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ARTICLE INFO ABSTRACT

Keywords: Early stage detection of prostate cancer, one of the main causes of mortality among men, is of great importance
PSA for better treatment of the patients. Prostate specific antigen (PSA) is a glycoprotein which has been considered
Aptamer as the most potential serological biomarker for the detection of prostate cancer. Among the various techniques
i;’:s‘;‘;r employed for PSA detection, aptamer-based biosensors (aptasensors) have achieved notable attention because of

Cancer biomarker

their unique features and great potentials as diagnostic tools. A variety of strategies such as integration of

nanomaterials (NMs) into the structure of aptasensors have also been applied for enhancing the sensitivity of
PSA detection. This article reviews recent advances in various optical and electrochemical aptasensors used for

PSA detection.

1. Introduction

Early detection of cancer usually increases the likelihood of suc-
cessful treatment and quality of life in cancer patients (Wardle et al.,
2015). The detection of cancer biomarkers in blood or serum samples
has emerged as a powerful medical tool for early diagnosis, prognosis,
and monitoring of treatment response in these patients (Nagpal et al.,
2016).

Prostate specific antigen (PSA) has been established to be the most
potential biomarker for diagnosis of prostate cancer, the second pri-
mary cause of cancer death among men (Afkham et al., 2018; Ankerst
et al., 2016; Lu Chikezie and Madu, 2010). Moreover, it is used as an
ideal biomarker for diagnosis of other prostatic diseases, such as pros-
tatitis and prostatic hyperplasia (Gamé et al., 2003). PSA is a 33-KDa
single chain glycoprotein with chymotrypsin-like protease activity that
is secreted by prostate gland (Heidenreich et al., 2014; Wu et al., 2001).
It may exist in two main forms in human serum, including free PSA and
conjugated form with plasma proteins (Sarkar et al., 2002). The serum
concentration of PSA below 4 ng/mL has been considered as normal
levels in men, while any concentration above the cut-off value is sus-
pected to the appearance of prostate cancer or other prostate disorders

(Okuno et al., 2007).

Currently, different traditional methods, including Enzyme-linked
immunosorbent assay (ELISA) (Acevedo et al., 2002), chemilumines-
cent immunoassay (Albrecht et al., 1994), polymerase chain reaction
(PCR) (Gewanter et al., 2003), and radioimmunoassay (Graves et al.,
1992) have been proposed for PSA detection. Nonetheless, these ap-
proaches are time consuming, expensive, inconvenient, and require
complicated instruments (Kavosi et al., 2015). Besides, these traditional
techniques are not sensitive enough and suffer from the disadvantages
of antibodies associated with their preparation, stability, and, mod-
ification (Srivastava et al., 2018). Accordingly, development of novel
and effective approaches for determination of PSA is of great im-
portance for early diagnosis and monitoring of treatment responses in
these patients.

Biosensors are compact analytical devices which have recently at-
tained considerable success for determination of PSA due to their rapid,
real-time, reliable, cost-effective, and sensitive detection ability
(Abolhasan et al., 2019; Y.-W. Huang et al., 2013; Yousefi et al., 2019).
The application of nanomaterials (NMs) in biosensors construction has
provided more sensitive and swifter nano-biosensors with synergetic
functions for detection of biomarkers (Golichenari et al., 2018). Among
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various biorecognition elements (enzymes, antibodies, and etc.) in
biosensors, aptamers have wide range of applications and great po-
tential for the detection of cancer-specific biomarkers (Dehghani et al.,
2018; Yousefi et al., 2019).

Aptamers are high affinity and short single-stranded DNA or RNA
molecules produced by a combinatorial technique called systematic
evolution of ligands by exponential enrichment (SELEX) (Catuogno and
Esposito, 2017). Due to their several unique features, including target
versatility, easy production and modification, high affinity and se-
lectivity to their targets, stability and cost-effectiveness, aptamers have
been widely used for biomarker detection (Song et al., 2008). According
to these advantages, aptamers are also suggested as interesting sub-
stitute to antibodies (C.-C. Chang et al., 2016).

To the best of our knowledge, only two review articles concerning
aptamer-based biosensors (aptasensors) and PSA have been published
so far. Jolly and coworkers have reviewed different biosensors and also
some examples of aptasensors for detection of PSA in prostate cancer
(Jolly et al., 2015a). Additionally, in 2018, Chang et al. summarized
different electrochemical PSA biosensors such as aptasensors based on
their assay strategy (direct, competitive and sandwich detection)
(Chang et al., 2018). In this review, we first discussed about aptamers
selected against PSA. Then, we attempted to describe and compare the
performances of recently developed PSA optical and electrochemical
aptasensors with different detection methods. Moreover, we particu-
larly emphasized on the prominent role of nanostructured aptasensor
platforms (nano-aptasensors) developed for highly sensitive and selec-
tive detection of PSA. We further made a critical comparison between
commercially available kits used for PSA detection with the established
aptasensors. A concluding section summarized the current status, ad-
dresses current challenges, and gave an outlook on potential future
trends.

2. Aptamers selected against PSA

To develop highly sensitive and effective aptasensors for the de-
tection of PSA, aptamer selection against PSA is inevitable and play a
critical role in the development of these aptasensors. Therefore, several
researches have been focused on characterization and selection of PSA
aptamers (Table 1). Savory et al. (2010) selected the first DNA aptamer
against PSA using a genetic algorithm (GA) which showed high affinity
to PSA. Furthermore, Park et al. (2016) have demonstrated a novel
microfluidic SELEX method for selecting a highly specific PSA aptamer
based on an acoustofluidic separation (acoustophoreis). This is the best
DNA aptamer with an affinity (Kd) of 0.7 nM against PSA. Recently, a
PSA-specific DNA aptamer was screened by Fernandez and coworkers
for the establishment of an electrochemical aptasensor for the PSA
assay. This aptasensor showed a sensitive detection with a LOD of
0.66 ng/mL (Diaz-Fernandez et al., 2019). Svobodova et al. (2013) also
isolated 2’F-modified RNA aptamer against PSA whit an affinity of
630 nM.
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3. Optical PSA aptasensors

According to their method of signal transduction, biosensors are
usually classified into different types such as electrochemical and op-
tical (Damborsky et al., 2016). During the past few years, great ad-
vances have been made in optical biosensors, which are useful medical
tools for diagnostics and analytical purposes (Perumal and Hashim,
2014). Measuring different features of analyte and capability of label-
free and real-time detection are advantages of these transducers
(Perumal and Hashim, 2014).

The use of NMs for signal amplification purposes has recently at-
tracted extensive attention because of critical requirement for ultra-
sensitive biosensors and the trend towards assay miniaturization (Lei
and Ju, 2012). These NMs offer potential benefits for improving the
limit of detection (LOD) and capability of single-molecule detection
(Mokhtarzadeh et al., 2015; Turner, 2013). A number of recent studies
has developed successful optical aptasensors such as chemilumines-
cence, electrochemiluminescence, fluorescence, surface plasmon re-
sonance (SPR), surface-enhanced Raman spectroscopy (SERS), and
Light scattering techniques for detection of PSA (Table 2). In the fol-
lowing part, several representative examples of these sensing platforms
for PSA detection will be discussed.

3.1. Luminescent based PSA aptasensors

Luminescence is the process of emission of light by a substance with
no involvement or generation of heat (Murthy and Virk, 2014). De-
pending on the source of energy, luminescence is classified into several
subtypes. For example, chemiluminescence (CL) is the production of
light by chemical reactions; however, in electrochemiluminescence
(ECL) the light emission is generated by electrochemical reactions (Han
et al.,, 2016). Among the optical biosensors for the aim of biomarker
detection, luminescence-based techniques are especially attractive due
to their high sensitivity, selectivity, and wide quantitative linear range
(Kulmala and Suomi, 2003; Roda et al., 2016). A number of lumines-
cent based aptasensors have been designed for detection of PSA.

3.1.1. Chemiluminescence based PSA aptasensors

Recently, a dual-aptasensor was constructed for simultaneous de-
tection of trace levels of PSA and vascular endothelial growth factor
(VEGF) using guanine (G)-based intra chemiluminescent resonance
energy transfer (Intra-CRET) system (Chong et al., 2019). CRET is the
energy transferred between chemiluminescent donor and acceptor
molecule and is a sensitive, cost-effective, and simple system that these
features make it an attractive optical analytical scheme in bioassay
(Dong et al., 2017). The CL intensity was improved with the elevation
of VEGF, however, that became weaker by increasing the PSA con-
centration. The LOD for this sensing platform was as low as 0.6 ng/mL
and showed good accuracy, precision, and reproducibility for PSA de-
tection.

Table 1
Available aptamers specifically for PSA detection.
Aptamer type  Sequences Affinity (Kd) References
DNA TTTTTAATATCCGGGGAACGTCGTGGCCCTTT 100 nM > Savory et al. (2010)
DNA SH-GCAATGGTACGGTACTTCCTATGGCGATGTGTTGGCT 0.36 = 0.08uM Li et al. (2018)
GTGTGTGGGGTGCAAAAGTGCACGCTACTTTGCTAA-MB
DNA GGGCGGGGCGGACGAGACAGTAAGGGCTGTGGGTGTGGTG 0.7 nM Park et al. (2016)
RNA CCGUCAGGUCACGGCAGCGAAGCUCUAGGCGCGGCCAGUUGC _ Jeong et al. (2010)
RNA 2'F-AGCUCCAGAAGAUAAAUUACAGGUACGGUUCACGCCUGUC 630 nM Svobodova et al. (2013)
UCAUGCUGACUAAGAAAGUUUAGCAACUAGGAUACUAUGACCC
DNA _ 177 + 65nM (Diaz-Fernandez et al.,

2019)
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3.1.2. Electrochemiluminescence based PSA aptasensors

Decorated graphene oxide (GO) with different metal nanoparticles
have been widely used in sensing platforms, greatly increasing their
catalytic activity (Liu et al., 2011). Comparing with gold nanoparticles,
gold nanorods (AuNRs) exhibit good biocompatibility, stability, cata-
lytic activity, and were used for signal amplification by improving the
loading capacity of biological molecules (Parab et al., 2010). In a study
(Cao et al., 2018), a competitive and sandwich type ECL based nano-
aptasensor was developed for PSA assay with the low detection limit
and wide linear range of 0.17 pg/mL and 0.5 pg/mL to 5ng/mL, re-
spectively. In this approach, glucose oxidase (GOD), streptavidin, and
biotinylated DNA were loaded on GO coated with AuNRs and formed
GO@AuNRs-GOD-SA-biotin-DNA nanocomposites, which were used as
signal-amplifying probes. In the absence of PSA, the signal probes at-
tached to the HS-DNA (S1)-PSA aptamer and enhanced ECL intensity.
However, upon adding PSA, signal probes were separated from the
electrode and resulted in weak ECL response. Due to its excellent sen-
sitivity, selectivity, stability, and practicality in real samples, this ap-
tasensor can be a promising choice for PSA detection in clinic.

Cadmium sulfide (CdS) flower-like three dimensional (3D) assem-
blies have unique optical features and potential photocatalytic activity.
However, similar to other types of semiconductors, low electron con-
ductivity is their major shortcoming which can enhanced by employ-
ment of AuNPs (Shi et al., 2010). An “off-on” signal switch ECL apta-
sensor was fabricated by Yang et al. (2017a) for rapid PSA detection.
They used ferrocene-graphene (Fc- GNs) nanosheets for high-efficiency
quenching of ECL from AuNPs supported on CdS flower-like 3D as-
semblies (Fig. 1). By adding PSA, the Fc-GNs was desorbed from elec-
trode surface and led to the ECL signal enhancement. The designed
nano-aptasensor showed a highly sensitive detection ability of PSA
down to 0.38 pg/mL concentration. Besides, it could be effectively used
to the quantification of PSA in human serum samples, suggesting its
potential application in bioanalysis.

Wang et al. (2016b) constructed a spatial-resolved ECL ratiometry
for PSA detection using Au@ graphitic carbon nitride (g-C3N4) nano-
composites and Ruthenium (II) tris-(bipyridine) (Ru(bpy)32+) as two
effective ECL emission substances on the cathode and anode of bipolar
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electrode (BPE), respectively. The sensitivity of the sensor was en-
hanced three times because no optical filter was employed in the de-
tection. Pt-PAMAM-DNAzyme was prepared as sensing probe and in-
tegrated with the cathode surface through DNA hybridization between
probe DNA and PSA aptamer. This aptasensor provided a LOD of
0.1 ng/mL and had potential application for PSA assay in human serum
samples.

3.2. Fluorescent based PSA aptasensors

Fluorescence is itself a form of luminescence, which is the most
common optical technique used in protein detection (Valeur and
Berberan-Santos, 2011; Wang et al., 2016a). In the few past years, this
technique has attracted extensive attention due to its high sensitivity,
simplicity, high signal production, reproducibility, and non-destruc-
tiveness (Hotzer et al., 2012; Wang et al., 2015a). Generally, two
strategies are employed in the development of fluorescent based apta-
sensors (Bostan et al., 2018). The first one is called ‘signaling aptamers’
that is based on the direct labeling of an aptamer with fluorophores,
whereas in the fluorescence resonance energy transfer (FRET) the ap-
tamer is labelled with a fluorescence quenching molecule. Taking ad-
vantages of fluorescence method and aptamers, some fluorescent based
aptasensors have been fabricated for PSA assay.

Silica nanospheres (SiO2 NPs) have been recognized as an efficient
platform for covalent coupling of different biomolecules for fluorescent
biosensing (Zhang et al., 2016). In a study (Kong et al., 2017), for the
first time a sensitive and label-free fluorescence aptasensor was de-
signed based on aggregation-induced emission (AIE)-SiO2 NPs for turn-
on detection of PSA (Fig. 2). The positively charged SiO2 NPs probe
adsorbed the negatively charged PSA aptamer to form SiO2 NP-PA
nanocomposite. Binding of PSA to the aptamer resulted in the release of
PSA aptamer away and aggregation of negatively charged tetra-
phenylethylene derivative 3 (TPE3) on the surface of SiO2 NPs to form
AIE-SiO2 NP nanocomposite, which emitted strong fluorescence. The
constructed aptasensor provided a detection limit of 0.5 ng/mL for PSA
and efficiently applied in serum samples, indicating its promising use in
real clinical samples. It is also suggested that this technique can provide
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Fig. 1. Schematic illustration of ECL aptasensor for PSA detection. Reprinted with permission from (Yang et al., 2017a).
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Fig. 2. Schematic illustration of AIE-SiO2 NP-based label-free fluorescent aptasensor for the sensitive turn-on for detection of PSA. Reprinted with permission from

(Kong et al., 2017).

opportunities to design simple, rapid, and low-cost nanoprobes for a
wide range of targets.

Upconversion nanoparticles (UCNPs) have gained lots of attentions
because of their fluorescence stability and unique optical features such
as long lifetime and sharp emission bands (Sadeghi et al., 2018). Hao
et al. (2017) designed an ultrasensitive fluorescent aptasensor for si-
multaneous detection of PSA using Au-UCNP assembled pyramids. In
the presence of PSA, the formation of aptamer-target complex changed
the pyramid structure, and these variations were noted fluorescence
intensity. Their proposed strategy reached an excellent LOD of 0.032
aM. In addition, the successful application of this ultrasensitive bio-
sensor in serum samples demonstrated its usefulness in clinical practice.

Furthermore, FRET-based biosensors are highly sensitive and spe-
cific tools that have been widely used for detection of target proteins
(Kim et al., 2009). In an experiment, a FRET-based on-chip aptasensor
was fabricated using GO, as an excellent acceptor, for sensitive
thrombin (TB) and PSA detection (Ueno et al., 2015b). A double strand
DNA (dsDNA) was used as an effective spacer, which separated the dye
from the GO surface. They indicated that longer spacer could enhance
the fluorescence intensity and improve the sensitivity of the platform.

Sun and coworkers fabricated a turn-on aptasensor that could detect
PSA and carcinoembryonic antigen (CEA) using combined effects of
FRET system and internal filter effect (IFE) (Sun et al., 2019). Meso-
porous silica nanoparticles (MSNs) and CdTe quantum dots (QDs) was
employed for the fluorescence signal amplification in the platform and
molybdenum disulfide nanosheets (MoS2) was used as an efficient
quencher with the aim of higher sensitivity. This ultrasensitive platform
showed a detection limit as low as 0.9 fg/mL and achieved reliable
results in clinical serum samples.

Another FRET based aptasensor was established through the inter-
action of dispersed AuNPs with Tb-metal-organic frameworks (Tb-
MOFs). By adding the PSA, aptamer-PSA complex released from AuNPs
and caused the emission recovery of Tb-MOFs. The system was reported
to have detection range from 1 to 100 ng/mL and a LOD of 0.36 ng/mL.
Moreover, this platform could successfully detect PSA in human urine
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samples and had several advantages including easy operation, low
costs, and good sensitivity and selectivity (Qu et al., 2019).

3.3. SPR/SERS based PSA aptasensors

Surface plasmon resonance (SPR) biosensors are potential analytical
techniques for measurement of analyte-ligand interactions and bio-
marker detection due to their high sensitivity, specificity, and cap-
ability of label-free and real-time sensing (Miyazaki et al., 2017; Taylor
et al., 2008). SPR biosensors sense any change in a refractive index
proportional to the amount of analyte over the course of the reaction
(Nguyen et al., 2015). SPR-based aptasensors have been greatly de-
veloped in various fields, especially in detection of cancer-specific
biomarkers (Dehghani et al., 2018).

For example, a two-dimensional g-C3N4 nanocomposite embedded
with MoS2 QDs and chitosan-stabilized Au nanoparticles (CS-AuNPs)
(denoted as MoS2QDs@g-C3N4@CS-AuNPs), have been applied for
designing both SPR and electrochemical aptasensor for determination
of trace levels of PSA (Duan et al., 2018). In comparison with other 2D
NMs, g-C3N4 is cost-effective and environment-friendly nanocompo-
site, which provides a large scaffold to composite with different nano-
particles (Lv et al., 2017; Wang et al., 2015b). This bifunctional plat-
form showed and a low detection limits of 0.71 pg/mL and 0.77 ng/mL,
deduced from electrochemical impedance spectroscopy (EIS) and SPR,
respectively. Moreover, it showed suitable selectivity, reproducibility,
and promising applicability in clinical samples.

Surface-enhanced Raman scattering (SERS) has also gained great
interest for the development of cancer biosensors because of its sensi-
tivity, excellent reproducibility, and ability for rapid detecting
(Jayanthi et al., 2017; Yang et al., 2017b). In a study, magnetic nano-
particles (MNPs) core-AuNPs satellite assemblies as an ultrasensitive
SERS-based magnetic aptasensor was employed for PSA assay with a
low detection limit of 5.0 pg/mL and linear range of 5-500 pg/mL
(Fig. 3) (Yang et al., 2017b). In addition to the high sensitivity, rapid
detection, low sample consumption, and easy of separation are other

SERS signal
of supernatant

5 High

Fig. 3. Scheme of SERS-based magnetic aptasensor for the detection of PSA. Reprinted with permission from (Yang et al., 2017b).
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advantages of this technique. Furthermore, it didn't need any im-
mobilization process, solved the difficulty of slow reactions between
aptamer and target, and demonstrated good accuracy and reliability in
human serum samples.

3.4. Brief overview of optical PSA aptasensors

Generally, optical detection methods including CL, ECL, fluores-
cence, SPR, and SERS have been applied for designing PSA aptasensors
which have notable merits such as feasibility of quantitative analysis
without requirement of advanced tools. Resonance light scattering
(RLS) (Chen et al., 2012) and light scattering (LS) (Liu et al., 2019) are
other optical aptasensors designed for PSA detection with a LOD of
0.032ng/mL and 2 pg/mL, respectively (Table 2). Fluorescent based
aptasensors are the most prevalent optical detection methods for de-
termination of PSA due to their excellent properties such as high sen-
sitivity and ease of detection (Emrani et al., 2016). Based on the re-
ported LODs, among optical aptasensors, the fluorescent based
aptasensors also showed the highest sensitivity (0.032 aM) for PSA
detection, while CL had the lowest sensitivity (1 ng/mL). In spite of the
successful application of luminescent and fluorescent based aptasensors
for PSA detection, the intrinsic fluorescence of serum proteins can in-
fluence the outcome of the sensor and accordingly the fluorophores
with time-resolved fluorescence features must be employed (Alexiev
et al., 2017). Besides, the interaction between coexisting biomarkers in
complex samples scan limit the application of SPR aptasensors for PSA
assay. Development of specific PSA aptamers against particular target
may overcome this problem.

4. Electrochemical PSA aptasensors

Electrochemical aptasensors are analytical devices incorporating an
aptamer as the biorecognition element integrated on an electrochemical
transducer surface to produce measurable electrical signals (Meirinho
et al., 2016). These sensors are highly applicable and very attractive
means for early detection of cancer biomarkers as they are simple,
rapid, portable, inexpensive, highly sensitive, and selective towards
their targets (Meirinho et al., 2016; Mustafa Oguzhan, 2017). A list of
instances of the various accessible electrochemical aptasensors reported
for detection of PSA using electrical impedance spectroscopy (EIS),
voltammetry, and other techniques is provided in Table 3. Some of
these platforms are discussed in the following parts.

4.1. Electrical impedance spectroscopy based PSA aptasensors

Electrical impedance spectroscopy (EIS) aptasensors are among the
most widely used platforms for PSA detection because of their high
sensitivity, selectivity, and label-freeness. Lu et al. (2018b) developed a
label-free and in-line EIS based aptasensor in which reduced graphene-
oxide (rGO) thin films were employed as the transducer for PSA de-
tection. This aptasensor could detect PSA concentrations as low as 33
pM with a wide detection range of 0.033-330 nM. In addition, because
of rGO stability in human serum, this sensor can be a promising tool to
detect PSA in real samples.

In another approach, a high selective and sensitive impedimetric
aptasensor platform was designed based on TiO2 nanoparticles, SF
nanofibers and AuNPs, which had a LOD of 0.8 fg/mL for PSA detection
using EIS technique (Fig. 4). The MCH/apta/AuNP/SF-TiO2/GCE ap-
tasensor had high selectivity, sensitivity, reproducibility, and needs low
cost and sample volume. It also has been successfully tested in real
samples. However, the main drawback of this method was its time-
consumingness (Benvidi et al., 2017).

In addition, a label-free electrochemical aptasensor was fabricated
based on the interaction of thiol terminated PSA with DNA aptamer (5’
HS-(CH2)6-TTTTTA ATT AAA GCT CGC CAT CAA ATA GCT TT-3%)
immobilized onto the AuNPs/fullerene C60-chitosan-ionic liquid/
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multiwalled carbon nanotubes/screen printed carbon electrode. The
detection of PSA was carried out by both EIS and differential pulse
voltammetry (DPV). The limit of detection for this sensitive platform
was 0.5 pg/mL in the range of 1-200 pg/mL by DPV method, while it
was 1.5ng/mL in the range of 2.5-90 ng/mL by EIS (Jalalvand, 2019).
It also successfully detected PSA in real serum samples and had the
ability of wider application for other targets.

Heydari-Bafrooei and Shamszadeh, 2017 introduced another label-
free electrochemical aptamer-based biosensor for PSA detection. Both
DPV and EIS analytical methods were employed for the detection using
rGO-MWCNT/AuNPs nanocomposite modified platform which sig-
nificantly improved the conductivity and sensitivity of the established
aptasensor. According to the obtained data, the proposed aptasensor
had a low LOD of 1pg/mL and the wide detection ranges of
0.005-20 ng/mL and 0.005-100 ng/mL were identified for DPV and EIS
methods, respectively. Additionally, the developed biosensor was ef-
fectively used for PSA detection in complex real samples.

4.2. Voltammetry based PSA aptasensors

As shown in Table 3, several voltammetric aptasensors, such as
Cyclic voltammetric (CV), DPV, square wave voltammetry (SWV), and
Linear sweep voltammetry (LSV) are also available for PSA assay.

For example, Srivastava and coworkers prepared a label-free apta-
sensor by means of GQDs-AuNRs modified screen-printed electrodes
(SPE). In this work, the aptamer was immobilized on the surface of SPE
and three electrochemical methods, including CV, DPV and EIS were
employed for PSA detection that had an almost same LOD of 0.14 ng/
mL. The aptasensor also showed promising potential for PSA assay in
real human serum with excellent sensitivity and repeatability
(Srivastava et al., 2018).

In another experiment, Zhang et al. (2018a) fabricated an electro-
chemical aptasensor using hemin-functionalized graphene-conjugated
palladium nanoparticles (H-Gr/PdNPs) for amplification of the sensor
sensitivity (Fig. 5A). They immobilized the PSA aptamer (5’-biotin-TTT
TTA ATT AAA GCT CGC CAT CAA ATA GCT TT-3’) with biotin-strep-
tavidin interaction on the surface of electrode and a LOD of 8 ng/mL
was reached by DPV technique. They also suggested that the aptasensor
could be a promising alternative for PSA assay in clinic because of its
high stability, specificity, and low LOD. Nevertheless, frequent pre-
treatment and modification of the GCE and capability of single bio-
marker detection are the limitations of this platform.

A signal-on built in-marker electrochemical aptasensor was de-
signed by Sattarahmady et al. (2017) for PSA assay based on DPV
technique. They used hairbrush-like gold nanostructure to improve the
aptamer-PSA binding. This biosensor showed a detection limit of 50 pg/
mL with a wide linear range of 0.125-128 ng/mL and could efficiently
detect PSA in patients’ serum samples.

In another study (Zhao and Ma, 2018), an ultrasensitive electro-
chemical aptasensor was employed for detection of PSA using enzyme-
free recycling amplification strategy. The aptasensor was designed
based on the target-induced catalytic hairpin assembly and bimetallic
catalyst. As shown in Fig. 5B, in the presence of PSA, the com-
plementary DNA of aptamer (C-apt) was released and triggered the
catalytic assembly between hairpin DNA and help DNA that led to
generation of many opened hairpin capture DNA, which associated with
the Au/Pt-polymethylene blue (PMB) composite to enhance electro-
chemical signal. The sensing platform showed a low LOD of 2.3 fg/mL
using SWV technique and had a good accuracy, selectivity, and sensi-
tivity for detection of the target of interest in real serum samples.

Miao et al. (2018), reported another aptasensor for quantification of
PSA in human serum. In this work, DNA tetrahedron molecular layer
modified gold electrode provided the recognition element for PSA
capture. Then, an exonuclease-aided target recycling amplification was
implemented to achieve enhanced electrochemical signals from silver
nanoparticles (AgNPs). The designed LSV aptasensor displayed a highly
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Fig. 4. Schematic illustration of the fabrication of MCH/apta/AuNP/SF-TiO2/GCE aptasensor for PSA detection. Reprinted with permission from (Benvidi et al.,

2017).

sensitive detection of PSA down to 0.11 pg/mL. Furthermore, the pro-
posed sensor had an excellent detection capability in biological samples
and avoided the use of multiple reagents which reduced the costs.

4.3. PEC electrochemical PSA aptasensors

Photoelectrochemical (PEC) method, which possess the advantages
of both fluorescence and electrochemical biosensors, has become a
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popular detection method because of its simplicity, high sensitivity,
cost-effectiveness, and low background signals (D. Dong et al., 2004; N.
Hao et al., 2019; C. Li et al., 2015).

A displacement reaction-based PEC aptasensor was developed by
Cai et al. (2018) for PSA assay by using exciton-plasmon interaction
(EPI) between AuNPs/Graphene Nanohybrids (GN) and CdS QDs
functionalized with mesoporous titanium dioxide (TiO2) which pre-
vented the use of natural enzymes. Briefly, to design this sensor,

Fig. 5. (A) Schematic illustrations of H-Gr/PdNP nanocomposites based electrochemical PSA aptasensor. (B) The target-induced catalytic hairpin assembly and Au/
Pt-PMB composites strategy-based PSA aptasensor. Reprinted with permission from (Zhang et al. 2018a) and (Zhao and Ma, 2018).
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Fig. 6. Schematic illustration of PEC based aptasensor for detection of PSA. Reprinted with permission from (Cai et al., 2018).

AuNPs/GN-aptamer was attached to the CdS QDs/TiO2-conjugated
capture DNA by hybridization chain reaction (HCR) strategy (Fig. 6). By
adding PSA, AuNPs/GN was dissociated from the electrode that resulted
in the improvement of the photocurrent. The competitive-displacement
reaction could efficiently increase the sensitivity of the platform and
decreased the labeling process of the biomolecules. The assay was
shown to have a low LOD of 0.52 pg/mL within a wide linear range of
1pg/mL to 8ng/mL. Furthermore, the aptasensor reached accurate
results in clinical serum samples.

Zhou et al. (2017) introduced another signal-on PEC aptasensor for
PSA assay using rGO functionalized iron oxyhydroxide (FeOOH) as
photoactive material and bioresponsive controlled release system. As
the recognition probe, they employed glucose-loading MSN blocked by
the aptamer. By addition of PSA, the aptamer-analyte combination
caused obvious increase in photocurrent. This system provides a LOD of
0.3 pg/mL and was reliable system for PSA determination in complex
biological samples because of its beneficial features such as convenient,
efficient, low bio-toxicity and low cost. However, the artificial trans-
ferring of the glucose released from MSN to the electrolyte was the
limitation of this method which may easily solved using magnetic bead
or microfluidic device.

4.4. Other electrochemical PSA aptasensors

Another electrochemical PSA aptasensor was constructed by Ding
and coworkers using chronocoulometry that had a LOD of 0.05 pg/mL.
This work benefited from 2,4,9-trithiaadmantane that was functiona-
lized via DNA probes, and HCR as signal amplification strategy (Ding
et al., 2018). Because of the stable surface anchor of 7-hydro-
xycarbonyl-2,4,9-trithiaadmantane, this platform had high resistance to
non-specific adsorption, that make it suitable sensor to apply in real
clinical samples.

Tzouvadaki et al. (2016) developed a label-free ultrasensitive elec-
trochemical aptasensor for PSA detection based on memristive

10

properties of silicon nanowires functionalized with DNA aptamer. The
proposed aptasensing platform reached a superior LOD of 23 aM which
could be easily integrated with POC devices.

4.5. Brief overview of electrochemical PSA aptasensors

In general, among the several electrochemical analysis methods,
namely, impedometry, voltammetry, PEC, and others, the EIS and DPV
were the most widely used detection methods for PSA assays due to
their potential properties like high sensitivity and selectivity and the
memristive based aptasensor showed the lowest LOD (23 aM) for PSA
detection.

5. Comparison of the performance of PSA aptasensors

In this review, numerous optical and electrochemical aptasensors
with various detection methods have been developed for PSA assay that
we tried to compare their performance in Tables 2 and 3. Most of them
showed good sensitivity, selectivity, accuracy, and repeatability for PSA
detection. The advantages and disadvantages of optical and electro-
chemical biosensing techniques for PSA assay is also compared in
Table 4. In addition to the detection method, the structural features of
an aptamer such as type (DNA or RNA), length, its functionalization and
its affinity to the target of interest play a key role in an aptasensor
development (Reich et al., 2017). As shown in Tables 2 and 3, DNA
aptamers have been used for development of all the PSA biosensing
platforms because of their several beneficial properties such as more
stability, lower costs, easy modification and functionalization, and
simple selection process (M. Li et al., 2018; J. Liu et al., 2009; Q. Zhu
et al., 2015). However, RNA aptamers are not suitable for designing
reusable aptasensors because they easily degrade by ribonucleases
(Radi, 2011). According to the literature, the aptamer with 5-TTTTT
AATTAAAGCTCGCCATCAAATAGCTTT-3’ sequence is the most fre-
quent anti-PSA aptamer used for designing the aptasensors. The length
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Table 4
Comparison of the advantages and disadvantages of optical and electrochemical methods for PSA detection.
Principle Advantages Disadvantages References
Optical aptasensors - Real-time - Have not been used in clinic (Dehghani et al., 2018; Jamali et al.,
- Quantitative - Commonly expensive 2014; Vigneshvar et al., 2016)

- Direct and label-free detection
- No warm up time required

- Time-consuming fabrication
- Low portability

- Fluorescent- and SPR-base methods have limitation for
multiple analyte detection which is highly rewarded in
clinical diagnosis

Electrochemical - Cost-effective and highly sensitive
aptasensors - Simple and rapid
- Quantitative
- Reusable and robust
- Disposable

- Easy to miniaturize

- Independent of sample turbidity in
view of high-throughput

- Low sample volume is needed

- Very suitable for point-of-care
diagnostic tools

- Comparability with novel
microfabrication technologies

- Fast response

- Have not been used in clinic

- At higher currents, control on the surface of working
electrode is limited

- False positive results originated from electrolytes

- Limited control on the working electrode, when higher
currents are being induced

(Bostan et al., 2018; Dehghani et al.,
2018; Hayat and Marty, 2014; Jamali
et al., 2014)

of an aptamer also can affect their immobilization ability on surface,
and accordingly long aptamers can be detached easily from the support
surface than shorter ones (Steel et al., 2000). The comparison between
results of different PSA aptasensors also shows that their functionali-
zation with various nanomaterials have led to advances in amplified
biosensing. Some other factors such as type of sample (buffer/serum),
platform compositions, and other signal amplification strategies can
affect the aptasensors performance. As a result, it is possible to enhance
the applicability of the PSA aptasensors by individually optimizing
these factors.

6. Comparison of PSA commercial detection kits with the
established aptasensors

At the present time, antibody based colorimetric assay techniques
like ELISA are the most common commercial kits for PSA detection
(Table 5). Compared with aptamer-based biosensors, antibody-based
detection methods require a larger sample size, sophisticated instru-
ments, and protocols, costly antibodies, and long-term incubation per-
iods (Xu et al., 2017; X. Zhu et al., 2017). Moreover, variable affinity of
antibodies towards their targets and, therefore, limited LOD and sen-
sitivity are other limitations of the available kits. To the best of our
knowledge, RayBiotech is one of the most sensitive ELISA kits for
human PSA assay with a LOD of 0.16 pg/mL, however, the developed
aptasensors could detect PSA even in the range of 0.032 attomolar
(approximately 9 x 10”7 pg/mL). The determination of trace levels of

Table 5

Comparison of analytical performance of various PSA commercial detection kits.

PSA is critical for early diagnosis and prognosis of prostate cancer and
also in predicting the outcome of a particular therapy. As a result, the
developed aptasensors or nano-aptasensors with different detection
methods could be more sensitive than the commercial detection kits for
PSA assays and unlike the antibody based colorimetric assay techni-
ques, they could be novel promising approaches for point-of-care
testing in clinical diagnostics that is currently at the nascent phase.

7. Conclusion and future perspectives

Over the last few years, there have been great advances in devel-
opment of various aptasensors with different signal transductions for
highly sensitive and selective detection of PSA as the main biomarker in
early diagnosis of prostate cancer. Unique characteristics of aptamers in
comparison with antibodies including high sensitivity and stability,
cost-effectiveness and ease of synthesis have made them appropriate
and useful choices for establishment of a wide variety of PSA apta-
sensors. In spite of the successful application of PSA aptamers in nu-
merous sensing platforms and their applicability in real clinical sam-
ples, they still haven't found their proper place in clinical laboratories
as commercial diagnostic tools. Additionally, a great effort is still ne-
cessary for development of convenient PSA aptasensors for point-of-
care diagnostics. It has been demonstrated that the use of NMs in the
structure of aptasensors have largely improved their sensitivity and
specificity for PSA detection. In this regard, nano-aptasensors have
achieved limit of detection in the femtomolar or even attomolar range,

Commercial PSA kits Assay sensitivity (pg/ Assay range (pg/

Sample types

Detection methods Assay time

ml) ml)

Invitrogen 8 10.24 to 2500 Supernatant, Plasma, Serum Colorimetric 4h 45 min

LifeSpan BioSciences 8 10.24 to 2500 Cell Culture Supernatants, Plasma, Serum Colorimetric _

RayBiotech 8 8 to 2000 Cell Culture Supernatants, Plasma, Serum Colorimetric _

Fitzgerald < 1.47 _ _ _ _

RayBiotech 0.16 0.16 to 2500 Cell Culture, Supernatants, Plasma, Serum qPCR _

R&D Systems 69 900 to 60000 Cell Culture Supernatants, Serum, EDTA Plasma, Heparin _ 4.5h
Plasma

Bioassay Technology Laboratory 30 50 t0o10000 serum, plasma, cell culture supernatants, cell lysates, tissue _
homogenates

ALPCO 1000 2000 to 120000 Serum _ 2h 20 min

BosterBio 500 1000 to 32000 Serum Colorimetric

Elabscince” 190 310 to 20000 Serum, plasma and other biological fluids Colorimetric 4.5h
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which is offering novel promises for early stage diagnosis of prostate
cancer or other prostate diseases in vitro and in vivo. Nonetheless, the
safety of NMs for human body remains a major concern that must be
noticed for in vivo detection of PSA. Furthermore, more research efforts
are needed to accelerate the implementation of these sensing platforms
for detection of PSA in vivo, as many of the reported aptasensors have
been designed for in vitro quantification of their targets. In addition,
other protein biomarkers are also present in prostate cancer, therefore,
development of aptasensors for multiple detecting of biomarkers is re-
quired for proper diagnosis. However, the main challenge is the inter-
ference of the developed aptasensors with other biomarkers existing
inside the tumor cells. To sum up, given the recent growth in the field of
aptamer-based platforms, extensive progresses are likely to be occurred
in the future in parallel with lab-on-a chip devices and miniaturized
platforms like microfluidics aptasensors with potential clinical diag-
nostic applications.
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