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A B S T R A C T :

Prostate cancer (PCa) is the most prevalent cancer with a high mortality rate. The early and accurate detection of
PCa can significantly reduce mortality and saves lives. Hence, the nanomaterials based electrochemical nano-
biosensors for PCa biomarkers will be the excellent alternative for diagnosis, detection and management of
disease condition. In this review, we present a concise summary of the latest attainment and advancement in the
use of nanoparticles for the diagnosis of PCa biomarkers. This review highlighted the importance of applying
specific biomarkers along with nanomaterials like gold, magnetic, carbon nanotubes, and many other materials
for developing electrochemical nanobiosensors in PCa detection. In addition to a summary on PCa detection, we
further ensure future perspectives in PCa biomarkers detection, sensitivity, simplicity, rapidity, accuracy, cost-
effectiveness and succeeding optimizations of novel technologies for more feasibility. Finally, closing remarks
and an outlook conclude the review.

1. Introduction

Prostate cancer (PCa) is a malignant tumour which commonly be-
gins in the outermost part of the prostate caused by several epigenetic
alterations leading to uncontrolled proliferation, differentiation and
invasion to nearby tissues as shown in Fig. 1 (Lawrence et al., 2010). It
is further metastasize to distinct sites or organs, producing significant
morbidity and mortality (DePinho, 2000; Robert et al., 2009) among
men aged between 50 and 80 years (Siegel et al., 2014).

According to estimates from the World Health Organization (WHO)
in 2018, that 1.3 million new cases have been diagnosed with an esti-
mated 1.7 million incidences and 0.5 million annual mortality rate by
2030 (WHO, 2018). One of the key aspects to significantly reduce
mortality risk is early and accurate detection of PCa (Carter and
Pearson, 1999). With respect to prognosis and staging of prostate
cancer, imaging techniques are considered to give more precise disease
characterization through the scanning of anatomic (Fuchsjäger et al.,
2008), functional (Lee et al., 2012), and molecular imaging information
(Willmann et al., 2008). Various other clinical diagnostic techniques
are, known for premature detection of disease such as ultrasonography,
computed tomography (CT), digital rectal examination (DRE), magnetic
resonance imaging (MRI), and cancer protein assay (Herr et al., 1993).
Morphological or histopathological imaging modalities alone or in

combination can be used which includes transrectal ultrasonography
(TRUS) (Lee et al., 1985), CT (Heinisch et al., 2006), radionuclide
imaging (RI) (Liu, 2014), MRI, positron emission tomography (PET)
(Gambhir, 2002) and PET/CT (Trotman et al., 2011). Although all these
techniques are robust and highly efficient in the detection of PCa, but
most of these techniques still suffer from the lack of sensitivity, accu-
racy and specificity for clinical diagnostic applications. The limitations
of these techniques are given in Table 1.

However, the sensitivities of these existing methods are constantly
unacceptable, as even the most sensitive diagnostic method can only
detect tumour based on size. Practically, by then a large number of
malignant growth cells would have been released into the circulatory
system and resulting in cancer metastasis. As the cell growth at high-
speed and the biological state of the person change in response to the
disease conditions. Literature suggests that detection of PCa at the first
stage of development can help in maximizing the potential for ther-
apeutic intervention and improving survival from 10% to 90% (Stewart
et al., 2001). Therefore, the diagnosis of PCa in a very early stage of
disease development supports initiation of much earlier treatment
therapy and the most effective hope for decreasing death rate and
significant improvements in survival rates (Fan et al., 2018).

The present review addresses current advancements in the early
detection of PCa based on the use of various kinds of nanomaterials
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along with the restricted practical applicability of conventional tech-
niques as given in Table 2. We aim to give a thorough review covering
the limitations in achieving high selectivity, sensitivity and reliability
for the detection of PCa biomarkers. Despite the variety of nanoma-
terials used in electrochemical detection, we have highlighted the use of
carbon materials and metals nanoparticles in electrochemical nano-
biosensors. In this review, we compiled recent progress regarding the
new emerging biomarkers and advantages of those biological and
clinical biomarkers. The content could be a broad reference for the
scientists and researchers working in related domains to provide ben-
efits of human beings.

2. Role of biomarkers in prostate cancer diagnostics and
prognosis

The National Cancer Institute (NCI) defines ‘biomarkers’ as a bio-
logical molecule found in blood, fluids, or tissues that can be objectively
measured and evaluated as a sign of a normal/abnormal biological
process and a pathogenic condition/disease (Sawyers, 2008). These
biomarkers refer to the quantity that can be measured in a particular
biological state or disease conditions. In the case of PCa detection,
biomarkers play an important role in screening, detection and prognosis
and clinical management. PCa biomarkers are biomolecules, which act
as an indication of the disease condition and can be of diverse origins
like ribose nucleic acid transcripts (RNA) (Bussemakers et al., 1999),
proteins (Renehan et al., 2004), deoxyribose nucleic acid (DNA) or
epigenetic modifications of DNA, metabolites or other alterations. They
can be detected in tissue samples (biopsy or surgical resection) or non-
invasively (by isolation of cells or molecules from body fluids) using
human blood or urine sample (Hessels et al., 2003). Early detection of
PCa biomarkers can allow the medical professionals to start sooner
treatment which further enhances the patient compliance in terms of
increased drug treatment efficacy and minimized risk of health dete-
rioration and mortality rate.

2.1. Prostate cancer-biomarkers

PCa biomarkers cover a wide range of biochemical entities, such as
proteins, nucleic acids and urinary. These biomarkers can be utilised for
risk assessments, investigation, medical diagnosis, and further for the

Fig. 1. Schematic workflow of PCa.

Table 1
Limitations of the available techniques for the detection of PCa.

S. No. Techniques Limitations Ref.

1. TRUS 1. It has a low-resolution imaging modality with low sensitivity and specificity. Siddiqui et al. (2013)
2. The inherent speckle in the pattern of ultrasonography.
3. Small cancer foci are often not visible at all.

2. CT 1. It shows limited specificity in differentiating cancer from benign prostate condition. Hövels et al. (2008)
2. It showed poor soft-tissue contrast resolution.

3. MRI 1. The technique has low scanning velocity, expensive and insensitive to calcifications. (Dickinson et al., 2011; Picchio et al., 2011)
4. RI 1. Resolution is lower than TRUS, CT and MRI. (Lecouvet et al., 2007; Turkbey et al., 2009)
5. PET 1. PET has limited spatial resolution (∼4–6mm). (DeGrado et al., 2001; Liu et al., 2001)

Table 2
A comparative compilations of challenges in conventional diagnosis for prostate
cancer and recent alternative.

Limitations of conventional diagnosis Recent diagnosis and their
benefits

Lack of specificity High specificity
Lack of sensitivity High sensitivity
Time consuming Simple and cost effective
Chances of error in detection Lack of error
Hectic and manual Simple in handling the kits
Lack of US-FDA approval US-FDA approved biomarkers
Unable to differentiate close symptoms
related with prostate

Differentiate the disease

Low access to patients Easy access to patients
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prediction of treatment therapy, potency and toxicity of the drug. As
the growth of tumours is rapid, uncontrollable and it releases numerous
DNA, proteins and metabolites. The levels of these are associated with
the stages of tumours development and biomarkers can be used for
screening and clinical diagnosis of PCa (Landers et al., 2005). Detection
of PCa by biomarkers helps to distinguish the healthy normal cells from
the malignant (Adam et al., 2002). A significant difference can be ob-
served in secretion, production and accumulation of various biomarkers
in cancer cells as compared to normal cells or tissues (Gabrilovich,
2004). Biomarkers are being focused and developed in the recent few
decades by monitoring the progression of disease at regular interval of
time. It is progression during “watchful waiting” to become aware of
micrometastatic disease (which is below the limit of detection for
imaging) (Engers, 2007). It is also supportive in evaluating better
therapeutic responses to in progress or given therapies. Early and ac-
curate detection of PCa with the help of biomarkers can increase patient
compliance.

2.1.1. Blood or serum biomarkers
Blood or serum samples are anticipated rich source of PCa bio-

markers. Prostate-specific antigen (PSA)/human kallikrein-3 remained
the first-line and the most preferred diagnosis and detection method as
a standard. In 1994, the United States Food and Drug Administration
(USFDA) approved PSA followed with a DRE for the diagnosis and
detection of PCa. It has been established that PSA value in prostate
cancer positive patients may have below 4 ng/mL as a cut-off level in
the blood. Some cases have been diagnosed as positive even with the
value 4–10 ng/mL. It is noteworthy that the PSA value above 4.0 ng/mL
can be associated with benign prostate hyperplasia (BPH) or prostate
inflammation (Damborska et al., 2017; Varambally et al., 2002). In last
two decades, the main limitation of PSA based detection was lack of
specificity wherein the report of biopsy corroborated negative result in
˃ 75% men even with PSA level in the range of 4.0–10.0 ng/mL (Barry,
2001). It has been reported that PCa with high PSA level (˃ 2.0 ng/mL
in male) in the year before diagnosis, had been found to have a higher
risk of death after radical prostatectomy (Roddam et al., 2005). Ana-
lysis of commonly used PSA biomarkers helps to overcome limitations
of prostate biopsy and improve accurate assessment (Armstrong et al.,
2012). Thus, PSA based diagnosis is unable to differentiate PCa from
other prostatic symptoms (DeMarzo et al., 2007). However, owing to
inherent limitations of PSA as a biomarker, the field of prostate cancer
biomarkers is evolving rapidly. In some incidences, prostate cancer had
been observed even in complete absence of an elevated PSA level.
Nonetheless, increased levels of PSA may suggest the presence of
prostate cancer. Thus, a clinician can suggest better treatment by
monitoring and assessing routinely the serum level of PSA from the
patients. The list of blood or serum-based biomarkers has been listed in
Table 3. Employing new technologies in both genomics and proteomics
may play a significant part in the area of biomarkers discovery to
contribute in diagnosis, prognosis, prediction of the disease and future
therapy.

2.1.2. Urine biomarkers
Urine is a human waste available in the form of a liquid produced

from the kidneys. It contains both organic and inorganic compounds in
the form of hormones, proteins and metabolites (Mousavi et al., 2010).
It has gain attention from the researchers due to its advantages and
eases to assess as diagnostic and prognostic biomarkers. The method is
simplest and non-invasive without any interference while analysis as
compared to blood, tissue and serum wherein innate interferences in
isolation may result in inaccurate measurements of biomarkers
(Ploussard et al., 2010). On the other hand, detection of PCa biomarker
using a urine sample can be carried out employing various urinary
substrates, complete urine sample, urine sediments, exosomes and cell-
free fractions (Leyten et al., 2014). For diagnosis, urine samples are
collected just after a DRE, since it increases the total content of PCa

related biomarker. Conclusively, the future of urine-based PCa bio-
markers could be a potential diagnostic tool to authenticate several
newly discovered biomarkers to find out new biomarkers to identify
men with indolent PCa and to decrease the need of biopsy (Dijkstra
et al., 2014). Thus, this may be helpful to (1) categorize male patients
with aggressive diseased conditions, (2) distinguish between patients
receiving benefits from local therapy and likely avail local therapy and
require adjuvant intervention (Roach et al., 2008) and (3) find out
surrogate markers for clinical progression or survival (DeBono et al.
2008a,b). Currently, available urine-based biomarkers have been en-
listed in Table 4.

2.1.3. Tissue biomarkers
Tissue specimens are another biomarker alternative to serum, blood

or urine biomarkers. However, these tissue-based biomarkers are un-
able to specify an exact target for the treatment of localized PCa pa-
tients with poor-risk disease. These tissue biomarkers serve as factors at
the clinical level to correlate with a physiological pathway while pa-
thologic analysis in response to a specific therapy and bridged these
inadequacies of traditional clinical factors (Jensen et al., 2009). From
last few years, PCa tissue specimens have been focused due to apparent
understanding of the pathophysiology of PCa. The main reason behind
the gained interest is due to improvement in the Weld of laser capture
microdissection (LMC) which allowed sampling of homogenous cell
populations for new biomarker finding (Cho et al., 2007; Diamandis
et al., 2003). The harmony amongst various biomarkers is at the
minimum and serves as a surrogate to determine pathophysiological
endpoint (Kulasingam et al., 2008). Molecular biomarkers could be
considered as critical causative effectors for targeting the desired pro-
cess under scrutiny. The tissue-based biomarkers are listed in Table 5.

3. Nanomaterial biosensors for early stage screening of prostate
cancer

Despite the fact that some downsides are present in relation to the
attained level of sensitivity, the use of nanoparticle-based detectors in
PCa biomarker detection offers some positive aspects in comparison to
traditional techniques. Premature and truthful detection of PCa probed
with nanomaterial-based biosensor could be an accurate solution for
the unbeaten treatment of the disease (Sharifi et al., 2019). Presently,
the assessment of the PSA biomarker is the only diagnosis tools for the
patients with PCa. In general, urine and blood samples contain sarco-
sine content ranged as 1–20mM. However, poor sensitivity and speci-
ficity of PCa based detection method led to false–negative and false–-
positive result where patients are subjected to unnecessary biopsy (Qu
et al., 2002). From the literature, it is revealed that early detection
plays an enormous and convincing role to treat patients. As many stu-
dies are being conducted on developing sensing mechanisms that will
move, forwards along the detection limit as far down as possible.
Various new biomarkers can be discovered and verified with such
sensitive tools. Even though, detecting cancers at its premature stage is
very fascinating for improved diagnosis. Many factors such as the
possibility of accomplishment of false positive/negative data and im-
pact of nanomaterials on human and environment should be completely
understood (Bahn et al., 2002).

To avoid above limits, this review work is motivated to meet the
requirements of human needs with the advances in technology. It is
therefore highly expected that in the near future, nanotechnology-based
biosensor could be helpful to distinguish cancer cells near the beginning
stage and examine the disease with much greater precision (Grimes
et al., 2005). The fast detection method with enhanced sensitivity, cost-
effectiveness and easy to carry out due to its miniaturized size are at-
tractive features of the biosensors devices that drive attention of re-
searchers. The development of biosensors from the traditional labelled
technique to more featured non-labelled technique was truly a great
leap in the advanced technology. Biomarkers in relation with
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nanotechnology have opened up a new era of early cancer diagnosis
and precise drug delivery (Kryscio et al., 2012). Therefore, thorough
reviews on electro-biochemical sensors have been written due to their
high importance.

Scientifically, nanoparticles are defined as particles on the scale of
1–100 nm in diameter. Materials reduced to the nanoscale can show
different properties compared to what they exhibit on a macro scale,
enabling unique applications (Barry, 2001). The small size of nano-
particles allows for a greater surface to volume ratio. This increase in
ratio allows for better detection, imaging, and prognosis methods,
which will further advance the treatment of PCa. These biosensors in-
teract with human cells, tissues, nucleic acids and detect the specific
diagnostic antigen explaining as a mechanistic function. These sensors
generate electrical signal owing to changes in sensor properties and is
responsible for measurement and detection of disease. On the basis of
the condition of disease, treatment is given to the patients (Haley et al.,
2008). Nanomaterials based biosensors are more sensitive, susceptible,
selective and specific diagnostic agents for PCa diagnosis and detection.
In addition, nanotechnological based nanoscale sensors translate into
improved access to the detection of PCa biomarkers with influential and
specific signals economically with high throughput detections (Jain,
2005).

Recent advances in nanotechnology have found its application in
the healthcare sector, one such application is the fabrication of nano-
material based-biosensors, for early, rapid and accurate diagnosis of
diseases (Gill et al., 2019). A biosensor consists of four parts: bior-
eceptor, transducer, a signal processor and interface display. A bio-
sensor is an analytical device incorporating a biological material that
can detect biological or chemical analytes in solution or in the atmo-
sphere with a physiochemical transducer, that produces discrete or
continuous electrical signals proportional to the analytes. It is com-
posed of a biological component, such as a cell, enzyme or antibody,
linked to a tiny transducer, which is a device, powered by one system
that then supplies power (usually in another form) to a second system
(Song et al., 2012).

3.1. Carbon nanotubes (CNTs)-based biosensors

CNTs hold great potential amongst nanomaterials for several bio-
medical applications such as extrinsically activated hyperthermia for
PCa therapy. The smart/intelligent surface engineered CNTs are still
having controversy about their biodegradable/non-biodegradable

nature. Multiwall carbon nanotubes (MWNTs) probed with irradiation
(laser-mediated) have been reported to enhance therapeutic efficacy in
the treatment of human PCa. The CNTs have potential uses to fabricate
an electrochemical sensor and biosensor for the early detection and
diagnosis of various cancers. Prostate antigen detection using ionic li-
quid carbon nanotubes (ILCNTs) modified electrode is applied as a
cancer biomarker for PCa detection with high sensitivity and rapid
diagnosis. DNA encased MWNTs showed to eradicate PCa safely in vivo
following near infrared radiation (NIR) (Robinson et al., 2012). In spite
of these promising findings, the toxicity of CNTs has been found to have
still a reasonable query in nanotechnology such as adverse effects on
human health. In brief, preparation of prostate cancer cells is the first
step for cancer diagnosis using CNTs based sensor. Similarly, modified
CNT's thionine (composite modified electrode) and immunosensor have
been used for PSA detection. Finally, the samples (serums) are analysed
for various parameters in clinical diagnosis (Zheng et al., 2005). In
ILCNTs immunosensor, it is initially characterized and amplified for
biocatalysis in the diagnosis of anti-PSA. Electrochemical response,
reproducibility, regeneration of the immunosensor and stability of PSA
are several optimized conditions before analysis of the samples. These
parameters are critically evaluated in the assay and determination of
antigen or antibodies (Rodriguez et al., 2018).

3.2. Nanoscale electro biochemical sensor for PCa biomarker detection

In recent years, chemically modified electrodes (CMEs) have made
great success in biosensors and electroanalysis. It is a relatively modern
technique to electrode systems which has a wide spectrum of research
and clinical based applications. These includes (i) basic electrochemical
investigation such as the relationship of heterogeneous electron transfer
and chemical reactivity to electrode surface chemistry (Mani et al.,
2009), (ii) electrostatic phenomena at electrode surfaces, and electron
(Liu et al., 2008), (iii) ionic transport phenomena in polymers (Kumar
et al., 2012), (iv) designing electrochemical devices and systems for
applications in chemical sensing, energy conversion and storage
(Fenghua et al., 2009), (v) molecular electronics, electrochromic dis-
plays, (vi) corrosion protection, and (vii) electro-organic synthesis
(Kumar et al., 2010).

In research laboratory and clinics of the patients, biosensors (based
on sensing techniques) play a key role after the discovery of biomarkers
for early detection and diagnosis of several deadly diseases such as
cancers. For early detection of prostate cancer, different types of

Table 3
Summary of selected contemporary serum prostate cancer biomarkers.

S. No. Biomarker Applications Ref.

1. PSA Diagnostic of PCa
& follow-up

Blel et al. (2017)

2. Free PSA (fPSA) Diagnostic of PCa Martin et al. (2004)
3. Pro PSA Diagnostic of PCa (remove bracket Filella et al.,

2013)
4. Prostate health index (PHI) Diagnostic of PCa Velonas et al. (2013)
5. 4KScore To provide an estimate of the probability of having aggressive PCa Parekh et al. (2015)
6. Circulating tumour cells (CTCs) Detection media for various biomarkers De Bono et al. (2008a,b)
7. Chromogranin-A For monitoring the therapeutic efficacy, staging, prognosis, tumour volume evaluation,

detection of recurrent disease, screening and early diagnosis
(Khan et al., 2011)

8. Human kallikrein 2 Splits pro-PSA to create PSA and diagnosis Clements et al. (2004)
9. Transforming Growth factor-β Diagnosis at in early stage Perry et al. (1997)
10. Neuron-specific enolase To determine the organ specificity Kamiya et al. (2003)
11. Testosterone Prostate cancer diagnosis at re-biopsy Fiamegos et al. (2016)
12. Vascular endothelial growth factor (VEGF) Prostatic biopsy at prognosis phase Schröder et al. (2009)
13. Huntingtin-interacting protein 1

(autoantibodies)
Diagnosis Bradley et al. (2005)

14. Leptin Diagnosis Fan et al. (2008)
15. Zinc α2-glycoprotein (ZAG) Diagnosis Ganswindt et al. (2008)
16. Prostate secretory protein of 94 amino

acids (PSP94)
Diagnosis Nam et al. (2006)
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nanoparticles (NPs) electrobiochemical-based PCa biosensors using
conventional techniques such as optical, electrical and electrochemical-
based approaches have been employed since last decade. Implementing
sensing techniques in the domain of nanotechnology have shown pro-
found applications in biomarker sensing and highlighted the clinical
benefits of these biomarkers (Niepa et al., 2016; Zhou et al., 2017).
Therefore, thereby improving the sensitivity, selectivity and simplicity
of analysis using nanoparticles (NPs) as novel sensors are gaining re-
searcher's interest. Table 6 shows various nanomaterial-based bio-
sensors for detection of PCa and its respective biomarkers.

3.2.1. Impedance-based miniaturized biosensors
The miniature biosensor (MB) based on impedance has been in-

troduced as a new method and considered as ultra-sensitive, simple and
rapid for PSA detection. The principle of this method is based on the
impedance, and electrochemical impedance spectroscopy (EIS) is em-
ployed as a sensing technique. Electrochemical biosensors are com-
monly used to characterize surface modified electrodes for the in-
vestigation of the electrochemical system and process in due to unique
features for sensing in miniature platforms (Nagaraj et al., 2010). In
PSA detection method, PSA samples are first collected followed by re-
agent addition. Next, samples are stored in cancer centre of clinical
diagnosis. In the EIS method, the anti-PSA/EA is used to characterize
and analyse PSA content. Moreover, photolithography techniques uti-
lize the fabricated test chip on an oxidized 4″ silicon wafer. These chips
were previously cleaned and analysed for monolayer preparation, for-
mation and antibody immobilization (Kavosi et al., 2015). It is im-
portant to note that PSA assay in phosphate buffered saline (PBS) and
human plasma with biosensor are the major procedures and helpful in
early diagnosis.

3.2.2. Immuno-chromatographic electrochemical biosensors
The developed nanoparticle sensor label/immuno chromatographic

electrochemical biosensor performed rapid and sensitive detection of
PSA. Similarly, such nanocarrier-based sensor has been reported to
detect PCa in human serum wherein strips loaded with the electro-
chemical detector are responsible for transducing signals. It is com-
posed of metallic elements such as Cd, Se, and ZnS with distinguished
features. The sensitivity of detection is compared with a detection limit
of 0.02 ngm/L (Bagalkot et al., 2007). Furthermore, nanomaterials and
nanostructures based biosensor detect PSA diagnosis by employing
Immunosensor comprising of the enzyme, DNA, nanoparticles, and
CNTs. These are clinically used as a sensor for diagnostic purpose.
Generally, diaminoheptane phosphate buffer solution and PSA is the
materials used to prepare the quantum dots (QD)-anti PSA conjugates
by QD conjugation Kit protocol. These are basic components for a
biosensor of CNTs. It is also observed by anti-PSA-QD conjugate on
glass fibre pad preparation. It is detected by lateral flow immunoassay;
electrochemical detection and enzyme-linked immunosorbent assay
(ELISA) (Lin et al., 2008).

3.2.3. Electrochemical transducers for prostate cancer biomarker detection
As described earlier, by different researchers that electrochemical

sensors and electronic sensors are taking place at an electrode surface.
It involves monitoring of changes of an electrical signal due to an
electrochemical reaction at an electrode surface, because of an imposed
potential, current, or frequency. The advanced biosensor technology
may provide a suitable platform for real-time and personalized health
monitoring (Gao et al., 2018). Electrochemical biosensors are used in
point-of-care devices because they give accurate, fast, and sensitive
methods for molecular sensing. In addition, they offer operating sim-
plicity, the option for miniaturization, cost-effectiveness, and have at-
tracted much attention in the area of point-of-care diagnostics (Han
et al., 2012a,b). Fast responses, miniaturized sensor size, biocompat-
ibility, rapid label-free detection, easy device tailoring, ultra-low de-
tection limits, high reliability of measurements, and low developmentTa
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costs are appealing to patients, physicians, and the biomedical industry.
Due to miniature small pocket size devices, it makes biosensor popular
and applicable for home use. Although amperometric, voltammetric
and potentiometric transducers have been commonly used. Voltam-
metric transducers are preferred for sensitive biomarker detection (Li
et al., 2017a,b).

3.2.4. Voltammetry-based biosensors for prostate cancer biomarker
detection

Voltammetric experiments are carried out in an electrochemical cell
consisting of a working electrode, a reference and an auxiliary (counter)
electrode. In case of potentiometric devices, the amperometric bio-
sensor can be a module of all the electrodes assembled in one capsule.
However, the biosensor more commonly plays a role of the working
electrode (Pohanka, 2016). Thus, the measurement is performed in a
cell with an analyte solution and two other immersed electrodes. As in
potentiometric, the working cell contains a constant amount of the
inorganic salts (KCl, Na2SO4) and/or mineral acids (HCl, H2SO4) in-
active in the measurement conditions called supporting electrolytes
(Schrödle et al., 2008). This is necessary for the maintenance of the
constant ionic strength and suppression of migration under the elec-
trode polarization. In voltammetric techniques, cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) are versatile and the
most exploited techniques for PCa-biomarker detection. CV was used
for electrochemical signal measurements. It is widely used for the study
of redox processes and understanding reaction intermediates. In this
technique, the potential is varied over a fixed range in a forward and
backward direction and current (limited by analyte diffusion at the
electrode surface) is monitored (dela Escosura-Muñiz et al., 2008). In
DPV, potential with a series of fixed amplitude pulses is scanned be-
tween initial and final potential. Each succeeding pulse has the same
amplitude. However, it starts from a slightly higher base potential. For
each pulse, current is measured at just before the application of the
pulse. In addition, at the end of the pulse and the difference is estimated
and plotted against potential.

3.2.4.1. DPV-based prostate cancer biomarker detection. Using the DPV
technique, various researchers have reported success in fabricating
sensitive biosensors for prostate cancer biomarkers. Han et al., reported
DPV based PSA and free fPSA detection on dual catalysis amplification
of multi-functionalized onion-like mesoporous graphene sheets. The
amplification performance of the immunosensor was investigated by
DPV experiments. Moreover, the immunosensor was detected in the
presence of 5.0 mM AA-P to evaluate the catalytic ability of the loaded
bio-AA. It can be easily seen that the peak currents obviously increases
with the addition of AA-P, certifying a typical electro-catalytic process
of AA for Au@PBNPs/O-GS and Au@NiNPs/O-GS nanohybrids. The
catalytic DPV oxidation peak current was increased with the increasing
concentration of fPSA and PSA. The calibration plots displayed good
linear relationships in the ranges from 0.02 to 10 ng/mL for fPSA with a
regression equation of y = 1.163x + 3.694 (ng/mL), 0.01–50 ng/mL
for PSA with a regression equation of y = 0.325x + 6.369,
respectively. The limit of detection values for fPSA and PSA were
6.7 pg/mL and 3.4 pg/mL, respectively (S/N = 3) (Han et al., 2012a,b).

The peak currents for three folds successively simultaneous detection of
fPSA and PSA at the same immunosensor array by DPV measurements
and showed very small standard deviations. It could be found that the
proposed immunosensor exhibited a satisfactory detection limit and
linear range.

3.2.4.2. CV-based prostate cancer biomarker detection. CV is gaining
interest for measurement of analytes in various biosensors and has
shown promise for PCa biomarker detection. Li et al. have described the
application of ultrahigh-efficient electrochemiluminesce resonance
energy transfer (ECL-RET) in one nanostructure and the dual
amplification for the detection of the microRNA-141 (miRNA-141) of
human prostate cancer cells. To confirm the successful stepwise
fabrication process of the miRNA biosensor, the CVs were employed
in 5.0mM [Fe(CN)6]3−/4− from −0.2–0.6 V at a scan rate of 0.1 V/s.
The bare glassy carbon electrode (GCE) exhibited a pair of quasi-
reversible redox peaks of [Fe(CN)6].3−/4- AuNPs were electrodeposited
on the surface of bare GCE wherein an apparent increase in redox
current was obtained because the well electrical conductivity of AuNPs
could promote electron transfer. In contrast, the capture 2 was
immobilized onto the prepared electrode and an obvious decreased
current was detected due to the characteristic of impeding the electron
transfer of DNA. Subsequently, the redox peak integrally decreased
when the successive immobilization of HT on the electrode. After
adding the reporter DNA and QDs-Ru(dcbpy)32+/capture 1 to the
modified sensor, a further decrease of the redox current appeared for
the DNA structure could inhibit the electron transfer. The results
characterized the CVs performance of the proposed
electrochemiluminesce (ECL) biosensor construction (Li et al.,
2017a,b).

Using the CV technique, Chang et al., established and applied in a
reusable electrochemical biosensor for the detection of microRNA-
182–5p (miRNA-182–5p), a prostate cancer biomarker in prostate
cancer, based on the DNA cross configuration-fuelled target cycling and
strand displacement reaction (SDR) amplification. They described the
use of carboxyl groups (-COOH) in combination with MWCNTs for
fabrication of PAMAM-CNTs-Pt Nanomaterials. After the fabrication, it
was measured with square-wave voltammetry (SWV). The release of the
prepared electrode was under a settled voltage applied at −0.7 V for
5min to ensure the complete single-electron reduction of MV2+ in
0.1 M PBS (pH=7) solution for obtaining more stable complex CB-8-
MV+-MV+. Afterwards, the electrode was measured with a CV.
Subsequently, the electrode dealt with the electrochemical release was
immersed into the beaker containing CB-8 and MV2+ under O2 flow for
5min to oxidize MV+· to MV2+ for the formation of CB-8-MV2+ again.
Next, the as-prepared electrode was modified with 20 μL of the mixture
of S1-Try and S2-Try for 100min. After that, A1, A2 and [Ru(NH3)6]3+

were dropped onto the handled electrode for 120min and then washed
with ultrapure water. The fabrication process of the miRNA biosensor
was characterized by CV measurement in 5mM [Fe(CN)6]3−/4− solu-
tion with a scan rate of 100mV/s (Chang et al., 2017).

Table 6
Summary of the best-selected nanomaterials based biosensors for detection of PCa.

Sensor platform Method Linearity range LOD Ref.

Fe3O4 NPs/GO sheets CV.SWV 61 fg/mL to 3.9 pg/mL 15 fg/mL Sharafeldin et al. (2017)
rGO-MWCNT DPV 0.005–20 ng mL−1 1.0 pg mL−1 (Heydari-Bafrooei et al., 2017)
Thymine/CuNPs DPV 0.05–500 fg/mL 0.020 ± 0.001 fg/mL Zhu et al. (2016)
Si-nanowires/DNA aptamers EIS 33 aM to 330 fM 23 aM (0.74 fg/mL) Tzouvadaki et al. (2016)
AuNPs/glycoprofiling EIS 4 aM to 40 nM 4 aM (0.13 fg/mL) Pihíková et al. (2016)
CNT/AuNP/Chitosan ECL 1 pg/mL to 50 ng/mL 0.6 pg/mL Zhang et al. (2012)
CNT/AuNP CV 0.01–0.5 ng/mL 7 pg/mL Tian et al. (2012)
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4. Summary and conclusions

This review summarized the recent ongoing developments of PCa
biomarkers detection methods with an emphasis on nanotechnology.
Nanomaterials based devices have been widely employed to develop
early disease detection and diagnostics due to their low cost and easy
scale-up in manufacturing. With the interfacing between materials
scientist and biomedical engineering, nanomaterials based PCa detec-
tion are becoming simpler, ultra-sensitive, precise accuracy and relia-
bility. We tried to highlight the importance of PCa biomarkers along
with nanomaterials for fabrication of sensitive biosensors. This nano-
material based electrochemical biosensors increase the electronic at-
tributes, specificity, signal rate and helps in generating detectable sig-
nals for indirect detection of targets. Thus, extensive efforts have been
made to identify better biomarkers in order to guide early diagnosis and
prevent the disease from progression. Numerous emerging biomarkers
for PCa have been discovered and been applied to clinical uses recently,
bringing new insight of PCa to researchers and clinicians as well as
producing plenty of novel screening tests for potential patients.

5. Future perspectives

Despite rapid advance in nanomaterial-based biosensors tech-
nology, yet there is no commercial sensor available for PCa biomarkers
detection, due to few challenges still left to tackle. One such challenge
faced is that many of the biosensors developed still lacking high sen-
sitivity and specificity towards the PCa biomarkers. Another challenge
is small detection range, which contribute immensely to delaying in
detection, treatment and management of disease. To overcome the issue
of sensitivity, selectivity and accuracy ultra-sensitive electrochemical
nanobiosensors will be the best alternative. In the future, comprehen-
sive studies are required to reconfirm assured features of the existing
biomarkers and further discover novel potential ones to better predict
the presence of the disease for the early detection as well as prognosis of
prostate cancer. Recently, there are limited clinical trials studies are
investigating the clinical application of epigenetic biomarkers in this
domain of cancer patients.
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