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Abstract Prostate cancer has a high incidence in men
and remains the second cause of mortality due to cancer
worldwide. As the development of the disease is greatly
correlated to age, the identification of novel detection
methods reliable, efficient, and cost effective is a matter of
significant importance in the ageing population of western
societies. The detection of the prostate specific antigen
(PSA) in blood samples has been the preferred method for
the detection and monitoring of prostate cancer over the
past decades. Despite the indications against its use in
massive population screening, PSA still remains the best
studied biomarker for prostate cancer and the detection of
its different forms and incorporation in multiplexed
designs with other biomarkers still remains a highly
valuable indicator in the theranostics of prostate cancer.
The latest developments in the use of nanomaterials
towards the construction of PSA biosensors are reviewed
hereby. The incorporation of gold nanoparticles, silica
nanoparticles and graphene nanostructures to biosensing
devices has represented a big leap forward in terms of
sensitivity, stability and miniaturization. Both electroche-
mical and optical detection methods for the detection of
PSA will be reviewed herein.
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1 Introduction

Cancer constitutes a major health concern, as an example,
3.9 million new cancer cases were diagnosed only in
Europe with 1.9 million deaths [1]. Furthermore, annual
medical costs for care related to cancer only were estimated
at $219 billion in the US and €126 billion in Europe [2]

according to data collected during the past decade (2008,
2009 respectively for US and EU data). Prostate cancer is
one of the main contributors in number of cases and the
second cause of cancer mortality among men after lung
cancer adding up for ca. 20% of all new cancer cases and
ca. 10% to the overall mortality (Fig. 1) [1,3]. The
development of prostate cancer (PCa) is strongly correlated
to age hence the detection and monitoring of the disease is
a matter of special importance in ageing western popula-
tions. Consequently, the development of biosensors able to
accurately detect biomarkers in fluids has bloomed in the
past decades following the clinical drive to design
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Fig. 1 Incidence rates of different cancers in men in the United
States during the 1975 to 2014 period. The spike in prostate cancer
cases during the mid-1990s was produced due to the introduction
of PSA screening. Adapted from Ref. [3] with permission from
John Wiley and sons, copyright (2018)
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personalized medical treatments capable of reducing
patient exposure and expenditure on unnecessary tests
and medication.
The prognosis of most cancers is related to an early

diagnosis hence the identification of biomarkers, develop-
ment of novel diagnostic tools and improvement of
detection thresholds is of capital importance. In this
sense, the intense research in nanotechnology in the past
two decades has attracted considerable attention for its
application in medical diagnosis [4], imaging or treatment
[5]. The most common methods of prostate cancer
diagnosis to date involve physical examination (digital
rectal examination), trans-rectal ultrasound or biopsies of
the prostate [6]. These are all invasive methods presenting
problems in patient’s acceptability and do not necessarily
guarantee an accurate answer to the presence/location of
the disease. The most used biomarker in the evaluation of
prostate cancer has been the prostate specific antigen
(PSA) which is present in small quantities in the serum of
men with healthy prostates. Generally, PSA concentrations
greater than 4 ng$mL–1 in blood could indicate the first
stages of prostate cancer, with levels greater than
10 ng$mL–1 being considered a clear indicative of this
disease onset. However, there has been some controversy
in the use of PSA alone as a screening or decision-making
tool due to the risk of overdiagnosis and overtreatment.
This has led the US Preventive Services Task Force to
recommend against mass screening of men population
using PSA regardless of the age and only employ it as
follow up tool after treatment [7]. Consequently, the
identification of novel prostate cancer biomarkers to use in
conjugation with PSA is vital for the correct identification
of the presence and nature of the disease in a wide range of
patients. Other biomarkers such as the prostate specific
membrane antigen, prostate cancer gene 3 or α-methylacyl-
CoA racemase have been explored in research environ-
ments and biosensors multiplexed with PSA developed [8–
10]. Despite the recommendations against the use of PSA
as a massive screening tool, the prostate specific antigen
still remains as the best studied PCa biomarker and can be a
helpful asset in the detection and monitoring of the disease
in particular cases, differentiating between its forms (free
or complexed) or in conjunction with other biomarkers.
The application of nanomaterials to the production of

prostate cancer biosensors can be broadly summarized
considering the type of nanostructure used as a scaffold for
the biosensing design (i.e., gold nanoparticles, carbon
nanotubes, graphene, etc.) and by the nature of the physical
response measured by the sensor, which generally results
in the detection of optical or electrical signals. This work
aims to provide an overview on the latest applications of
nanostructured platforms to electronic or fluorescent
biosensors for the detection of PSA in prostate cancer
diagnosis setups.
The choice of biomarker is deliberate, given that the

prostate specific antigen or human kallikrein related

peptidase (KLK3) has been actively studied to date, and
its detection applied clinically as a mean of detection and
monitoring PCa post-diagnosis. PSA is an enzyme formed
by a 237 residue glycoprotein (Fig. 2) of the kallikreine
serine protease [11]. It is secreted by the prostate
epithelium in healthy individuals as a component of
semen. The catalytic active site is commonly free in
seminal plasma but is complexed by endogenous inhibitors
found in serum [12]. This raises the possibility that tests
could discriminate between free and complexed PSA
forms, which may help determine whether or not its
production may be due to the presence of cancerous cells.
This is generally achieved in research tools based on
multiplexing biosensing devices currently in clinical
use [13].

2 Overview of current PSA assays

The current detection technique for PSA in clinical setups
is by enzyme-linked-immunosorbent-assay (ELISA)
[14,15] and in less proportion by other detection methods
such as radioimmunoassays [16]. ELISA uses a solid-
phase enzyme immunoassay to detect and quantify
biomolecules (proteins, antibodies, hormones) specific to
a disease/condition in order to confirm a diagnosis.
Figure 3 shows schematically the steps involved in the
direct ELISA, where antigens specific to a type of cancer
are immobilized on the testing surface and recognized by
antibodies conjugated with a reporter such as an enzyme.
Generally, antibodies may bind to the specific antigens if
these are present in the sample, then a signal produced by
the reporter in the presence of a substrate is detected and
quantified. However, this method presents a number of

Fig. 2 Single crystal X-ray structure of the PSA enzyme in a
sandwich with two antibodies. Image adapted from data on Ref.
[12] deposited on the Protein Data Bank
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disadvantages (e.g., binding efficacy affected by modifica-
tion of the primary antibody or lack of signal amplification)
and currently the most applied methods are indirect ELISA
or sandwich assays which allow for an increased versatility
and sensitivity. ELISA, however, is both time consuming
and expensive.
PSA is currently detected in clinical settings via ELISA-

based protocols from blood samples, and as prostate cancer
has a strong link between a rapid diagnosis and a good
prognosis, a faster technique will be substantially bene-
ficial. In addition, the majority of prostate cancer cases are
diagnosed when the cancer is already established, and it
would be advantageous to perform early detection for
improved patient outcomes. The earlier the diagnosis takes
place in the course of the disease, the better the prognosis.
Research into aptamers (oligonucleotide or peptide
molecules that bind to a specific target molecule) using

DNA [17] often conjugated with fluorescent dyes was
undertaken. These sensors are more cost-effective, faster,
simpler, and stable than those of ELISA [14].
Immunoassays are the current biochemical tests

employed for general approaches to biomarker detection,
and hence PSA detection. They measure the presence of a
target molecule by concentration when detecting macro-
molecules, and by the use of antibody or antigen for small
molecules. PSA is a biological protein molecule, and so
antibodies are used in immunoassays for the detection of
PSA. They come in many different test designs, such as
sandwich assays [18], and the test design depends on the
target molecule that is being detected. PSA has the ability
to cleave certain DNA sequences [19], researchers have
been able to identify these specific sequences and modify
biosensors with them. These DNA sequences are aptamers,
short, stable oligonucleotide sequences possessing high
affinity and specificity for PSA [20]. Once the sensors
are exposed to PSA, the DNA strand will be cleaved,
and depending on the sensor design, it will measure
an electrochemical change or observe fluorescence in
the case of fluorescent labels, such as fluorescein
isothiocyanate.
As an enzyme, PSA can react with and act by, cleaving,

other biomolecules. The cleaved molecules can either
become photoactive or be detected as a signal on/off in
cyclic voltammetry measurements [22]. The electroche-
mical approach to PSA detection is very common in
biosensors, and the performances of such biosensors
depend on two important factors: the efficiency of the
receptors on the sensors and the performance of the
transduction method [23]. The photoactive approach [24]
is less common in biosensors, but provides an unique and
novel way of using visible light to detect PSA, hence may
have use in biosensors in the general public. Figure 4
shows a simple reaction scheme for a photoactive based
test, demonstrating the basic principles of PSA detection,
an electrochemical test will show a reduced (signal off) or
increased (signal on) current instead of measured fluores-
cence intensity.

Fig. 3 Conceptual representation of direct ELISA

Fig. 4 Example of photoactive immunoassay for PSA. Adapted from Ref. [21]. AuNP: gold nanoparticles; *Including binding sequence
to AuNP and enzymatic cleavage site
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Regarding the design of the sensors for PSA detection,
several different approaches have been adopted, all with
the goal of increasing sensitivity towards PSA. The most
common design is a sandwich immunoassay [18], which is
a dual site immunoassay where the target biomolecule is
bound to the antibody site, then the labelled antibody is
bound to the analyte. The problem facing current sensors
for detecting PSA is sensitivity, given that a PSA
concentration of just 4 ng$mL–1 can indicate the presence
of prostate cancer and hence developing sensors capable of
reliable results at the ng$mL–1 concentration range is still
the goal of many research groups. A proof of this interest is
the commercialization of several PSA testing kits based on
a sandwich immunofluorescent assays [25] such as the
Brahms Kryptor total PSA test (sold by ThermoFisher) and
which is based on the energy transfer and emission of an
europium complex and a fluorescent protein. The intro-
duction of a time delay in the detection allows for the
removal of potential non-specific signals. In addition, the
method does not require additional processing steps and
has a wide measuring range with an automatic dilution
system.

3 Application of nanomaterials to the
design of PSA biosensors

Immunosensors based on nanotechnology design proto-
cols, involving nanomaterials of controlled dimensions
display a level of sensitivity towards their target unprece-
dented by other sensors thanks to the sensitivity enhance-
ment [24]. Research into such sensors show that gold
nanoparticles [26] and graphene nanostructures [27] are
fundamental to these immunosensors. Hybrid immuno-
sensors [28] show promise as they combine multiple
attributes of two materials at a nanoscale level. Ongoing
research is being undertaken into unique materials for
novel biosensors [29]. Most commonly researched bio-
sensors acting as aptasensors are impedimetric in nature,
whereby they rely on the measure of the opposition to the
flow of the current in electrochemical systems [30],
measured by cyclic voltammetry. An alternative detection
method is optical analysis in the case of inclusion of a
fluorophore into the system design. This can be used solely
in fluorescent sensors design or chemosensors, or in
conjunction with an impedimetric sensor, emission is
measured to determine if a target biomolecule is present
[31].
Assessing the performance of the nano-aptasensors

discussed in this report is generally performed by
comparing the limit of detection (LOD) and linear range
of the sensors. LOD is the lowest quantity of a substance
that can be distinguished from the absence of that
substance within a stated confidence limit. In the case of
PSA, a concentration of the antigen above ca. 4.0 ng$mL–1

is considered abnormal and as such sensors are required to

be sensitive in this order of magnitude. The linear range is
the range of the sensor, in which an input signal, such as
the amount of PSA present, gives a linear function to an
output signal, for example, an electric signal for electro-
chemical sensors or an optical response for fluorescent
sensors. Below is a summary of a selection of such
biosensors, which will be discussed based on the nature of
the scaffold used in the design approaches.

3.1 Gold NP-based aptasensors

Gold nanoparticles-based aptasensors give a rapid and
simple way of detecting PSA. With gold being relatively
easy to work with, due to extensive previous research into
gold nanoparticles, on the nanoscale and its ability to form
complexes with proteins which can be cleaved by PSA,
gold nanoparticles are fundamental to the assembly of
sensors tailor-made for the PSA detection [32].
PSA cleaves certain proteins which arrive on its

proximity. A sensor based on fluorescein isothiocyanate/
peptide-conjugated gold nanoparticle complexes [21],
which fluoresces on PSA exposure can be used to detect
PSA, is an example of an optical sensor. Using this
method, the sensor was able to achieve a relatively good
level of sensitivity, with a detection range of 10 pmol$L–1

to 100 nmol$L–1, however this sensor surpasses other gold
nanoparticle aptasensors not in sensitivity but with respect
to rapid and simple detection, which originates from the
high enzymatic reactivity of the target protein attached to
the gold nanoparticles. These properties are what is desired
from a sensor applied in clinical or diagnostic applications,
and with the possibility to modify this sensor for detection
of other biomolecules, gives this design huge potential in
clinical use [21].
The majority of biosensors utilize a signal-on method, as

does this example, where gold nanoparticles are attached
onto a gold electrode for impedimetric detection of PSA
[32]. This example of a sensor showcases the effect of
adding gold nanoparticles to a sensor system on sensitivity.
Immobilizing DNA aptamers directly onto the surface of a
gold electrode allows detection of biomarkers specific to
the DNA aptamers, this simple systems gives a LOD of 60
of ng$mL–1. Comparing this to the sensor augmented with
gold nanoparticles, shows a huge difference in perfor-
mance regarding sensitivity, with the nanoparticle sensor
showing a LOD of just 10 pg$mL–1. The difference in
surface structure is the reason behind the high performance
of the gold nanoparticle sensor, mainly due to the increased
surface area available to interact with PSA.
Gold nanoparticle-based sensors strive to tackle the

sensitivity problems when detecting and quantifying PSA
and a number of approaches of increased complexities.
More advanced sensor designs may allow for a higher level
of sensitivity to be reached. One such sensor uses gold
nanoparticles encapsulated in polyamidoamine dendrimer
and a layer of horseradish peroxidase linked aptamer in a
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sandwich format [33]. This is an example of a triple signal
amplification strategy. The detection method for PSA for
this sensor was the measurement of the electrocatalytic
reduction of H2O2 in the presence of enzymatically
oxidized thionine. The prepared immunosensor exhibited
high sensitivity and a low LOD of 10 fg$mL–1 and a linear
range of 0.1 pg$mL–1 to 909 ng$mL–1, hence this
immunosensor shows promise in application of PSA
detection.
Research into new interdisciplinary fields always yields

novel designs and sensors for detecting PSA are no
exception. The use of nanoparticles as synthetic scaffolds
now allow materials chemists to produce intricate
nanostructures, enhancing the performance of such
sensors. For example, one such sensor bears a resemblance
to a hairbrush using gold nanostructure for detection
towards PSA [34]. The nanostructure comprises of an array
of nano-spindles applied onto the surface of a transducer,
hence fabricating a signal-on electrochemical aptasensor.
The nano-spindles, shown in Fig. 5, are long thin
nanostructures, in this case comprising of gold. Sensor
displayed a LOD of 50 pg$mL–1 and a linear range of
0.125–128 ng$mL–1, therefore biosensor exhibits potential
for use in a clinical environment for detection of PSA.

3.2 Graphene-based biosensors

Graphene is a 2Dmaterial formulated as a honeycomb one-
atom layer of sp2 carbon that possess unprecedented
mechanical and conductive properties. Since the seminal
work of Geim and Novoselov [35], new applications for
graphene-based structures have grown exponentially
including the field of biosensors where it can be used to
increase conductivity and stability [36–38]. The affinity of
gold nanoparticles to graphene in gold/graphene hybrid
nanostructures has been proven to improve electrochemi-
cal immunosensors in terms of sensitivity [39]. Graphene
may be essentially used as a signal amplifier in such PCa

sensing applications, in order to achieve a lower limit of
detection in immunosensors for detection of PSA.
The most common method in using graphene in the

detection of PSA, is in a screen-printed form, in order to
prepare an electrochemical biosensor. For example, the
EN2 biomarker corresponding to prostate cancer is known
to be a strong binder to a specific DNA sequence, hence
taking advantage of this knowledge, the specific DNA
sequence can be immobilized on the screen-printed
graphene [40]. Then, utilizing cyclic voltammetry as an
electrochemical technique, the immobilized DNA on a
graphene system that has been exposed to a sample (that
may or may not contain the EN2 biomarker), can give an
electrochemical signal indicating whether the EN2 bio-
marker is present. An example of a sensor based on this
system has a LOD of 38.5 nmol$L–1 with a linear range of
35–185 nmol$L–1. This sensor has a relatively high level of
sensitivity considering it is based only on graphene [41].
Graphene nanosheets are used in such assemblies in

conjunction with other materials as hybrids coupled to
create nanosystems which exhibit enhanced sensitivity.
One such system uses a composite of graphene nanosheets
and polyaniline as a platform for PSA detection [42].
Polyaniline provides a conductive polymer to the nanos-
tructure, and it has an acid/base doping response, which
allows it to be used in biosensors [43]. The resulting
sensors utilizing this systems has a LOD of
3.3�10–17 mol$L–1 and a wide linear range of 1.0�10–16 to
1.0�10–8 mol$L–1, hence showing promise in applications
for PSA sensors.
Other sensors recently reported incorporate poly-L-

lactide nanopolymers embedded with graphene oxide
nanosystems that has been screen-printed onto a gold
electrode [44]. The effect of the poly-L-lactide was to
amplify the electrochemical signal once exposed to the
PSA antigen, in an effort to increase sensitivity of the
sensor. The resulting LOD was 1 ng$mL–1 towards PSA,
and although this does not perform as well compared to

Fig. 5 Field emission scanning electron microscope (FESEM) images of nano-spindles (a) 10 µm range, and (b) 1 µm range. Adapted
from Ref. [34]
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later discussed hybrid sensors which can display a LOD as
low as 3 pg$mL–1, this sensor is capable of dual detection
of another biomarker. This novel design has the capability
for detecting VEGF, as shown in Fig. 6, due to the use of a
gold electrode, this just goes to prove that application of
nanostructures to existing sensors can improve their
application capability.
Further research into reduced graphene oxide nanosys-

tems yields a sensor based on reduced graphene oxide
functionalized with iron oxydroxide (FeOOH), which is a
signal-on photoelectrochemical immunosensor for detect-
ing PSA [45]. Having FeOOH incorporated into the
reduced graphene oxide allows the system to become
photoactive, as the reduced graphene oxide acts as an
electron mediator greatly facilitates the electron transfer
from FeOOH to electrode under visible light [46].
Experimental results from this study show the sensor to
be effective at detecting PSA in the range of 1 pg$mL–1 to
100 ng$mL–1, an excellent performance range indicating its
prospect as a sensor for PSA.

3.3 Gold-graphene hybrid materials for biosensing

Alongside the main field of gold and graphene-based
sensors, research into alternative designs, especially hybrid
sensors, has become promising resulting in some very
novel and effective examples. The idea behind a hybrid
sensor is to gain the benefits of both sensor types and
reducing any problems in a synergistic manner generating
a more versatile sensor.
A study exhibiting a bare gold electrode against an

impedimetric aptasensor electrode consisting of gold
nanoparticles screen-printed onto a carbon ink electrode
highlights the significant increase in sensitivity of hybrid
sensors towards PSA. The bare gold electrode exhibited a

LOD of just 5 µg$mL–1 compared to the hybrid sensor’s
LOD of 1.95 ng$mL–1, indicating the superior detection
ability of the composite aptasensor. The hybrid sensor also
displayed high levels of selectivity, being able to
distinguish PSA from three relevant competitor proteins
found in this concentration range [47]. An example of such
a sensor is a sensitive electrochemical aptasensor making
use of a graphene electrode modified with gold nanopar-
ticles described by graphitized mesoporous carbon nano-
particles. This sensor is based on a signal-off method,
when the PSA aptamer captures the targeted PSA on the
electrode there is a decrease in the differential pulse
voltammetric signal of redox system indicating the
presence of the antigen. This gives a way to quantitatively
detect the PSA and in optimal conditions the PSA can be
detected in the range of 0.25–200 ng$mL–1, resulting in a
highly sensitive sensor. This high sensitivity is due to the
high amount of aptamer immobilized on the electrode
surface, achieved by use of a biotin-streptavidin system,
allowing not only a low detection limit but also a linear
detection range up to 200 ng$mL–1. The aptasensor was
successfully added to serum samples with results being
successfully obtained. This system could provide a
promising platform for a future PSA detection methodol-
ogy within a biosensor [48].
Other aptasensor has achieved an even higher sensitivity

towards PSA, having a LOD of just 3 pg$mL–1 and a wide
linear range of 6 pg$mL–1 to 30 ng$mL–1. Such an
improvement in sensitivity was achieved by fabricating a
nanostructured electrode out of functionally reduced
graphene oxide and applying gold nanoparticles to the
electrode’s surface before covalently immobilizing the
monoclonal anti-PSA antibody to the sensor. Tested on
human serum gave a recovery range of 97% to 110% with
a relative standard deviation of 3.88%, thus giving this

Fig. 6 Diagram showing dual capability of a sensor capable of detecting both vascular endothelial growth factor, of relevance in tumor
microenvironment targeting (VEGF) and PSA. Adapted from Ref. [44] with permission from Elsevier, copyright (2017)

Grant Perry et al. Detection and monitoring prostate specific antigen using nanotechnology 9



sensor great potential in diagnostic applications [49].
Nanotechnology approaches applied to the design of

bionanosensors for PSA detection also gave rise to three
dimensional electrochemical immunosensor [50], taking
the form of “crumpled” graphene balls decorated with gold
nanoparticles. Figure 7 shows the structure of this novel
structure imaged on the nanoscale (200 nm) using FESEM
and TEM. This preparation was achieved by aerosol
spray pyrolysis, and the unique sensor gives a LOD of
0.59 ng$mL–1 with a linear range of 0 ng$mL–1 to
10 ng$mL–1. While other sensors are more sensitive than
this novel example, this aptasensor represents the applica-
tion of alternative nanomaterial designs in creating an
effective PSA sensor.

3.4 Alternative sensor design for prostate cancer detection
approaches

Although gold-graphene hybrid aptasensors are proving to
be very effective in reducing LODs, research into sensors
based on other nanotechnology has given some novel
designs. Gold and graphene nano-structure systems have
been more widely investigated, however other nano-
systems based on other compounds or incorporating
different elements could surpass the current sensors design.
Graphene oxide has demonstrated to be an effective

synthetic scaffold layer for nanoparticle systems, as shown
by a PSA immunosensor which comprises of a reduced
graphene oxide electrode populated with silver nano-
particles [52]. The sensor displayed a wide linear response
range of 1.0–1000 ng$mL–1 and a low detection limit of
0.01 ng$mL–1, this compared to the best performing
graphene/gold aptasensor mentioned earlier [48] having a
LOD of 0.25 ng$mL–1. This could be due to the silver/
reduced graphene sensors exhibiting superior electrical

conductivity as the silver particles were anchored to the
reduced graphene oxide layer. This results in a very high
sensitivity when measuring PSAwhich combined with the
ability to modify the sensor for detecting other biomole-
cules provides the immunosensor with other potential
applications in clinical diagnosis of prostate cancer [52].
The sandwich format approach shows promise in the

biosensor design [33]. One novel silver nanoparticle-based
sensor that utilizes the sandwich design comprised a first
layer consisting of Pd-Ag heterodimers loaded on amino-
functionalized multiwalled carbon nanotubes employed as
labels of secondary antibodies. The other layer consisted of
gold nanoparticles employed for the immobilization of
primary antibodies [51]. Figure 8 shows the fabrication of
the sensor and application in sensing PSA by monitoring
the reduction of peroxide via cyclic voltammetry. The
sandwich design gives the aptasensor a linear range of
0.1 pg$mL–1 to 30 ng$mL–1 and a LOD of 0.03 pg$mL–1,
such high sensitivity originated due to the “sandwich” like
design compared to a direct method.
Other sensor based on reduced graphene oxide utilizes

biomarker laden Fe3O4 nanoparticles loaded onto the
graphene oxide nano-sheets [53]. This sensor shows
exceptional sensitivity, with a LOD of just 15 fg$mL–1

being one of the most sensitive sensors mentioned herein
[49]. This sensitivity is attributed to the ability of the
Fe3O4/graphene oxide nano-particles to catalyse a hydro-
gen peroxide reduction to detect PSA, once the biomarker
laden nanoparticles are captured by a second set of
antibodies grafted onto a reduced graphene oxide electrode
(Fig. 9). Additionally, the Fe3O4 nanoparticles serve the
dual function of magnetic analyte isolation and labels for
detection, meaning a low reagent cost. The reagent cost
was only $0.85 for a single 2-protein assay, which would
translate in affordable deployment in population [53].

Fig. 7 FESEM (a1, b1, c1) and TEM (a2, b2, c2) images of the crumpled GR-Au composites. Adapted from Ref. [50] with permission
from Elsevier, copyright (2015)
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An alternative sensor involved in the process of PSA
detection by a sandwich-type aptasensor also relies on the
catalytic H2O2 reduction giving a signal on electrochemi-
cal current (Fig. 10). This immunosensor shows a linear
concentration range of 50 fg$mL–1 to 40 ng$mL–1, with a
low detection limit of 16.6 fg$mL–1, showing this design
rivals other sensitive aptasensors [53].

3.5 PSA detection by optical methods

The use of optical methods of detection has led to the
development of many biosensors due to the attractive
advantages of this method such as direct, label free and real
time measurements with possibilities of quantification
[55].

Fig. 8 Diagram showing immunosensor fabrication and reaction process when exposed to PSA. Adapted from Ref. [51] with permission
from Elsevier, copyright (2016)

Fig. 9 PSA detection process with Fe3O4/graphene oxide nanoparticles. Adapted from Ref. [53] with permission from Elsevier,
copyright (2017)
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There are several methods of optical PSA detection such
as surface plasmon resonance (SPR), chemiluminescence,
electrochemiluminescence or fluorescence. SPR is the
method of choice for the study of many receptor— analyte
interactions for the possibility of miniaturization, label free
analysis, minimum amount of sample required or reusable
sample chips. SPR generally involves the immobilization
of a ligand in a metallic surface in which the analyte is
introduced in a fluidic setup. The binding of the analyte
produces surface plasmons that are detected by the change
in intensity and refractive index of a polarized light source
illuminated at the back of the detector in the interface of the
metallic/glass surface. The main disadvantage of SPR
biosensors might be the high detection limits so gold
nanoparticles [56,57], silver nanoprisms [58] or nanocom-
posites (MoS2QDs@g-C3N4@CS-AuNPs) [59] have been
employed in order to amplify the obtained signals in the
detection of PSA reaching limits of detection in the
ng$mL–1 [56,57,59] and fg$mL–1 respectively [58].
Electroluminescence (ECL) makes use of electrochemi-

cal energy to allow a fluorophore to access an excited state
which emits light in its decay. ECL presents a series of
advantages that makes it highly attractive for the

construction of biosensors such as the lack of a light
source which eliminates the presence of a background, the
low detection limits, stabilities of the systems used, the use
of simple instrumentation or the possibility of signal
enhancement by the use of nanoparticles. In addition, ECL
is considered more selective than chemiluminescence (CL)
as it can be controlled by the applied potential [60,61].
There are two commonly used ECL systems: one formed
by luminol and hydrogen peroxide and the the other
comprising Ru(bpy)3+ species and tripropylamine. In both
cases, the fluorophore is oxidized electrochemically in the
presence of the secondary reagent (Fig. 11) [61].
Nanomaterials have been applied to the detection of

PSA in ECL setups circumventing the need of chemical
systems due to the possibilities of nanoparticles to emit
when excited with an electrical current and providing
considerable enhancement of the signal and improvement
of limits of detection. Flower-like nano TiO2 was applied
as the luminescent material in a sandwich type immu-
noassay for the determination of PSA. The roughness of
the TiO2 nanoparticles helped to increase the ECL intensity
when compared to smooth NPs and allowed for the
detection of PSA to the pg$mL–1 level in spiked human

Fig. 10 Diagram showing process scheme of PSA detection for the novel sandwich-type aptasensor. Adapted from Ref. [54] with
permission from Elsevier, copyright (2017)

Fig. 11 Simplified ECL mechanism of (a) luminol and (b) Ru(bpy3)
2+
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serum samples [62]. In a similar fashion, a label free
method was developed based on silver nanoparticles doped
with Pb(II) incorporated into a metal cyclodextrin organic
framework with comparable limits of detection [63].
Quantum dots showed to be able to undergo emission
under ECL settings and in consequence they have been
applied to the construction of ECL PSA biosensors
[64,65].
The introduction of carbon nanomaterials, particularly

graphene, into biosensor research thanks to the advanta-
geous properties has also been applied to ECL devices in
combination with other nanomaterials. An “on-off”
switchable effect was achieved from the adsorption of
gold nanoparticles—CdS “flower” like nanohybrids
functionalized with PSA aptamers onto graphene sheets.
The aptasensors switched to the “on” state in the presence
of PSA showing good limits of detection and potential for
the detection of other targets of interest [66]. Other
nanohybrid structure containing graphene was formed by
the combination of titanium dioxide nanotubes infilled
with graphene quantum dots. The authors reported a
greater analytical performance of the nanohybrids com-
pared to the nanomaterials alone for the detection of PSA
in the sandwich immunoassay setup [67]. ECL aptasensors
based on the luminol ECL effect incorporated nanomater-
ials as a way of enhancing the output signal. Graphene
oxide-gold nanorod-glucose oxidase—DNA nanocompo-
sites were reported to show signal amplification over a
wide linear range for the detection of PSA [28].
The production of a fluorescent signal has also been

employed to develop PSA biosensors thanks to the high
sensitivity of fluorescent techniques and the development
of selective fluorescent tags and nanomaterials. Systems
based on gold and silica nanoparticles have been widely
explored due to ease in functionalization and low toxicity
of these materials.
The self-assembly of gold-upconversion-nanoparticle

pyramids with aptamers was studied for the detection of
PSA and thrombin by SERS and fluorescent detection [69].
The system provided ultrasensitive detection of the targets
and in the case of fluorescent detection a fluorescent
increase was observed in the presence of the target
molecule.
Silica nanospheres have been applied to aggregation-

induced emission nanosystems which resulted in a “turn-

on” effect after PSA recognition by the aptamer functio-
nalized surface [68]. The sensor demonstrated a LOD of
0.5 ng$mL–1 which is similar to gold nanoparticle based
sensors. Once the binding of the PSA aptamer to the target
PSA occurs, a rigid aptamer conformation is induced,
resulting in the release of the PSA aptamer away from the
surface of silica nanospheres. This made the aggregation-
induced emission molecules incorporated into the nano-
spheres aggregate on the spheres’ surface, giving a high
fluorescence emission (Fig. 12). This versatile design is
simple and highly selective towards PSA, giving it the
potential to be used in clinical or diagnostic applications.
Other “off-on” PSA biosensors rely on a Fe3O4@SiO2-

Au nanocomposite with a functionalized surface of
fluorescent 5-FAM peptides (Fig. 13) [70]. The nanocom-
posite was formed sequentially by encapsulating the
nanocubes of Fe3O4 into a silica particle followed by
attachment of gold nanoparticles and self-assembly of the
5-FAM peptides, quenched in the presence of the
composite. The “off-on” effect was achieved when the
peptidic layer was selectively cleaved in the presence of
PSA and the fluorescence was recovered.
The magnetic nature of the nanocomposite allowed for an

easy separation upon recognition of PSA to avoid any
undesired background signal. Silver nanoparticles have also
been encapsulated within silica layers to produce a
biosensing nanocomposite (Ag@SiO2@SiO2-[Ru(bpy)3]

2+

towards PSA [71]. In this case, an organic fluorophore
has been employed, taking advantage of the luminescent
enhancement provided by the interaction of the
[Ru(bpy)3]

2+ and the silver cores, the PSA selectivity was
achieved thanks to a PSA antibody and magnetic separation
was possible after analysis. A strategy in a similar fashion
but relying on the quenching of up-conversion nanoparticles
functionalized with anti-PSA antibodies in a sandwich type
immunoassay has been reported. The single particle
counting in a microscope setup allowed for PSA limits of
detection as low as 1 pmol$L–1 [72].
The use of quantum dots (QDs) has also proved popular

in the construction of PSA sensors, especially in setups
with other fluorophores by measuring of Förster resonance
energy transfer (FRET) interactions [73]. QDs present
many advantages beyond their tunable absorptions/emis-
sions for the preparation of this kind of assays such as low
LOD, multiplexing capability or ability to use body fluids

Fig. 12 Diagram showing process scheme of PSA detection giving a florescence emission. Adapted from Ref. [68] with permission
from Springer Nature, copyright (2017)
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without extensive sample treatment [74]. Quantum dots
have been labelled with antibodies in sandwich immu-
noassays and although detection has been reported by mass
spectrometry [75] or photoelectrochemically [76] the most
widespread detection method is fluorescence or FRET so
similar approaches have been applied to quantum dots
involving aptamers and antibodies for fluorescent PSA
detection. Sensitivity enhancements have been observed
by increasing the conjugation of antibodies to the QDs [77]
or by preparing compact conjugates with fragmented
antibodies (total hydrodynamic diameter of ca. 13 nm)
[78], achieving LODs below 1 ng$mL–1 in the latter. The
functionalization with dendrimers allows for a higher
loading ability and the immune-complex formed with PSA
could be analyzed by FRET [79], functionalization with
zwitterionic penicillamine allowed for aqueous phase
transfer [78], or the grafting onto a surface allowed for
sensing devices aimed to point-of-care purposes towards
PCa sensing investigations [80,81].
Alternative use of 2D materials such as graphene,

graphene oxide, or MoS2 have led to increased promise for
fluorescent detection of PSA, generally through a dye
quenching process or “on-off” process. MoS2 and other
Mo nanosheets (MoO3, MoS2, MoSe2) can be employed in
this way experiencing a “turn-on” process on binding of
the aptamer to the PSA target [19,82]. Graphene oxide
composites such as graphene oxide quantum dots@silver
nanocrystals or QD-aptamer GO nanocomposites were
employed in the same way for detection of PSA [83,84].

4 Overview and conclusions

Overall, gold nanoparticles and graphene nanostructures
represent the main components of nanotechnology towards
immunosensors for PSA. The introduction of both of these
nanomaterials or hybrid systems comprising a combination
of both allowed for the increase in versatility and
sensitivity when compared to traditional analytical meth-
ods, such as ELISA.
The current limit of detection that a gold sensor can

display a LOD are of ca. 10 pg$mL–1 while a hybrid system
combining gold nanoparticles and graphene nanosheets
manage to reach a LOD of 0.59 ng$mL–1. While gold and
graphene are effective materials for fabricating nanosys-
tems for biosensing of PSA, the best sensitivity discovered
by this report was exhibited by a sandwich-type electro-
chemical immunosensor based on gold loaded on thionine
functionalized graphene oxide and reduced graphene
oxide/graphitic carbon nitride loaded with PtCu bimetallic
hybrid nanoparticles. This displayed a LOD of just
16.6 fg$mL–1, by far the most sensitive sensor in this
report, and as such, designs similar to this should be the
focus of continued research.
Without question, immunosensors for detecting PSA

based on nanotechnology outperform the current clinical
tests for PSA. Most notably, the aptasensors with
nanostructures display a vast improvement in sensitivity
and specificity towards PSA when compared to conven-
tional test methods. These sensors eliminate the problems

Fig. 13 Diagram of peptide/MNCPs sensor for the fluorescent detection of PSA. Adapted from Ref. [70] with permission from Elsevier,
copyright (2018)
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faced by current tests, they are non-invasive, rapid and the
tests are simple enough to be performed by untrained
personnel in community settings and ‘GP’ centers.
Additionally, once the designs of such sensors are
optimized and validated, they appear to be rather simple
to fabricate on a commercial scale. Hence use of such
technology in clinical environments will not only
smoothen out the process of diagnosing prostate cancer,
but also make the whole process likely to benefit of patient
acceptability. Prostate cancer has been the focus of many
research groups from a variety of disciplines, and now with
the application of nanotechnology into the sensors’ design
and fabrication, scientists are a step closer to detecting
earlier this non-communicable disease. The applications
and mechanisms discovered by applying biosensing
principles to PSA detection will be able to be applied to
other diseases, including non-communicable diseases, and
hence combat other diseases with significant social and
economic benefit.
The difference in sensitivity is not necessarily the

deciding factor when it comes to selecting a design best
suited for a clinical application for detecting PSA.
Problems facing conventional tests are a severe lack in
specificity and reproducibility, leading to false results.
Reproducible and reliable results are what is required for
the clinical diagnostic application of a sensor, and this
concept is one of the reasons nanotechnology has been
researched for this application. The goal of being able to
monitor and detect prostate cancer more efficiently has
been considered for future work, the end goal ultimately
being the fabrication of a sensor, which can be deployed
into the general public. Giving the general population the
ability to monitor levels of PSA could allow for the process
of detecting and treating prostate cancer to become more
effective. This could increase the quality of prognoses of
prostate cancer diagnoses, and in turn improve the quality
of the life of all effected individuals.
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