs, they were mixed with aptamer-C (aptamers against CEA) and aptamer-A (aptamers
against AFP), respectively. Then, core-shell-aptamer were sent to the surface of aminated Probe
A and Probe C immobilized GCE electrodes. The DPV peak currents was seen at —0.08 V for
Au@Cu0 core-shell NPs and at +0.26 V for Au@Ag core-shell NPs. The peaks at —0.08 V
decreased with the increase of CEA concentration from 5 pg/ mL to 50 ng/mL. Meanwhile, the
peaks at +0.26 V for Au@Ag NPs also decreased with AFP concentration from 1 pg/mL to 10
ng/mL as a proof of the specific interaction between the aptamers and analytes. LODs were
determined as 1.8 pg/mL and 0.3 pg/mL for CEA and AFP, respectively.
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Figure 9: Schematic presentation of Au@Cu20 core-shell NPs and Au@Ag core-shell NPs for
specific CEA and AFP detection. (Reprinted from 61 with permission: ©2017 Elsevier B.V.).

3. APTASENSORS FOR SMALL MOLECULES DETECTION

In addition to electrochemical detection of biologically relevant analytes, aptamers could be
also used to detect small molecules i.e., ligands, chemicals, toxins or drugs 2. They also can
easily conjugate to haptens, fluorophores, chromophores or enzymes for the interaction of small
molecules. A novel aptamer-based impedimetric method was developed for detection of
antifungal drug, carbendazim 3. In this study, the aptamers were mounted onto the gold
electrode surface and blocked with mercaptohexanol (MCH) to prevent unspecific binding.
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As it was seen from Figure 10A, the bare electrode showed a reversible and higher signals.
After the aptamer was sent to the surface, both the anodic and cathodic peak currents decreased.
When the aptamer interacted with its target, the Rt of the redox couple increased. Their results
proved that the specific recognition of carbendazim with the thiol-modified aptamers. It also
caused the alteration of the access of a ferrocyanide/ferricyanide to the surface (Figure 10B).
EIS spectra of different concentrations of carbendazim was shown in Figure 10c. The
calibration curve for carbendazim over CBZ concentration was shown in Figure 10D. The
aptasensor did not show any cross reactivity with other pesticides. LOD was found as 8.2
pg/mL.

A w» B e
"M
60 o8 | -
.1'{ -
‘o 'm - Bare Ay - ’ "
. —— AL ‘
< — Vo
20 Q1200 et “C »
o "é » o
g o = 0 & al ] 4 /
s | N v N e L
Q.20 o ‘/ ’ ! ¥ ¥
¥y 4 - A .
40 20 { / W
% 0
02 00 0.2 04 0.6 0 1000 2000 2000 4000 2000
EV)ws C1
v Ag-Ag Z(0)
00
C 2000 e W H AT e D 19
- 000 g %0
2400 e
2 "o
af ¥ i i
o 2000, s 70
s .
o] N
1000 al A E w0 ,
g LA N\ - 50
1200 " \ A» a
N / ~N\ ¥X./ /; i .
»0 i R T S ¢ T :
\ WY N 30
wf | oo -~ 2
of ! 10 : e
0 1000 2000 3000 4000 5000 000 7000 00t 01 1 10 100 1000
Zf (U) Log CBZ concamiation ing'mi

Figure 10: (A) CV curves and (B) Nyquist plots for bare electrode (black line), aptamer/Au
(red line) and MCH/aptamer/Au (blue line) in [Fe(CN)s]*’* solution. (C) Nyquist plots of
aptasensor after incubation with 0, 0.01, 0.1, 1, 10 and 100 ng/ml of carbendazim. (D) The
calibration curve for carbendazim (plot of (Ro-R)/Ro % vs. logarithm of the CBZ concentration.
(Reprinted from [6%1 with permission: ©2017 American Chemical Society).

In another study, MWCNTSs and electropolymerized poly-L-glutamic acid based aptasensor for
the determination of tetracycline was developed. Combining MWCNTSs with polymers in the
aptasensor construction improved the LOD. In addition, MWCNTSs have larger surface in
comparison with flat electrode. The reason of decreasing LOD was the immobilization of higher
amount of biomolecules due to the increased binding sites on the electrodes. In this study, the
sensor system was characterized with Scanning Electron Microscopy (SEM), CV and EIS. The
aptasensor can be successfully used for the analysis of tetracycline in drug formulations and
spiked honey samples [,
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Aptamers can be immobilized on a solid support, i.e., nano-structured surfaces. Binding
properties of aptamers to their target molecules mostly depend on the proper 3-dimensional
folding of aptamers. In addition, properties of nanostructured surfaces features (e.g. roughness,
groves, pores) creates additional steric hindrance effects and thus, affect the interaction of
aptamers with their targets. Therefore, it is extremely important to immobilize aptamers without
affecting their binding ability into their targets. In recent years, combining nanomaterials such
as nanoparticles, nanotubes, nanorods, fibers with polymers has been taking significant
attention as they provide a proper surface, e.g., high area of interaction between aptamer and
target analyte. Especially, AuNPs are very promising thanks to their extraordinary properties,
such as long term stability and biological compatibility, tunable morphology and size dispersion
and easy surface functionalization. Moreover, interaction of thiols with gold is a well-known
and described mechanism resulting in formation of stable self-assembled monolayers (SAM)
which enables to design stable aptasensor systems. The use of gold nanoparticles also enhances
the signals dramatically because of the localized surface plasmons excited on the surface and
the formation of a target-analyte complex enabling charge transfers [,

Sensitive detection and quantitation of antibiotic residues in real samples are in great demand.
Yu et al. developed a broad-spectrum antibiotic aptasensor in serum, saliva, and milk with
ACV [®81 As an antibiotic, they used ampicillin. The aptasensor was based on signal-ON
principle in which the target binding-induced changes in the conformation of aptamer. When
MB modified aptamer was introduced with ampicillin, the aptamer structure either unstructured
or partially folded. In the presence of target, the electron transfer between MB label and the
gold electrode changed due to probe conformation and flexibility. The change in the probe
conformation produced an increase in the MB current, resulting in a signal-ON sensor behavior.
In this study, authors could successfully achieve to differentiate between ampicillin and
amoxicillin, which is structurally similar to antibiotic. The method was selective to be used
without any pretreatment in complex samples with 1 uM of LOD.

In other study, Fan et al. showed detection of acetamiprid with EIS by using AuNPs to improve
the sensitivity 7). First, they immobilized AuNPs onto the electrode surface, then the analyte
were sent to the modified surface. In the presence of analyte, the electron transfer resistance
increased due to the formation of aptamer/target couple. In a very similar study, Fei et al.
improved the sensitivity by using AuNPs combined with MWCNT-reduced graphene oxide
nanoribbon composites 8. The designed impedimetric based aptasensor was successfully
employed to identify acetamiprid in water in femtomole level.

Recently, researchers aimed to develop a label-free aptasensor to detect a natural and toxic
mycotoxin, Aflatoxin B, by using a reduced graphene oxide/molybdenum disulfide/polyaniline
nanocomposite/gold nanoparticles (RGO/MoS2/PANI@AUNPs/Apt) . The developed
nanocomposites were characterized by UV-visible Spectroscopy, Fourier Transform Infrared
Spectroscopy (FTIR), Transmission Electron Microscopy (TEM) and X-Ray Photoelectron
Spectroscopy (XPS). The GCE was coated with chitosan (Cs) to improve rigidity and stability
of aptasensor as chitosan provided excellent film-forming ability and good adhesion.

18

This article is protected by copyright. All rights reserved.



Electroanalysis 10.1002/elan.202060388

The Cs/RGO/MoS2/PANI coated electrodes were then immersed into AuNPs solution for 12
hours. Subsequently, Cs/RGO/MoS,/PANI@AUNPs electrodes were incubated with aptamer
solution for another 12 hours. Then, the electrodes were immersed into mercaptohexanol
solution for 2 h to block the excessively activate sites. Finally, the developed aptasensor was
rinsed, dried and used directly or stored dry at 4 °C. In the presence of Aflatoxin B1 resulted in
the reduction of electron transfer of [Fe(CN)s]*"* . The signal differences were measured with
DPV. Taking advantages of RGO/MoS,/PANI/Cs composites and AuNPs signal amplification,
the electrochemical aptasensor showed a low LOD of 0.002 fg/mL and wide linear range, 0.01
fg/mL to 1.0 fg/mL.

Wang et al. developed an aptasensor to detect aflatoxin B1 (AFB1), which have mutagenic,
teratogenic and carcinogenic effects [l First, anti-AFB1 thiolated tagged aptamer, which
contained MB label, was immobilized onto the gold electrode. In the absence of analyte,
complementary DNA strand of aptamer hybridized with aptamer to form a rigid duplex DNA
structure, leading a lower current. In the presence of analyte, the current increased due to the
aptamer-AFBL1 binding that caused the formation of a hairpin structure making MB close to
electrode. LOD was found as 2 nM. The most attractive feature of the designed aptasensor was
that it only requires 5-min incubation of sample solution before SWV analysis.

One of the most used antibiotic, kanamycin are generally preferred in food production and
livestock husbandry and the detection of the kanamycin as residue in food samples within this
range is quite essential. A recent study tried to detect kanamycin in milk samples by using an
ultrasensitive and simple aptasensor with chemiluminescence (ECL) properties of luminol-
H,0; in alkaline solution with CV and electrogenerated chemiluminescence analyzer '], Silver
nanoparticles (AgNPs) were used as effective catalyzer to accelerate H.O. decomposition to
produce various reactive oxygen species for signal amplification. The luminescence reagent,
co-reactant and AgNPs were immobilized onto the platinium electrode (PE) surface. The steps
for detection of kanamycin was presented in Figure 11. LOD was calculated as 0.06 ng/ mL
with a wide linear range from 0.5 to 100 ng/mL.
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Figure 11: Schematic of the aptasensor for the detection of kanamycin (BSA: Bovine Serum
Albumin). (Reprinted from 7 with permission: ©2019 Elsevier B.V. All rights reserved.).
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Some of aptasensor examples for small molecule detection are listed in Table 3.

10.1002/elan.202060388

Table 3: Electrochemical-based aptasensors for different types of small molecule detection and
their respective sensitivities.

METHOD ANALYTE TARGET LOD REFERENCE
EIS Doxorubicin Drug 28 nM (72
EIS, CV Kanamycin Drug 0.11 ng/mL (73]
EIS Chloramphenicol Drug 57.9 pM (74]
EIS Codeine Drug 3 pM [75]
EIS Carbendazim Drug 8.2 pg/mL (7el
SWv Dabigatran Drug 0. 01ng/ml (77l

etexilate
EIS Diclofenac Drug 2.7nM 78]
EIS Dexamethasone Drug 2.12 nM (7]
EIS Tobramycin Drug 2.0 fg/mL [80]
DPV Oxaliplatin Drug 60 pmol/L (81]
EIS, CV, DPV  Chloramphenicol Drug 3.3 pM [82]
EIS, CV Aflatoxin M1 Toxin 5 ng/L [83]
EIS Okadaic acid Toxin 70 pg/mL [84]
EIS, CV Natoxin-a Toxin 0.5nM (5]
Amperometry Toxin A Toxin 1 nM [86]
DPV, CV, EIS  Malachite green  Chemical 3.38 nM (871
DPV, CV Ractopamine Chemical 5.0x10 M (8]
Potentiometry Bisphenol A Chemical 108 M (89
DPV Cocaine Chemical 0.5 pM 0]
EIS Ethanolamine ~ Chemical 0.08 nM (o1
CV, DPV Malathion Chemical 0.5 fM (%2
SWV Beta- Allergen 20 pg/ml (93]
lactoglobulin

Abbreviations: LOD: Limit of Detection; EIS: Electrochemical Impedance Spectroscopy;
CV: Cyclic Voltammetry; DPV: Differential Pulse Voltammetry; SWV: Square Wave

Voltammetry.
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An impedimetric aptasensor was developed with affinity chromatography and EIS for detection
of penicillin G in milk samples [*4. Capture-SELEX, a suitable method for developing aptamer
against small molecules like antibiotics, was used to select best aptamer candidate among the
11 candidate aptamers. The developed method was based on the selection of DNA aptamers
using penicillin in solution while the sSDNA library is fixed on a support. Then, the sSSDNA
linked to the target were directly amplified by PCR. Capture-SELEX enabled to avoid target
immobilization, which often hampered appropriate interactions with oligonucleotides. Using
Capture-SELEX method, penicillin G was successfully detected with an LOD of 0.17 pg/L,
which is lower than ELISA methods (3 pg/L).

Researchers introduced a potentiometric aptasensor platform that combines G-
quadruplex/nemin DNAzyme with logic gate operations for Kanamycin (KANA) and
oxytetracycline (OTC) detection using a single membrane electrode [*°1. In the system,
DNAzymes can be incorporated into an aptamer binding event that eliminates the need for
probe labeling. A polymeric membrane ion-selective electrode is used in potentiometry that
could be derived to a simple and portable electrochemical detection method. The system could
be also used for the detection of multiples analytes by changing the target aptamers in the probe
sequences.

Heavy metal ions such as Hg?*, Pb?*, Cd?*, Sh3* and As®* are toxic ions and can be harmful for
both human health and the ecosystem. For the detection of heavy metals, rapid, cost-effective
and easy applicable alternative analysis methods for heavy metal ions are desired. In this regard,
electrochemical based aptasensors are very promising for sensitive, specific and accurate
detection of heavy metals. For a highly sensitive detection of Pb?*, Gao et al. developed a label-
free electrochemical aptasensor by combining and graphene with CV. In the study, thionine
was used as signaling molecule and graphene as a signal-enhancer. After the interaction with
Pb?*, aptamer on the sensor surface changed its conformation from a single-stranded DNA to a
G-quadruplex that causes thionine release from the electrode surface into the solution and
resulted a decrease of the signal belongs to thionine. The redox signal obtained from CV was
significantly lower in graphene assembled electrode than the bare one, which showed that
graphene played an important role in the electrochemical response of the sensor. LOD was
found as 3.2 x 10" M [®¢1. Compared to the electrochemical systems with classical methods,
e.g., Inductively Coupled Plasma Mass Spectroscopy (ICP-MS), Atomic Absorption
Spectroscopy, (AAS), and High Performance Liquid Chromatography (HPLC) for heavy
metals ions detection, electrochemical based systems have several advantages such as offering
low cost instrumentation and low-cost. Furthermore, classical methods have multiple pre-steps,
which results in longer experimental duration.

5. SUMMARY

Aptamers are an alternative diagnostic tool that can substitute antibodies in various
applications, i.e., detecting specific biomarkers, cells or proteins. Not limited to biological
molecules, chemical ligands, such as toxins or drugs, can be targeted with aptamers. Aptamers
can be combined with a wide range of transduction forms, e.g., electrochemical, optical, thermal

21

This article is protected by copyright. All rights reserved.



Electroanalysis 10.1002/elan.202060388

or mass sensitive. Among these forms, electrochemical methods are mostly preferred due to
their ability to provide rapid response, low cost analysis, easy of application and selective
detection. A significant number of voltammetric, amperometric, potentiometric and
impedimetric based electrochemical aptasensors have been developed for the detection of
biological molecules or synthetic chemicals. Among these electrochemical aptasensors,
amperometric and impedimetric measurements are the most preferred ones compared to the
other electrochemical methods. Up to now, researchers have used unique properties of
nanomaterials to optimize different aptasensors. The use of biosensors, providing enhanced
surface area for immobilization or conjugation of biological analytes or small molecules, led to
an improvement in the sensitivity and efficiency of these aptasensors.

There are still plenty of nanomaterials need to be tested for the enhancing the analytical signals
of the developed aptasensors systems. Lower detection limits up to sub- femtomolar/attomolar
levels and wide linear analytical ranges are urgently needed with the help of nanomaterials,
nanocomposites, or their combinations. More importantly, when developing aptansensor based
detection systems with electrochemical transducers, it is critical to consider the simultaneous
detection of analytes and stability of biosensor assays. Integration of point-of-care devices for
analyte detection should be widely distributed in the market. Despite the presence of very
successful aptamers developed in laboratory infrastructure, there are still very few aptamers
approved in the clinical applications. Although aptamers possess more advantages compared to
antibodies, antibodies are still being more frequently used compared to aptamers as of now.
With this in mind, in the near future, aptamers could be the key player for the detection of
biologically important molecules.

FIGURE LEGENDS

Figure 1: (A) The steps for general SELEX process: binding, partitioning and amplification
(Reprinted from 31 with permission: ©2017 MDPI AG). (B) Cell-SELEX process (Reprinted
from 124 with permission: ©2017 MDPI AG).

Figure 2: (A) Presentation of isolation and determination of HL-60 cells using aptamer-
modified self-propelled nanomotors (Reprinted from 28 with permission: ©2018 Elsevier
B.V.). (B) Presentation of fabrication of sandwich-type aptasensor (Reprinted from [2°! with
permission: ©2017 Elsevier B.V.).

Figure 3: (A) Schematic presentation of detection of PSA biomarker by using an
electrochemical system (B) EIS spectra of bare and different modified electrodes in 5.0 mM
[Fe(CN)s]*™* (Reprinted from Y with permission: ©2019 Elsevier B.V.).

Figure 4: (A) Schematic presentation of TLS11a aptamer and its interaction with HepG2 cells.
(B) CV and (C) Nyquist plots for (a) bare GE, (b) GE/MPA, (c) GE/MPA/APT (d)
GE/MPA/APT/HepG2 cell, () GE/MPA/APT/HepG2/APT (D) Nyquist plots in the same
conditions of A and B, (a—i) GE/MPA/APT/cell/APT (0, 10, 102, 10%, 10%, 10°, 5x10°, 10 and
1.5x10° HepG2 cells/mL). (E) Calibration plots for the developed aptasensor (Reprinted from
[331 with permission: ©2014 American Chemical Society).

22

This article is protected by copyright. All rights reserved.



Electroanalysis 10.1002/elan.202060388

Figure 5: (A) Schematic presentation of an aptasensor to detect EpCAM molecule via DNA
recycling amplification (B) Current signals obtained from different concentrations of EpCAM
in the presence of EpCAM aptamer/probe A and Hp2 (from bottom to top: 0 to 300 ng/mL) by
using SWV measurements. (C) Calibration curve of different concentrations of EpCAM. (Hp1:
Hairpin probe 1; Hp2: Hairpin probe 2; MB: Methylene blue; MCH: 6-Mercapto-1-hexanol;
EpCAM: Epithelial cell adhesion molecule). (Reprinted from B71 with permission: ©2020
Springer Nature Switzerland AG.).

Figure 6: The main principle of the (A) signal-ON and (B) signal-OFF strategy in
electrochemical aptasensors (Reprinted from 38 with permission: ©2020 Springer Nature
Switzerland AG.).

Figure 7: Schematic representation of the Janus nanoparticles-based detection for CEA
biomarker by using NCR-80 and OHT-000) (Reprinted from [° with permission: ©2019
Elsevier B.V.).

Figure 8: Schematic presentation of the ISP-based aptasensor for CEA and MUC-1 detection.
(Reprinted from [¢° with permission: ©2017 Elsevier B.V.).

Figure 9: Schematic presentation of Au@Cu20 core-shell NPs and Au@Ag core-shell NPs for
specific CEA and AFP detection. (Reprinted from 61 with permission: ©2017 Elsevier B.V.).

Figure 10: (A) CV curves and (B) Nyquist plots for bare electrode (black line), aptamer/Au
(red line) and MCH/aptamer/Au (blue line) in [Fe(CN)s]*’* solution. (C) Nyquist plots of
aptasensor after incubation with 0, 0.01, 0.1, 1, 10 and 100 ng/ml of carbendazim. (D) The
calibration curve for carbendazim (plot of (Re-R)/Ro % vs. logarithm of the CBZ concentration.
(Reprinted from (6% with permission: ©2017 American Chemical Society).

Figure 11: Schematic of the aptasensor for the detection of kanamycin (BSA: Bovine Serum
Albumin). (Reprinted from "Y1 with permission: ©2019 Elsevier B.V. All rights reserved.).

Table 1: Comparison of aptamers and antibodies in terms of target type, synthesis time,
stability, size, chemical modification, production, cost and toxicity.

Table 2: Electrochemical based aptasensors for detecting different types of biological analytes
and their respective sensitivities.

Table 3: Electrochemical-based aptasensors for different types of small molecule detection and
their respective sensitivities.
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