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Abstract

Aptasensors form a class of biosensors that function on the basis of a biological rec-
ognition. An aptasensor is advantageous because it incorporates a unique biologic
recognition element, i.e., an aptamer, coupled to a transducer to convert a biological
interaction to readable signals that can be easily processed and reported. In such bio-
sensors, the specificity of aptamers is comparable to and sometimes even better than
that of antibodies. Using the SELEX technique, aptamers with high specificity and affin-
ity to various targets can be isolated from large pools of different oligonucleotides.
Nowadays, new modifications of the SELEX technique and, as a result, easy generation
and synthesis of aptamers have led to the wide application of these materials as
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biological receptors in biosensors. In this regard, aptamers promise a bright future. In
the present research a brief account is initially provided of the recent developments in
aptasensors for various targets. Then, immobilization methods, design strategies, cur-
rent limitations and future directions are discussed for aptasensors.

1. Introduction

The detection and identification of pathogenic agents are very impor-

tant in clinical diagnostics and biomedical research. Because the concentra-

tion of pathogenic agents in human fluids, such as urine and blood, is very

low, it is imperative to develop selective and sensitive methods of detection.

This approach allows for earlier diagnosis and more effective treatment of

diseases [1,2]. In comparison with conventional techniques, aptamer-based

biosensors have considerable advantages in the field of clinical analysis due

to the unique properties of aptamers as biological recognition elements. In

this respect, one can refer to such properties as high specificity and affinity

to targets, small size, easy synthesis, high stability even in non-physiological

conditions, simple chemical modification, and resistance to degradation

and denaturation [3–5]. Therefore, aptasensors can compensate for the

limitations of current clinical diagnostics.

Biosensors provide for rapid analysis and real-time detection. They are

made up of two main components including a transducer and a biological

recognition element. An aptasensor is a particular type of biosensor in which

an aptamer serves as a biological recognition element. This element is a bio-

molecule that binds to a specific target analyte. The transducer converts this

bond to detectable and measurable signals. There are various transducers

such as electrical, optical and mass-sensitive ones [6–8].
In this chapter, the current knowledge of aptasensors is reviewed for

researchers who are interested in designing and developing aptasensors.

Some examples are also provided of the recent progress in aptasensors. In

this case, references are made to recently published research conducted par-

ticularly on the potential and actual applications of aptasensors in clinical

diagnostics. In addition, an overview is given of the common immobiliza-

tion techniques, the existing design strategies to construct aptasensors, and

the target analytes that have been measured until now. Finally, the limita-

tions and strengths of these sensors as well as their future challenges and

applications are discussed.
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2. Aptamer-based biosensors: Aptasensor

Aptamers are short (20–60 nucleotides) single-stranded oligonucleo-

tides (RNA or DNA) that are capable of binding various targets such as pro-

teins, peptides, carbohydrates, small molecules, metal ions, toxins, and even

live cells with high specificity and affinity [9–15]. The term “aptamer” was

coined by Ellington and Szostak [16]. Aptamers can be obtained from the

compounds in the very large class of oligonucleotides by an in vitro selection

process called systematic evolution of ligands by exponential enrichment

(SELEX). The SELEX process can be separated into two alternating steps

(Fig. 1). At the first step, the original oligonucleotides are amplified through

a polymerase chain reaction to the desired concentration. At the second step,

the amplified pool is incubated with certain targets, and interacting oligonu-

cleotides are used for the first step of the next SELEX round. Using this

technique, aptamers with high specificity and affinity to their target mole-

cules can be isolated from large pools of different oligonucleotides in a highly

iterative way. In this case, the oligonucleotides which bind to a target are

eluted and amplified by a polymerase chain reaction, while the unbound

ones are washed away [17–21].
Biosensors are made up of two main components including a transducer

and a biological recognition element. The biological element is a biomolecule

Fig. 1 Systematic evolution of ligands by exponential enrichment (SELEX) process.
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(e.g., antibodies, aptamers, proteins or peptides) that can bind specifically to

the respective target. An aptasensor is a particular type of biosensor in which

the biological recognition element is an aptamer. It is worth noting that

aptamers have many advantages over other biological recognition elements

such as antibodies. This is due to the remarkable advantages of aptamers such

as ease of synthesis, inexpensiveness, high specificity and affinity to various

target molecules, high chemical stability in experimental conditions, and easy

chemical modification with different reporter tags. Owing to the unique

properties of aptamers, aptasensors play important roles in clinical diagnostics,

disease monitoring, biomarker identification and the analysis of other samples

of various types [22–26].

3. Immobilization

The first essential step in developing an aptasensor is the immobiliza-

tion of an appropriate aptamer on a conducting surface such as metal, carbon

nanotube or polymer [27–29]. Recently, various immobilization strategies

have been developed. Aptamers can be immobilized directly on the surface

of a sensor or indirectly via chemical coupling. The direct immobilization of

aptamers is mainly the result of electrostatic interactions, hydrogen bonds or

van der Waals forces. For the immobilization of aptamers through chemical

coupling, however, different strategies can be used. The variety of applicable

strategies in this case suggests the easy modification of aptamers [30]. The

choice of an immobilization technique depends on several factors, such as

the nature of the biological recognition element and the transducer surface,

the properties of the target molecule and the operating conditions of the

aptasensor [31]. Here, an overview is provided of several common methods

for the immobilization of aptamers on different substrates, including the use

of gold-sulfur self-assembled monolayers, covalent bonds, biotin/avidin

affinity, complementary nucleic acid chain connections and the novel

methods reported recently.

3.1 Direct attachment to the gold surface
In this method, an aptamer is modified with a thiol group (–SH). The direct

immobilization of the thiolated aptamer forms a stable and flexible self-

assembled monolayer of the aptamer on the gold surface through a gold-

sulfur interaction [32]. The formation of bonds between sulfur and gold

are due to the strong affinity between the thiol group and the gold surface
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[6,31,33]. The aptamer is immobilized on the gold surface via the 50-end or
the 30-end. The 30-end is more suitable because it creates resistance to nucle-

ase after its binding to the electrode surface. Direct attachment aptamer to

gold surface was reported in 2002 for the first time [34]. The immobilization

of aptamer on gold surface is shown in Fig. 2.

In this method, i.e., the direct attachment of the aptamer to the gold

surface through a gold-sulfur interaction, the gold surface can be an elec-

trochemical gold electrode [35,36], a surface plasmon resonance (SPR)

sensor [37,38], a quartz crystal microbalance (QCM) sensor [39,40], or

other gold-coated surfaces such as gold nanoparticles [41,42] and gold

nanorods [43,44].

In 2019, Arduini et al. [45] successfully designed an aptasensor by a two-

step method in which a thiol-modified aptamer was self-assembled on a

gold screen-printed electrode surface through a gold-sulfur interaction.

At the first step, a gold screen-printed electrode was functionalized by

the placement of an aptamer solution on the surface of a gold working elec-

trode. Then, the electrode was incubated at 4 °C for 2 days. Subsequently,

the aptamer-modified gold screen-printed electrode was washed with dis-

tilled water to eliminate non-specific physical adsorption. Following the

incubation, 6-mercaptohexanol in a Dulbecco buffer solution was added

onto the electrode to remove nonspecifically adsorbed aptamer molecules

and to passivate the electrode surface. The as-prepared aptasensor was

used for the detection of B. cereus spore. In 2013, Săndulescu et al. [46] suc-

cessfully constructed two simple electrochemical aptasensors for the detec-

tion of the MUC1 tumor marker. The recognition of the marker was done

with thiolated aptamers immobilized on a gold nanoparticle-modified

graphite screen-printed electrode and a gold nanoparticle-modified graph-

ite gold screen-printed electrode. The quantitative detection of MUC1

Fig. 2 Schematic of aptamer immobilization on the gold surface.
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protein took place by electrochemical impedance spectroscopy (EIS) and

differential pulse voltammetry (DPV). Calibration curves were obtained with

both techniques under optimized conditions. The detection limit of the

MUC1 protein was estimated to be 3.6ngmL�1 at the gold nanoparticle-

modified graphite screen-printed electrodes by EIS and 0.95ngmL�1 at

the gold nanoparticle-modified gold screen-printed electrodes by DPV.

The comparison of the two calibration curves indicated that the electro-

chemical method in which an aptamer probe is immobilized on gold

nanoparticles is more convenient and allows the quantitative detection of

MUC1 protein. In 2019, Blidar et al. [47] developed a label-free SPR

aptasensor for AMP detection using an enhanced thiolated aptamer

immobilized on a gold chip through the potential pulsing electrochemical

method. Each step of the aptasensor design was characterized using a hybrid

electrochemical-optical procedure and through SPR and electrochemical

analyses. The efficiency of the interaction between the immobilized aptamer

and AMP was estimated by the QCM analysis. This aptasensor was able to

detect AMP with a LOD of 1μmolL�1. The selectivity of the aptasensor

was also tested in the presence of other antibiotics and drugs.

3.2 Covalent attachment method
Aptamers can covalently be attached to chemically modified surfaces. In this

method, the surface of a sensor is modified by a chemical functional group,

such as amine: –NH2, hydroxyl: –OH, or carboxylic acid: –COOH. This

functional group interacts with amodified aptamerwhich has a corresponding

chemical functional group. Thus, an aptamer layer is formed on the sensor

surfaces. Some of these interactions are shown in Fig. 3.

In 2005, Lee et al. [48] successfully developed a single-walled carbon

nanotube field-effect transistor aptasensor using an aptamer as an alternative

to protein-based sensing elements. In their work, the thrombin aptamer was

modified with an amine group for immobilization purposes. Basically, as

also occurred in that study, N, N0-carbonyldiimidazole (CDI) reacts with

hydroxyl groups of tween 20 to form an active imidazole carbamate inter-

mediate. In the presence of an aptamer modified with the –NH2 group, the

active imidazole carbamate in CDI-Tween reacts with the NH2 group, and

a carbamate linkage is formed at the cost of imidazole (Fig. 3A). To block

any unreacted surface groups that can further react with other proteins, the

sample is incubated in an ethanolamine solution.

In 2013, Jang et al. [11] fabricated a flexible liquid-ion gated field-effect

transistor-type graphene aptasensor for Hg. Graphene nanosheets were

242 Laleh Hosseinzadeh and Mohammad Mazloum-Ardakani



chemically modified using 1,5-diaminonaphthalene (DAN) through a π-π
interaction between the phenyl groups of DAN and the graphene sheets.

The aptasensor was, indeed, fabricated by the immobilization of an aptamer

modified with the –NH2 group after the addition of glutaraldehyde (GA).

During the chemical reactions, one aldehyde group of GA was connected

to the –NH2 group of DAN through chemical bonding. Similarly, the other

aldehyde group of GA was bonded to the –NH2 group of the aptamer,

resulting in an aptamer immobilized on the graphene surface. DAN and

GA were used as efficient cross-linking agents to immobilize the aptamer

on the graphene surface (Fig. 3B). In 2016, Demirkol and Timur [49] used

quantum dot/aptamer bioconjugates to design a sandwich-type aptasensor

as a signal label for the analysis of E. Coli O157:H7 in a microtiter

plate format. A thiolated aptamer was immobilized on a 96-well plate

surface coated with Poly-L-lysine. It served as a support material. It was

also used in a sandwich assay with quantum dots/NH2-aptamer conjugates

as a secondary aptamer. Covalent immobilization was conducted and the

amino groups of poly-L-lysine were attached to the thiol groups of the

aptamer via 4-(N-maleimidomethyl)cyclohexane-1-carboxylic acid 3-sulfo-

N-hydroxysuccinimide (Fig. 3C). The fluorescence signals were followed

before and after the addition of bioconjugates. The bioassay could detect path-

ogens down to 102CFU/mL with high selectivity.

This method has such advantages as good stability, flexibility, high bind-

ing strength, the increased specificity of the aptasensors and the decreased
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non-specific adsorption. On the other, the method requires complicated

steps such as chemical modification and involves many annoying factors like

surfactants, cross-linking agents as well as certain side effects. Therefore,

the optimum reaction conditions of various factors must be taken into

consideration [33,50].

3.3 Biocoatings
The specific and strong affinity between avidin (or its derivatives) and biotin

can be used for the immobilization of aptamers to construct aptasensors.

In this technique, the immobilization of a biotinylated aptamer on a surface

coated with avidin or its derivatives can be done via specific noncovalent

interactions and using biotin-avidin. Neutravidin and streptavidin are two

derivatives of avidin. These proteins have a similar affinity to biotin, despite

their substantial difference in terms of physical and chemical characteristics.

The binding of streptavidin and neutravidin to biotin is more energetically

favorable than that to avidin. This is because of the stronger interactions in

the former case. In addition, neutravidin has a higher degree of non-specific

adsorption than avidin and streptavidin [51]. Therefore, streptavidin is pre-

ferred over avidin and neutravidin in the immobilization of aptamers on the

sensor surfaces.

In 2010, Gu et al. [52] reported a simple electrochemical aptasensor for the

detection of tetracycline using a tetracycline-binding ssDNA aptamer. First,

they treated a screen-printed gold electrode with 3,30-dithiodipropionic acid
to form a self-assembledmonolayer on theworking electrode. The carboxylic

groups on the electrode were activated with of N-(3-dimethylaminopropyl)-

N-ethylcarbodiimide (EDC) and N-hydroxysuccinimide (NHS). Then,

streptavidin was covalently coupled to the carboxylic acid groups. Finally, a

biotinylated aptamer was incubated on the streptavidin-coated electrode for

binding tetracycline. In 2013, Choo et al. [53] introduced a sensitive method

for the fast and reproducible detection of thrombin using the surface-enhanced

Raman scattering technique and based on aptamer-conjugatedmagnetic beads

and gold nanoparticles. First, a thiolated thrombin-binding aptamer was

immobilized on the surface of gold nanoparticles. As previously stated, thiol

groups have a high affinity for gold surfaces and form stable connections with

them. Next, streptavidin-coated magnetic beads and a biotinylated thrombin-

binding aptamer were immobilized on the surface of the magnetic beads

through an avidin-biotin interaction. Finally, the sandwich aptasensor formed

between the two aptamers was bound to different labels, and thrombin was
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sandwiched between the two different types of aptamer-conjugated particles.

In 2007, Hianik et al. [54] constructed a QCM aptasensor for the detection of

human thrombin. They used two phenothiazine dyes, methylene blue (MB)

andmethylene green (MG), to immobilize the aptamer. The aptasensors based

on the conducting polymers MB and MG were compared in terms of their

ability to detect thrombin. Firstly, AT-cut quartz crystals covered by gold

electrodes were cleaned and placed in an EQCM cell. Phenothiazine dyes

were polymerized on the gold electrode surface. Avidin was electrostatically

precipitated or cross-linked with human serum albumin (HSA) by the glu-

taraldehyde and biotinylated aptamers immobilized on surface through the

avidin-biotin interaction. For the electrostatical precipitation, an electrode

covered with poly (phenothiazine dye) was immersed in an avidin solution,

and potential cyclingwas done. For cross-linkingwithHSA, an electrodewas

immersed in a solution obtained from avidin, HSA and glutaraldehyde in Tris

buffer, and the potential was cycled. The free aldehyde groups remaining on

the electrode surface were blocked with a glycine solution. The efficiency of

phenothiazine polymerization and immobilization strategies was tested

simultaneously by cyclic voltammetry (CV) and the EQCM technique

involved in the QCM method.

3.4 Other substrates
Another method that can be used to immobilize an aptamer on the surface

of a sensor is hybridization with partially complementary oligonucleotides.

This immobilization strategy involves annealing and hybridization steps;

therefore, the experimental conditions are difficult to control. In 2015,

Zhang et al. [55] demonstrated a label-free sensitive electrochemical

aptasensor for the amplified determination of lysozyme. In this work, first,

the designed double-stranded DNA was immobilized on a gold electrode.

One of the sequences was a 30-terminal thiolated sequence, and the other

was a lysozyme-binding aptamer. In the presence of lysozyme, the special

binding of lysozyme to the lysozyme-binding aptamer with high affinity

denatured the double-stranded DNA, and an aptamer/lysozyme complex

was released into the solution. The thiolated sequences remaining on the

surface of the electrode were applied for further hybridization chain reac-

tion. To detect this process, two hairpin DNA probes, i.e., HP1 and HP2,

were applied. Generally, HP1 contains 19 bases that are completely com-

plementary with a thiolated sequence at 50-terminal, and HP2 has two

series of sequences complementary with HP1. Once HP1 and HP2 are
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added, the hairpin structure of HP1 opens and exposes the remainder of the

sequence of HP1, which is hybridized with parts of the sequence of HP2

and then opens HP2. Then, the exposed sequence of HP2 is matched with

the complementary sequences in HP1. Finally, a hybridization chain reac-

tion is triggered, which generates a complex structure of a HP2-HP1-

thiolated sequence on the electrode surface. In the study conducted by

Zhang and colleagues, since the cytosine-rich sequence was labeled on

the 30-end of HP2, in the presence of silver ions and NaBH4, DNA/silver

nanoclusters were formed on the HP2-HP1-thiolated sequence structure.

Lysozyme could be detected based on the peroxidase-like character of

DNA/silver nanoclusters. In 2007, Brook et al. [56] reported a simple

and rapid colorimetric aptasensor. Adenosine aptamers were attached to

gold nanoparticles by hybridization with complementary oligonucleotides

that were immobilized on the gold nanoparticles. Afterwards, the gold

nanoparticles solution turned red due to the electrostatic repulsion from

much more negative charges on partially complementary double-stranded

DNA. When the target molecules were added, the aptamers preferred the

adenosine and were dissociated from the nanoparticles. At this stage, the

nanoparticles were aggregated together and the solution turned to purple

as the surface of the gold nanoparticles reduced the negative charges

significantly.

In some reports, Aptamers were directly attached to gold surfaces through

a gold-nitrogen interaction [57,58]. In 2008, Tok et al. [58,59] fabricated an

aptamer-based surface-enhanced resonance Raman scattering (SERRS) sen-

sor for the detection of thrombin. In this work, colloidal gold nanoparticles

were aggregated on a glass surface. Then, an MB-conjugated thrombin-

binding aptamer was added to the aggregated substrate of gold nanoparticles.

Finally, different concentrations of thrombin were introduced, and the

corresponding SERRS spectra were derived. As it is known, the immobili-

zation of a thrombin-binding aptamer on the surface of gold nanoparticles is

done only through electrostatic interactions between nitrogenous bases and

the surface of those gold nanoparticles. This aptamer is susceptible to dis-

placement from the surface. It occurs as the aptamer recognizes and binds

to target molecules.

In 2007, Pelton et al. [60] reported the adsorption and covalent cou-

pling of adenosine triphosphate (ATP)-binding aptamers onto the surface

of cellulose. They investigated the physical aspects of this experiment in

order to devise a procedure for applying paper surfaces to detect pathogens.

In their study, the oxidation reaction on the cellulose membrane generated
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aldehyde groups on that membrane. Fluorescently labeled DNA (FDNA)

was immobilized on the oxidized cellulose membrane via the covalent

coupling of an amine-terminated DNA aptamer with an oxidized cellulose

film. Then, double-stranded DNA was formed between the FDNA and a

short DNA molecule that was a 30-terminal one labeled with a fluorescent

quencher (QDNA). The quencher and the fluorophore were in close prox-

imity. As amatter of fact, double-strandedDNAdoes not fluoresce; however,

in the presence of ATP, a special binding of ATP to FDNAwith high affinity

denatures that DNA and the QDNA strand cleaves it. As this occurs, a fluo-

rescence signal can be detected. In the study conducted by Pelton and col-

leagues, confocal laser microscopy was used to determine the fluorescence

intensity of the cellulose membrane before the addition of QDNA, after

the incubation with QDNA, and after the incubation with ATP.

In 2005, Lee et al. [48] designed a single-walled carbon nanotube field-

effect transistor (SWNT-FET) aptasensor for the detection of thrombin.

A thrombin-binding aptamer with a high affinity for serine protein throm-

bin was immobilized on the SWNT-FET aptasensor using CDI-Tween

linking molecules. While the Tween component was bound to a carbon

nanotube sidewall through hydrophobic interactions, the active imidazole

carbamate in the CDI-Tween reacted with the NH2 group in the 30-
amine-terminated thrombin-binding aptamer, thereby forming a carbamate

linkage. The electrical transfer characteristics of the SWNT-FET sensor

were measured at each stage of the process. It is to be noted that the binding

of thrombin-binding aptamers on SWNT-FETs causes a rightward shift of

the threshold gate voltages, presumably due to the negatively charged back-

bone of the DNA aptamers. While the addition of a thrombin solution cau-

ses an abrupt decrease in the conductance of the thrombin-binding aptamer

immobilized on an SWNT-FET, no noticeable change is observed in the

elastase.

In 2015, Zhang et al. [61] used nitrogen-doped graphene quantum dots

(N-GQDs) to construct a label-free photoelectrochemical aptasensor for the

detection of chloramphenicol (CAP). The aptasensor was fabricated by the

immobilization of the N-GQDs and the aptamer on the surface of an FTO

substrate. The large specific surface area and the π-conjugated structure of

the N-GQDs ensured the facile immobilization of the aptamer on the

N-GQDs through a π-π stacking interaction between the nucleobases

and the N-GQDs. When CAP was present in a solution, it could be cap-

tured by the aptamer, which then reacted with the photo-generated holes

on the N-GQDs to produce an enhanced photocurrent signal.
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4. Design strategies

Different designed strategies may be applied in the construction of

aptasensors depending on the usage envisaged for them. So far, several such

strategies have been proposed on the basis of aptasensor categories. In 2009,

Yu et al. [62] classified electrochemical aptasensors into three categories in

terms of the change that the involved analytes induce. The changes include

configurational change (i.e., the analyte binding induces either an assembly

or dissociation of the sensor construct), conformational change (i.e., the

analyte binding induces an alteration in the conformation of the surface-

immobilized aptamer strands) and conductivity change (i.e., the analyte

binding “switches on” the conductivity of the surface-bound aptamer–
DNA constructs). In 2010, Zhou et al. [63] classified the strategies or modes

for the fabrication and application of aptasensors into four categories includ-

ing target-induced structure switching mode, sandwich or sandwich-like

mode, target-induced dissociation/displacement mode and competitive

replacement mode. Of course, in the literature, aptasensors have been

introduced with other classifications such as labeled (using labeled aptamers)

[64–68], label free (using non-labeled aptamers) [69–73], signal-on (with

increased response) [74–77] and signal-off (with decreased response)

[78–81] aptasensors. In the following sections, the strategies designed in

two categories are explained and exemplified.

4.1 Labeled aptasensors
In this category, the biological recognition element can be labeled with a

great variety of compounds. The label can be covalently attached to the

aptamer, and the response of the aptasensor to the target is based on the

response of the label after the formation of an aptamer-target complex.

To date, various compounds such as enzymes and nanomaterials have been

employed as labels [82–91]. One may refer to such enzymes as horseradish

peroxidase (HRP), glucose oxidase (GOD) and alkaline phosphatase (AP).

Also, a few of the nanomaterials used in this regard are quantum dots (QDs),

metal-based nanomaterials, carbon-based nanomaterials and polymers.

The aptamer changes its conformation after binding with its target. On

this basis, various aptasensors have been designed for various biomolecules.

In some designs, the labeled aptamer changes its conformation after binding

to its target, thereby altering the position of the label and the output signal.

In 2010, Revzin et al. [92] developed an electrochemical DNA aptasensor
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for the detection of interferon (IFN)-γ. The fabrication of this aptasensor is

illustrated in Fig. 4. The direct immobilization of a thiolated aptamer at the

50-terminal formed a self-assembled monolayer on a working gold electrode

through a gold-sulfur interaction. In addition, the IFN-γ-binding aptamer

was conjugated with the methylene blue (MB) label. The IFN-γ binding

pushed MB label away from the electrode surface and changed the aptamer

conformation. An increasing in the distance of the MB redox molecules

from the electrode surface caused a decrease in the electrochemical signal.

According to the results, a better detection limit (0.06nM) was obtained

by the square wave voltammetry (SWV). This labeled “signal-off” aptasensor,

proposed based on the change in the aptamer confirmation, may have

broad applications in disease diagnostics and bioassay. In 2015, Roushani

and Shahdost-fard [93] developed a labeled “signal-off” electrochemical

aptasensor for the detection of cocaine. The aptasensor was fabricated

by the covalent immobilization of a 50-amino-30-silver nanoparticles-

functionalized aptamer on an MWCNTs/IL/Chit nanocomposite-modified

glassy carbon electrode. The 50-amino-30-silver nanoparticles functionalized
the aptamer by a terephthalate linking agent attached to the amine groups of

chitosan in the nanocomposite on the electrode surface via amide coupling.

Riboflavin (RF) was used as the redox probe, and silver nanoparticles accel-

erated the electron transfer kinetics related to the reduction of RF. Before the

interaction of cocaine with the 30-end silver nanoparticles labeled aptamer,

the aptasensor could produce an electrochemical signal related to the reduc-

tion reaction of RF. After cocaine binding, the aptamer conformation chan-

ged, and the aptamer was kept near the electrode surface. Therefore, the

electron transfer of RF as the probe was perturbed and a decrease occurred

in the electrochemical signal. This labeled “signal-off” aptasensor, fabricated

Gold Substrate Methylene Blue IFN-g Aptamer
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Fig. 4 (A, B) Schematic of aptamer-based electrochemical sensor for IFN-γ. (C) DPV
response of aptasensor in the presence and absence of IFN-γ.
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on the basis of the change in the aptamer conformation, was successfully used

to detect cocaine in human serum samples. In 2016, Chen et al. [94] reported

an aptasensor for the detection of thrombin based on a fluorophore-labeled

aptamer and cobalt oxyhydroxide (CoOOH) nanosheets (Fig. 5). In their

study, the CoOOH nanosheets served as a quencher, and the 50-FAM fluo-

rescent group labeled aptamer was used as a fluorophore. The nanosheets

could distinguish single-stranded DNA and G-quadruplex on the basis of

their different absorption abilities. Since CoOOH nanosheets are highly

capable of quenching FAM, after thrombin binding, the aptamer conforma-

tion changed and the anti-parallel G-quadruplex structure of the aptamer-

thrombin complex had weaker absorption to the CoOOH nanosheets than

the FAM-labeled aptamer unbound to thrombin. This strategy is significantly

potential to be used in the development of other biomarkers.

Apart from the above strategy, other designs have been developed for

labeled aptasensors. For example, the sandwich format is employed for

the selective and sensitive monitoring of different targets. In this strategy,

one aptamer is immobilized on the surface of a sensor, while a secondary

labeled aptamer is used for signal amplification. The target is sandwiched

between them. A target must have two independent binding sites for

aptamers that may bind to it without affecting the binding of other targets.

In the “signal-off” aptasensor format, the detectable signals decrease as the

target concentration increases. In this case, a strong background signal

toward zero target concentration is necessary. In contrast, sandwich-format

aptasensors display a “signal-on” mode with the target concentration

increased. Very few targets have two independent binding sites and two

CoOOH

CoOOH

CoOOH
nanosheet

targetFAM-aptamer

Fig. 5 Schematic illustration of designed aptasensor for the detection of thrombin.
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or more isolated aptamers, which limits the application of this type of

sensor format. However, this limitation can be resolved by the use of two

formats, namely aptamer-protein-aptamer (involving the same aptamer)

and aptamer-protein-antibody [31,95]. In 2016, Mazloum-Ardakani and

Hosseinzadeh [96] designed an enzyme-free sandwich-type electrochemical

aptasensor for the sensitive detection of tumor necrosis factor-alpha (TNF-α)
(Fig. 6). In this work, bimetallic silver@platinum core-shell nanoparticles-

functionalized graphene nanosheets were applied as labels for signal amplifi-

cation, and gold nanoparticles-functionalized graphene nanosheets/chitosan

nanocomposite (Au-GRs/CS) served as a sensing platform.The direct immo-

bilization of a thiolated aptamer took place at a 50-terminal on a self-assembled

monolayer on an Au-GRs/CS-modified screen-printed working electrode

through a platinum-sulfur interaction. For the detection of TNF-α, the
aptasensor was incubated with a varying concentration of TNF-α, and then
the Aptamer-Ag@Pt-GRs bioconjugate was placed on the modified elec-

trode to form a sandwich-format aptasensor. The electrochemical measure-

ments of this aptasensor for TNF-α samples were carried out through

catechol as a probe. Since the Ag@Pt-GRs label has good electrocatalytic

activity for the oxidation of catechol, the proposed sandwich-format

“signal-on” aptasensor can successfully be used to detect TNF-α in human

serum samples. In 2014, Liu et al. [97] constructed a sandwich electro-

chemiluminescence (ECL) aptasensor for the sensitive detection of throm-

bin based on molybdenum disulfide nanosheet–graphene (MoS2–GR)

Fig. 6 (A) Preparation of label. (B) The schematic diagram for the preparation of TNF-α
aptasensor.
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composites and gold nanoparticles. To fabricate the aptasensor, a glassy car-

bon electrode was modified by MoS2–GR nanocomposite and put in a

3-aminopropyltriethoxysilane (APTS) solution to introduce amine func-

tional groups. Then, the electrode was covered with gold nanoparticles

to immobilize a thiol-modified first aptamer through a gold-sulfur bond

interaction on the modified electrode surface. The carboxylic groups on

CdSe–ZnS quantum dots were activated with EDC and NHS, and an

amine-terminated second aptamer was covalently coupled to the carbox-

ylic acid groups of the quantum dots. For the detection of thrombin, the

first aptasensor was incubated with a varying concentration of thrombin,

and then the second aptamer labeled with the quantum dots was placed on

the modified electrode to form a sandwich-format aptasensor. This

sandwich-format “signal-on” aptasensor was successfully applied to the deter-

mination of thrombin in human plasma. In 2019, Bai et al. [98] reported a

sandwich-type electrochemical aptasensor for the rapid and sensitive determi-

nation of Mycobacterium tuberculosis MPT64 antigen (Fig. 7). In this work, a

novel nanocomposite consisting of fullerene nanoparticles, nitrogen-doped

carbon nanotubes and graphene oxide (C60NPs-N-CNTs/GO) was synthe-

sized. The surface of the nanocomposite was covered with gold nanoparticles

through a gold-nitrogen bond interaction, and it was coupled to a thioled sec-

ond aptamer through a gold-sulfur bond interaction. In the same way, a

thioled second aptamer was labeled with Au/C60NPs-N-CNTs/GO.

Then, a conductive polyethyleneimine (PEI)-functionalized Fe-based metal-

organic framework (P-MOF) was applied as a sensing platform to absorb

Fig. 7 (A) Illustration of the preparation procedure of the tracer label. (B) Schematic rep-
resentation of the self-assembly process of the proposed aptasensor.
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bimetallic core-shell gold-platinum nanoparticles (Au@Pt). The thiolated first

aptamer was directly immobilized on the Au@Pt nanoparticles through a

platinum-sulfur interaction. To construct a typical sandwich-type aptasensor,

the thiolated first aptamer was immobilized on a modified glass carbon elec-

trode. Thereafter, the electrode was immersed in varying concentrations of

an antigen and then in the second labeled aptamer solution. The electro-

chemical measurements of this aptasensor for the antigen samples were car-

ried out through tetraoctylammonium bromide as a probe. This is because

the tracer label has good electrocatalytic activity for tetraoctylammonium

bromide.

4.2 Label-free aptasensors
In this category, the biological recognition element is not labeled; instead,

the aptamers are immobilized on the sensor surface and the target-aptamer

interaction is detected by different techniques [99–103]. A variety of tech-

niques for target measurement have been used in the label-free strategy.

In 2015, Meirinho et al. [104] reported a simple and label-free

voltammetric aptasensor for the detection of osteopontin (OPN). A bio-

tinylated RNA aptamer was immobilized on a streptavidin-modified

screen-printed gold electrode through a streptavidin-biotin interaction.

The electrochemical behavior of the electrode surface after each prepara-

tion step of the aptasensor was studied through CV and square wave

voltammetry. In this case, the Ferro/ferricyanide solution was as a redox

probe. After the immobilization of aptamers and the incubation of protein

solutions, the current decrease was measured by an electrochemical tech-

nique. This “signal-off” label-free aptasensor had sufficient sensitivity and

selectivity for the detection of OPN in the presence of other interfering

proteins, except for thrombin. In 2019, Zhou et al. [105] fabricated

a label-free fluorescence aptasensor for the good selective determination of

cadmium. In this work, SYBR green I (SG), as a probe, could bind to the

small groove of double-stranded DNA. This involved an aptamer and a

complementary sequence and generated high fluorescence intensity.

In the absence of cadmium ions, double-stranded a DNA-SG complex gen-

erated high fluorescence intensity. After addition of cadmium ions, the

special high-affinity binding of cadmium to the aptamer denatured the

double-stranded DNA, and the conformational switching of the aptamer

from dsDNA to a stem-loop structure changed the fluorescence intensity.

This “signal-on” label-free aptasensor, which was based on the confor-

mational changing of the aptamer, proved to have good selectivity and
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sensitivity for the detection of cadmium in real samples. In 2015, Mazloum-

Ardakani et al. [106] reported a sensitive and simple label-free electrochemical

aptasensor for the detection of tumor necrosis factor-alpha (TNF-α)
(Fig. 8). They synthesized bimetallic silver/platinum core-shell nanoparticles

supported on reduced graphene oxide nanosheets (Ag@Pt-GRs) as a novel

desirable sensor platform.The sensorwas used as an electrocatalyst for catechol,

which was a probe in this aptasensor. In this work, gold screen-printed elec-

trodes were modified with Ag@Pt-GRs and then with a thiolated aptamer at

the 50-terminal. These materials were immobilized on the modified electrode

surface through a platinum-sulfur interaction. For the detection of TNF-α, the
aptasensor was incubated with a varying concentration of TNF-α, and the

electrochemical measurements of the aptasensor were carried out in a catechol

solution as a probe. With an increase in the TNF-α concentration, the elec-

trochemical signal decreased because the electrode surface was blocked with

the biological elements. This “signal-off” label-free aptasensor was based

on the electrocatalytic effect of nanocomposite on the electrode surface. It

was successfully used to detect TNF-α in human serum samples. In 2019,

Wen et al. [107] fabricated a novel label-free electrochemical impedance

aptasensor for the highly sensitive detection of interferon-gamma (IFN-γ)
based on target-induced exonuclease inhibition. The thiolated aptamer was

immobilized on the surface of a gold electrode at the 50-terminal through a

gold-sulfur interaction.Then, the aptasensorwas placed in a solution consisting

of exonuclease III (Exo III) and exonuclease I (Exo I). In the absence of IFN-γ,
Exo III and Exo I decomposed the double-stranded and single-stranded

sequences of the aptamer, respectively. Also, smaller electron-transfer resis-

tance (Rct) was observed on the electrode surface. In the presence of

IFN-γ, the function of Exo IIIwas inhibited after the three bases of the aptamer

were cut due to the binding of the aptamer with the IFN-γ. As different con-
centrations of IFN-γwere added, theRctwas further increased.This label-free

Fig. 8 The schematic diagram for the preparation of TNF-α aptasensor.
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“signal-on” aptasensor was able to detect IFN-γ in serum samples successfully.

Electrochemical impedance spectroscopywas conducted to fabricate label-free

biosensors by monitoring the increase in the electron-transfer resistance (Rct)

of the electrode [108].

In 2011,Qu et al. [109] reported an electrochemical aptasensor for cancer

cell detection (Fig. 9). In this work, a glassy carbon electrode was modified

Fig. 9 Schematic representation of the reusable aptamer/graphene-based aptasensor.
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with a nanocomposite that consisted of hydrolyzing 3,4,9,10-perylene tetra-

carboxylic dianhydride, graphene, and Nafion (PTCA/CCG-Nafion).

Amine-terminated aptamers were covalently coupled to the carboxylic acid

groups of the PTCA/CCG composite on the electrode surface and subse-

quently hybridized with aptamer DNA. The resulting aptasensor was used

to capture cells on the electrode surface by the specific bond between the cell

surface nucleolin and the aptamer. When hybridized with the aptamer com-

plementary DNA, the aptamer adopted a different conformation, and it

could not bind to the overexpressed nucleolin on the plasma membrane

of cancer cells. After a mild wash, the electrode became reusable for detec-

tion. In other words, the DNA hybridization process could regenerate the

aptasensor for cancer cell detection. Electrochemical impedance spectros-

copy was done in the fabricating process of this aptasensor by the monitoring

of the electron-transfer resistance (Rct) of the electrode with an increase in

the cancer cell concentration.

5. Target analytes

In this section of the study, a few examples are presented of the

aptasensors applied in clinical diagnostics or those that have potential appli-

cations in clinical diagnostics.

5.1 Biomarkers
Biomarkers are biological molecules found in human fluids such as blood,

urine and other tissues. They are signs of normal or abnormal processes

and of certain conditions or diseases. Biomarkers, i.e., the informative signals

derived from the body, are used in clinical practice for the diagnosis of dis-

eases and the prognosis of how the body responds to the treatment of those

diseases. They can, indeed, serve as a guide for treatment. Thus, the quan-

tification of biomarkers in the human body is of great importance for clinical

diagnosis and biomedical research [110–112]. In 2016, Heli et al. [113]

fabricated a label-free electrochemical aptasensor for the detection of

prostate-specific antigen (PSA) in the blood serum samples of healthy and

sick persons. In this work, gold nanospheres were electrodeposited on a gold

electrode, and thiolated aptamers were self-assembled through dithiothreitol

on the modified electrode surface. For the detection of PSA, the aptasensor

was incubated with a varying concentration of PSA, and then it was incu-

bated in a solution of methylene blue (MB). Electrochemical detection was

performed by CV and DPV for the reduction peak of the bonded MB.
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In 2019, Villalonga et al. [114] designed an amperometric aptasensor for

PSA detection using a functionalized graphene-modified carbon screen-

printed electrode as a platform. The carbon screen-printed electrode was

coated with carboxylic-functionalized graphene. The carboxylic groups

on graphene were activated with EDC and NHS, and amine-terminated

anti-PSA aptamers were covalently coupled to the carboxylic acid groups

of graphene. Thereafter, partially complementary DNA (cDNA) was

hybridized with the anti-PSA aptamer through the intercalation of MB into

the double-stranded DNA sequences. This could be done due to its affinity

to guanine. After the target was added, the special high-affinity binding of

PSA to the aptamer lead to the denaturation of the double-stranded DNA

and a decrease in the signal of MB that was intercalated between the two

sequences. The quantification of PSA was measured using DPV.

Aptasensors have been used for the detection of various biomarkers.

Some of the reported aptasensors for the biomarker detection mention in

Table 1.

5.2 Cancer cells
Factors that enable cancer cells to move and grow outside a primary site and

those that control the timing of tumor cell dispersion are still not well under-

stood. Tumor metastasis involves a series of steps in which cells are detached

from primary tumors and move to distant sites through physiological fluids.

These cells are named circulating tumor cells (CTCs). Many studies have

been conducted on disseminated tumor cells (DTCs) in bone marrow

and CTCs in blood. Since the treatment of bone marrow is time-consuming

and uncomfortable for patients, researchers have recently focused on the

detection of CTCs in the blood of cancer patients [145–148].
SELEX process can be employed to produce aptamers for target CTCs.

It is assumed that one aptamer binds to one specific antigen on the cell sur-

face, and several different aptamers can recognize the cell phenotype with

high binding affinity. This allows aptamers to distinguish cell type, malignant

status, cancer type, proliferation capability, and metastatic potential.

Furthermore, owing to their high specificity for targets, low toxicity and

many advantages over other biological recognition elements, aptamers

can be considered appropriate for cancer cell recognition [149–151].
In 2013, Song et al. [152] reported an electrochemical aptasensor for the

detection of human breast cancer cells. In this work, a glassy carbon electrode

was modified by synthesized porous graphene oxide/gold nanocomposites
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Table 1 Application of aptasensors for detection of biomarkers.
Biomarker Strategy type Signal transduction Linear range LOD Reference

MUC1 Label-free aptasensor Electrochemical 8.8–353.3nM 2.2nM [115]

MUC1 Label-free aptasensor Electrochemical 0.1pM–10nM 0.033pM [116]

MUC1 Label-free aptasensor EIS 0.5–10nM 0.1nM [117]

MUC1 Label aptasensor Fluorescent 0.04–10 μM 28nM [118]

PSA Label-free aptasensor EIS 1–10ng/mL – [119]

PSA Label aptasensor SERS 5–500pg/mL 5.0pg/mL [120]

PSA Label-free aptasensor Electrochemical 1–300ng/mL 280pg/mL [121]

PSA Label-free aptasensor Fluorescent 0–200ng/mL 0.5ng/mL [122]

Thrombin Label-free aptasensor EIS 1–50nM 0.01nM [123]

Thrombin Label aptasensor Electrogenerated chemiluminescence 10 fM–10pM 1.0 fM [124]

Thrombin Label aptasensor Electrochemical 1pM–10nM 0.64pM [29]

Thrombin Label-free aptasensor Electrochemical 5pM–5nM 1.8pM [125]

IFN-γ Label-free aptasensor Electrochemical 0.1–0.7pM 0.065pM [126]

IFN-γ Label-free aptasensor SPR 0.01–100nM 10pM [127]

IFN-γ Label-free aptasensor EIS 1–5ng/mL 11.56pM [128]



IFN-γ Label aptasensor Fluorescent 3.5 fM–1.0pM 1.5 fM [129]

HER2 Label-free aptasensor Electrochemical 0.1–500pg/mL 0.05pg/mL [130]

HER2 Label-free aptasensor EIS 10�5–102 ng/mL – [131]

HER2 Label-free aptasensor Electrochemical 10–60ng/mL 3.0ng/mL [132]

HER2 Label aptasensor Electrochemical 10–150ng/mL 4.9ng/mL [133]

IgE Label-free aptasensor EIS 0.03–42.8 μg/mL 0.03 μg/mL [134]

IgE Label-free aptasensor Electrochemical 0.5–30nM 37pM [135]

IgE Label-free aptasensor Electrochemical 1–100,000pM 0.16pM [136]

IgE Label-free aptasensor Colorimetry 1–25nM 0.2nM [137]

TNF-α Label aptasensor Electrochemical Extending to 6nM 58pM [138]

TNF-α Label-free aptasensor Electrochemical 0.001–100ng/mL 0.5pg/mL [139]

TNF-α Label-free aptasensor Electrochemical 10pg/mL–40 μg/mL 5.5pg/mL [140]

TNF-α Label aptasensor Electrochemical 1–100pg/mL 0.52pg/mL [141]

CEA Label-free aptasensor FRET 0.1–40ng/mL – [142]

CEA Label aptasensor Electrochemical 0.1pg/mL–10ng/mL 0.05pg/mL [143]

CEA Label-free aptasensor Electrochemical 0.0001–10ng/mL 40 fg/mL [143]

CEA Label aptasensor Electrochemical 0.5 fg/mL–0.5ng/mL 0.34 fg/mL [144]



(GO/Au nanocomposites). 30-amine-terminated MUC1-binding aptamers

were immobilized on the modified electrode surface based on the interaction

between the NH2 groups on the aptamer and gold. Thionine/PtFe compos-

ites were applied as labels for signal amplification. For the detection of cancer

cells, the aptasensor was incubated with a varying concentration of cells, and

then the aptamer-thionine/PtFe bioconjugate was placed on the modified

electrode to form a sandwich-format aptasensor. The electrochemical mea-

surements of this aptasensor were carried out for cancer cell samples through

the electrochemical signals of thionine. This sandwich-format “signal-on”

aptasensor was successfully used to detect cancer cells samples. In 2016,

Chen et al. [153] demonstrated an electrochemical aptasensor for the detec-

tion of breast cancer cells via a free-running DNA walker. In this assay, short

thiolatedD-RNAwas immobilized on a gold electrode through a gold-sulfur

interaction. Then, the aptamer, DNA walker and streptavidin magnetic

beads (SA-Mbs) were mixed at room temperature to obtain DNA walker/

Ap/SA-Mbs. Afterwards, a cancer cells solution was added to that resultant.

Finally, the complex was separated with a magnet, and the DNA walker

supernatant was gained. In another attempt, DNA walker was added onto

the modified electrode and hybridized by D-RNA on the electrode surface.

In the presence of cancer cells, the DNA walker was denatured from the

double-strand DNA walker/aptamer because of high-affinity binding

between the cancer cell and the aptamer. The released DNA walker was cast

on the D-RNA/gold electrode to form the double-strand DNA walker/

D-RNAwith a catalytic core. Then, the DNAwalker cut the cleavage point

rArU of theD-RNA sequence in the presence ofmagnesium ions, releasing a

short D-RNA fragment and leaving the DNAwalker with a free recognition

arm. Afterward, the DNA walker was preferably hybridized with another

adjacent D-RNA through a sequence displacement interaction. It triggered

the formation of more energy-favorable double-strand structures and another

round of catalytic cleavage. Finally, considerable signal amplification was

achieved. In the absence of cancer cells, the above process was inhibited,

and there was no change in the signal. In 2016, Hosseini et al. [154] designed

a simple and sensitive colorimetric aptasensor for cancer cells detection. First,

two thiolated probe sequences were bound to gold nanoparticles through a

gold-sulfur bond interaction. Then, a solution containing two types of

functionalized nanoparticle probes was added to the aptamer solution, and

hybridizationwas done. For the detection of cancer cells, the cells were added

to thementioned solution resultant, and the aptamerwas incubatedwith can-

cer cells. In this way, the aptamer released probe/gold nanoparticle dimers,
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and the separated gold nanoparticles appeared in a red color.With an increase

in the cancer cells concentration, more aptamer was removed and more

separated gold nanoparticles appeared in the solution. Thus, the cells were

detected by a colorimetric aptasensor.

Some of the aptasensors reported for the detection of cancer cells are

mentioned in Table 2.

5.3 Microorganisms and viruses
Viruses are infectious agents with a simple composition and a small size that

multiply only inside the living cells of other organisms such as animals,

plants and microorganisms, including bacteria. The early diagnosis of infec-

tious agents such as viruses is of great importance for clinical diagnosis

because viruses have a very small size and can rapidly infect all living beings

(i.e., humans, animals, and plants). To date, many efforts have been taken

to design rapid and accurate monitoring approaches for the detection of

virus-related targets [162,163]. In this regard, the use of aptamers for virus

recognition has been favored. This is owing to their advantages over other

biological recognition elements. Among the advantages of aptasensors, one

may refer to chemical stability over a wide range of pH, storage conditions

and temperature, fast generation, high specificity for targets, and low tox-

icity [164–166]. In 2012, Berezovski et al. [167] fabricated a label-free

aptasensor for live vaccinia virus (VACV) detection. In this work, thiolated

complementary single-stranded DNAwas self-assembled on the surface of a

Table 2 Application of aptasensors for detection of cancer cells.

Cancer cells
Strategy
type Signal transduction Linear range LOD Reference

Breast cancer Label free Electrochemical 50–106 cells/mL 20cells/mL [155]

Leukemia Label free Fluorescent 5–5�106

cells/mL

5cells/mL [156]

CCRF-CEM Label free Colorimetric 102–104 cells/mL 40cells/mL [157]

CCRF-CEM Label

aptasensor

Fluorescence 50–105 cells/mL 25cells/mL [158]

K562 cancer Label

aptasensor

Electrochemical 14–1.4�106

cells/mL

14cells/mL [159]

Breast cancer Label free Photoelectrochemical 103–105 cells/mL 400cells/mL [160]

Ramos

cancer

Label free ECL 100–1000
cells/mL

58cells/mL [161]
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gold electrode through a gold-sulfur interaction. Then, a VACV-binding

aptamer was hybridized with the complementary single-stranded DNA and

immobilized on the electrode surface. This aptasensor proved to be highly

selective and could distinguish viable vaccinia virus particles from nonviable

viruses. EIS was conducted to detect the binding event between the VACV-

binding aptamer and the target VACV.The proposed label-free electrochem-

ical aptasensor was successfully used to detect VACV in human blood plasma.

In 2017, Li et al. [40] presented a label-freeQCMaptasensor for the detection

of H5N1 avian influenza virus (AIV). First, a prepared nanoporous gold film

was self-assembled on the surface of a gold electrode by 1,6-hexanedithiol as a

bifunctional cross-linker. A monolayer of 16-mercaptohexadecanoic acid

(MHDA) was attached to the gold film through a gold-sulfur interaction.

The carboxylic groups of MHDA were activated with EDC and NHS,

and amine-terminated AIV-binding aptamers were covalently coupled to

the carboxylic acid groups of MHDA. The amine-terminated AIV-binding

aptamers were, thus, immobilized through the amide bond on the electrode

surface. For the detection of AIV, the aptasensor was incubated with a vary-

ing concentration of AIV, and the change of the resonant frequency was

detected. The developed assay could be applied for the detection of other

viruses as well. In 2016, Li et al. [168] reported an impedance aptasensor

for the detection of H5N1 avian influenza virus. In this study, a biotinylated

H5N1-binding aptamer was immobilized on the surface of a streptavidin-

coated interdigitated array (IDA) microelectrode via specific noncovalent

interactions and by using biotin-avidin. The aptasensor captured the virus,

and the variation of impedance due to the captured viruswasmeasured using

an impedance analyzer. To amplify the signal, a gold nanoparticles/protein

cross-linker/aptamer/thiocyanic acid composite was fabricated and added

to bind the viruses on the electrode surface. The developed aptasensor could

be applied for the detection of other viruses too.

Some of the aptasensors reported for the detection of viruses are

mentioned in Table 3.

5.4 Drugs
As generally defined, a drug is any substance used as a medicine or in the

preparation of a medicine that has a physiological effect when it enters the

body. Because of the effects of drugs on the body during treatment and after

that, it is of great importance to detect and trace them in a simple, rapid,

cost-effective way and with a small amount of biological sample. In addi-

tion, drug sensors are needed especially for drugs with many side effects
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such as anti-cancer drugs. In this respect, aptasensors can play an important

role to determine drugs in biological samples. The capability of these sensors

is due to the unique advantages of aptamers such as ease of synthesis, com-

mercial availability, high specificity, affinity to various target molecules,

chemical stability in experimental conditions, and ease of chemical modi-

fication with different reporter tags [174–176]. In 2014, Liu et al. [177]

designed a label-free aptasensor for the electrochemical detection of tetra-

cycline. Tetracycline (TET) is an antibiotic that fights infections caused by

bacteria. The TET-binding aptamer was immobilized on the surface of a

gold electrode through an interaction between gold and the NH2 groups

on the aptamer. Before the measurements, the relationship between TET

concentration and electron-transfer resistance (Ret) was analyzed by EIS.

After the addition of various concentrations of TET, the Ret was found

increased. This label-free “signal-on” electrochemical aptasensor was able

to detect TET in milk samples successfully. In 2014, Zhao et al. [178]

developed an electrochemical impedance aptasensor for the detection

of 17β-estradiol (E2). 17β-estradiol is a steroidal human hormone not only

involved in sexual maturation and reproduction but also playing a myriad

of important roles throughout the body. In this study, at first, zinc

nanoparticles were electrodeposited on a boron-doped diamond (BDD)

electrode. Then, Zn nanoparticles were applied as the second template

for the growth of dendritic gold. A dendritic gold nanostructure was, thus,

obtained on a BDD substrate (i.e., a dendritic gold/BDD electrode).

The direct immobilization of a thiolated E2 aptamer led to the formation

of a self-assembled monolayer on the dendritic gold/BDD electrode

through a gold-sulfur interaction. With the increase of the E2

Table 3 Application of aptasensors for detection of viruses.

Viruses
Strategy
type

Signal
transduction Linear range LOD Reference

Avian influenza

virus

Label free SPR 0.128–1.28
HAU

0.128 HAU [169]

Hepatitis C virus Label free EIS 10–70pg/mL 3.3pg/mL [170]

Influenza virus Label

aptasensor

SERS – 10�4 HAU [171]

HTLV-II Label free EIS 1pM–1nM 0.171pM [172]

Vibrio

parahaemolyticus

Label

aptasensor

Fluorescent 14–1.4�106

cfu/mL

7cfu/mL [173]
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concentration, the Ret was increased too due to the formation of more

analogous insulating layers. Thus, E2 could be detected by the EIS tech-

nique. This electrochemical aptasensor was successfully applied to detect

E2 in real water samples. In 2017, Emrani et al. [179] constructed an elec-

trochemical aptasensor for the ultrasensitive detection of

fluoroquinolones. Fluoroquinolones are antibiotics widely used to treat

respiratory and urinary tract infections. First, a thiolated aptamer was

immobilized on a gold electrode through a gold-sulfur interaction. For

electrochemical measurements, different concentrations of the drug were

incubated on the surface of the aptasensor, and then the single-stranded

DNA-binding protein (SSB) was added to the apt-modified electrode sur-

face. In the absence of the target, SSB could bind to the aptamer and a

weak electrochemical signal could be observed due to the steric hindrance

and electrostatic repulsive force. However, the electrochemical signal

increased as the concentration of the incubated target rose on the

aptasensor. This occurred due to the better access of the probe to the sur-

face of the electrode. The proposed electrochemical aptasensor was suc-

cessfully used to detect fluoroquinolones in serum, milk and water

samples.

Some of the aptasensors reported for drug detection are mentioned in

Table 4.

5.5 Other targets
In addition to the abovementioned four types of targets as themost important

ones, several other compounds (such as metal ions, toxins, and pesticides)

have been studied by means of aptasensors. Some of the aptasensors repor-

ted for the detection of these targets in recent years are mentioned in the

following.

Table 4 Application of aptasensors for detection of drugs.
Drugs Strategy type Signal transduction Linear range LOD Reference

Ampicillin and

kanamycin A

Label free EIS 100pM–1 μM and

10nM–1mM

– [180]

Diclofenac Label free EIS 10–200nM 2.7nM [181]

Ampicillin Label free EC-SPR 2.5–1000 μM 1 μM [47]

Sulfamethazine Label free Chemiluminescence 1.85–21.57ng/mL 0.92ng/mL [182]

Sulfadimethoxine Label free Fluorescence 10–250ng/mL 1.54ng/mL [183]

Tetracycline Label free Electrochemical 0.05–20 μg/L 0.035 μg/L [176]
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In 2019, Bai et al. [184] reported a label-free aptasensor for the detection

of cadmium ions. The aptasensor was developed based on the immobiliza-

tion of a thiolated aptamer on a gold screen-printed electrode through a

gold-sulfur interaction. This electrochemical aptasensor was used for cad-

miumdetection by dropping a cadmium solution on the screen-printed elec-

trode. The CV and DPV signal values decreased after the incubation of the

cadmium ions on the aptasensor surface. It was due to the increase in the

electron-transfer resistance of the electrode interface. Finally, this label-free

electrochemical aptasensor was successfully used to detect cadmium ions. In

2019, Wei et al. [185] developed a sensitive electrochemical aptasensor for

the detection of lead ions (Pb2+). In this study, a glass carbon electrode

was firstly modified with gold-modified porous reduced graphene oxide.

Then, a thiolated aptamer was immobilized on the modified electrode,

and the resulting aptasensor was applied to lead detection in a sandwich assay.

Another thiolated aptamer was labeled with gold-modified graphene oxide

(Au NPs@GO). To detect lead ions, the aptasensor was incubated with

a varying concentration of lead ions, and then aptamer-Au NPs@GO

bioconjugate was placed on the modified electrode to form a sandwich-

format aptasensor. The electrochemical measurements of this aptasensor

were carried out for the lead ion samples through H2O2 as a probe. H2O2

was used in this case because Au NPs@GO, as a signal probe, exhibits high

electrocatalytic activity for H2O2. This sandwich-format aptasensor was

successfully used to detect lead ions. In 2019, Wang et al. [186] designed a

label-free electrochemical aptasensor for the detection of malachite green

(MG). MG is a triphenylmethane dye widely applied in aquaculture. At first,

a glassy carbon electrode was modified with a gold nanoparticles/graphene

quantum dots-tungsten disulfide nanosheets composite film and used as a

sensing platform for the immobilization of thiolated MG-binding aptamers.

After MGwas incubated on the aptasensor, due to the affinity of the aptamer

toMG, awell-defined anodic peak resulted from the oxidation ofMGon the

modified electrode. The peak current related to the MG oxidation was used

to determine MG through DPV. In 2019, Yongqiang et al. [187] fabricated

an electrochemical aptasensor for the detection of acetamiprid. Acetamiprid

is an insecticide in the class of neonicotinoids that causes paralysis and death

of pests via activating nicotinic receptors. It is highly toxic to birds and earth-

worms and moderately toxic for most aquatic organisms and mammals.

In this study, a mixture of graphene aerogel (GA) and a chitosan solution

was dropped on the surface of a glassy carbon electrode. Then, the

Glu-GQD/Au dispersion in chitosan was added onto the modified

electrode surface. This platform was used to immobilize a thiolated
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acetamiprid-binding aptamer through a gold-sulfur interaction on the

modified electrode surface. TheGlu-GQD/Au served as a probe to produce

sensitive electrochemical responses to acetamiprid. After the incubation of

different concentrations of acetamiprid on the aptasensor surface, the peak

currents in both CV and DPV curves decreased, making the sensor appli-

cable for acetamiprid detection. This aptasensor was successfully used to

detect acetamiprid in vegetables. In 2019, Prabhakar et al. [188] developed

an electrochemical aptasensor for the detection of ochratoxin A (OTA).

Ochratoxin A (OTA) is a toxic secondary metabolite produced mainly

by filamentous fungus species in various kinds of foodstuffs. In this work,

an electrode was prepared by the dip-coating of ITO sheets in a chitosan-

graphene suspension. Then, the electrode was modified with streptavidin

through the binding of the activated carboxylic groups of graphene to the

NH2 groups of streptavidin. A biotinylated aptamer was immobilized on

the surface of the modified electrode through a biotin-streptavidin inter-

action. To detect OTA, the aptasensor was incubated with a varying con-

centration of OTA. Through DPV, a decrease was observed in the peak

current, which was due to the blocking of the electrode surface with the

biological elements. This electrochemical aptasensor was successfully used

to detect OTA in grape juice samples.

With the advantages of aptamers, a wide range of aptasensors can be

developed for the analysis of different targets. The major challenge is to

achieve aptamers with high affinity and specificity for new targets. Based

on recent studies, aptasensors can be appropriate platforms for the detection

of various targets. It is possible to envision the successful use of aptasensors

for clinical and medical analyses in the future (Table 5).

Table 5 Application of aptasensors for other targets.

Targets
Strategy
type

Signal
transduction Linear range LOD Reference

As3+ Label free Fluorescence 10pM–1 μM 2pM [189]

Hg2+ Label

aptasensor

Electrochemical 0.1–100nM 30pM [190]

Anatoxin-a Label free EIS 1–100nM 0.5nM [191]

Ochratoxin A Label free EIS 0.01–100nM 14pM [192]

Chlorpyrifos Label free Electrochemical 1–105 ng/mL 0.33ng/mL [193]

Malathion Label free Electrochemical – 0.001ng/L [194]
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6. Summary and future perspectives

This chapter presents an overview of the aptasensors recently devel-

oped for the analysis of a wide range of target analytes such as biomarkers,

cancer cells, microorganisms, viruses, and drugs. The discovery of aptamers

was a major step toward new horizons not only in biosensing but also in

clinical diagnostics. The advantages of aptamers such as easy chemical mod-

ification, flexibility, and high affinity provide the opportunity to immobilize

them on the surface of electrodes through various methods and to adopt dif-

ferent strategies to design appropriate biosensors for the detection of a wide

range of targets. Most of the biosensors reported in this study have exhibited

remarkable features, such as high sensitivity and selectivity as well as poten-

tial applicability in clinical diagnostics. By taking the advantage of new tech-

niques, it is possible to improve aptasensors and to integrate them into

portable devices. Recently, aptasensors have been developed as a good alter-

native for immunosensors, which is due to the preference of aptamers over

antibody especially in terms of the cost of production and the degree of

robusticity. In designing aptasensors, however, there are still some major

challenges to overcome. These challenges will, indeed, make the future

of biosensing. One may refer to some cases in this regard. First, certain

aptasensors should be developed with the capability of real-time monitoring

to understand how pathogens invade and destroy the human body.

Second, since the development of novel aptasensors depends on the syn-

thesis of aptamers for new target analytes with high affinity and specificity,

devising new methods of aptamer selection can considerably improve the

field of aptasensor fabrication. Finally, it is desirable to develop aptasensors

with the capability of detecting more than one target simultaneously.
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