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Glutaraldehyde functionalized reduced graphene
oxide based resistive sensors for detection
of PCA3
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Prostate cancer antigen 3 (PCA3) has emerged as a critical biomarker for the early detection of prostate

cancer, complementing the traditional prostate-specific antigen (PSA) testing. This research presents a

novel resistive sensor based on reduced graphene oxide (RGO) functionalized with glutaraldehyde

(GA)/complementary single-stranded DNA (ss-DNA) for the detection of the PCA3 RNA. The device was

meticulously characterized at each fabrication step to confirm the successful integration of the various

layers on the sensor device, utilizing atomic force microscopy (AFM) which confirmed the increase in

the thickness of the sensor from B1.4 nm (only RGO) to B25 nm for the RGO–GA/ss-DNA/PCA3

device. Field emission scanning electron microscopy exhibited a change in the surface morphology after

each step of device fabrication and testing. Fourier-transform infrared (FTIR) spectroscopy was

conducted to confirm the presence of functional groups in each component of the sensor. The

fabricated resistive sensor demonstrated mean response ranging from 1.203 to 59.44% for 0.1 to

100 ng mL�1 PCA3 RNA. Notably, the device exhibited stability over a period of two weeks and displayed

high selectivity for PCA3. The developed RGO–GA/ss-DNA/PCA3 sensor was tested with RNA extracted

from multiple prostate cancer cell lines and other cancer cell lines and demonstrated response only to

RNA extracted from LNCaP as it was the only cell line expression of PCA3. The findings from the

developed sensor were cross-validated with the observations of a semi quantitative polymerase chain

reaction (qPCR), and were found to be closely matched.

1. Introduction

The global burden of cancer is increasing at an alarming rate,
with prostate cancer ranking as the second most prevalent
cancer among men worldwide.1,2 According to a recent report
from the World Health Organization (WHO), approximately
1.4 million new cases and nearly 400 000 deaths from prostate
cancer were documented in 2022.3 While age remains the

predominant risk factor, early detection is crucial, as timely
intervention can significantly improve treatment outcomes.

The current screening methods primarily include digital rectal
examination (DRE) and the measurement of serum prostate-
specific antigen (PSA) levels. The identification of PSA as a biomar-
ker has revolutionized the diagnosis and prognosis of prostate
cancer. PSA is a protein secreted by prostate epithelial cells, and its
elevated serum levels (greater than 4 ng mL�1) have been strongly
correlated with malignancy.4 However, despite its utility, PSA lacks
specificity, as elevated levels may also occur in various non-
malignant conditions, including benign prostatic hyperplasia
(BPH), urinary tract infections (UTIs), and prostatitis. Furthermore,
in some cases, the growth of prostate tumors is slow and it remains
indolent, resulting in PSA levels that may not rise above the
diagnostic threshold.5 This complicates the clinical decision-
making. These limitations of PSA screening contribute to a sub-
stantial number of unnecessary biopsies, which are invasive and
painful. Additionally, the risk of false negatives can delay the
diagnosis of clinically significant cancers and subsequently, the
commencement of treatment, underscoring the pressing need for
more reliable biomarkers.
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Prostate cancer antigen 3 (PCA3) is a long noncoding
ribonucleic acid (lncRNA) consisting of 3922 nucleotides that
is significantly overexpressed in prostate cancer tissue.6,7 Nota-
bly, PCA3 demonstrates a high degree of specificity, showing no
correlation with other prostate related conditions like prostati-
tis or BPH. This specificity is particularly advantageous, as it
reduces the likelihood of false positives. Moreover, PCA3 can be
detected in urine, allowing for non-invasive sampling, which is
both convenient for patients and enhances compliance with
screening protocols.8,9 Recent studies have suggested that PCA3
may also provide additional insights into tumor aggressiveness and
may be used in conjunction with PSA levels to improve risk
stratification. The integration of PCA3 testing into clinical practice
could lead to more informed decision-making regarding the
necessity of biopsies and the management of prostate cancer.

The expression of RNAs is commonly assessed using poly-
merase chain reaction (PCR)-based methodologies due to their
high sensitivity, making them widely utilized in clinical settings
for RNA and DNA detection.10 In addition, techniques like
in situ hybridization, northern blot (NB) analysis, and mass
spectrometry (MS) are also employed to evaluate RNA expres-
sion levels.11,12 Most studies investigating RNA or DNA as a
biomarker rely on these established methods for quantifying
the nucleic acid expression. While these techniques demon-
strate considerable sensitivity, they typically necessitate
advanced laboratory equipment, intricate protocols, and spe-
cialized expertise for sample handling, characterization, and
analysis. Additionally, they often require substantial sample
volumes (in the range of hundreds of microliters) and can take
several hours to yield results. These limitations may discourage
patients from undergoing testing during the early manifesta-
tion of symptoms, thereby impeding timely diagnosis.

The development of portable sensors that are user-friendly,
require smaller sample volumes, provide rapid results, and are
cost-effective could significantly alleviate these challenges.
Electrochemical sensors have emerged as a promising alter-
native to conventional detection methods for RNA and nucleic
acids, primarily due to their portability and potential for real-
time monitoring.4,13,14 For example, Soares et al. have devel-
oped an electrochemical and impedance-based biosensors
for the detection of PCA3.8 The authors employed a PCA3-
complementary single-stranded DNA (ss-DNA) probe, immobi-
lized on a layer of chitosan and carbon nanotubes to detect as
low as 0.128 nM L�1 PCA3 RNA. Though electrochemical
sensors are highly accurate, they suffer from poor shelf-lives.
In addition to electrochemical sensors, field-effect transistor
(FET)-based sensors represent an emerging alternative to tradi-
tional RNA detection methods.15 Tian et al. developed a
graphene-based FET sensor incorporating 1-pyrenebutanoic
acid succinimidyl ester (PBASE) for RNA detection.16 Similarly,
Wang et al. created graphene-based solution-gated FETs
(G-SGFETs) for DNA detection.17 These FET sensors exploit
the high electron mobility of graphene, allowing for rapid
and sensitive detection of nucleic acids. While FET sensors
offer high sensitivity and compactness, their fabrication often
requires sophisticated and costly cleanroom facilities.

Many of the aforementioned methods rely on optical and
electronic signals generated from the hybridization of ss-
DNA and RNA. The alteration in charge distribution asso-
ciated with ss-DNA/RNA hybridization can be quantitatively
measured using resistive sensors, which operate by indu-
cing changes in electrical resistance of the sensors resulting
from bio-reactive interactions between ss-DNA and RNA.18

These sensors can be fabricated using simpler and more
cost-effective methods, possess longer shelf lives, and can
be made portable. Each device typically comprises three
essential components: (a) a bioreceptor, which in the case
of RNAs, is carefully designed ss-DNA, (b) a transducer
layer, which serves to anchor the ss-DNA without inhibiting
its bio-reactivity and converts the biological interactions
into electronic signals, and (c) a signal measurement
unit.

The transducer layer plays a crucial role and can be made
from materials with high carrier mobility to effectively transfer
changes in charge density, as well as possessing ample func-
tional groups for ss-DNA anchoring. Reduced graphene oxide
(RGO) is a two-dimensional carbon nanomaterial known for its
exceptional electronic properties, with functional groups pre-
sent on its basal planes and edges, allowing for effective
interaction with biomolecules.19 RGO has been successfully
utilized as a transducer layer in various biosensor applications,
including resistive sensors, owing to its promising character-
istics, such as high surface area, higher carrier mobilities, and
conductivity. However, the functional groups on RGO may
sometimes be insufficient to anchor an adequate number of
probes. One potential solution is the incorporation of gold
nanoparticles, which are biocompatible and can facilitate ss-
DNA anchoring through coordination chemistry, enabling
stronger interactions with the ss-DNA probes.18 Nevertheless,
the cost of gold nanoparticles may limit their widespread
application in low-resource settings. As an alternative, organic
compounds featuring the desired functional groups could serve
as a more economical option compared to gold nanoparticles.
For instance, compounds with carboxyl, amine, or thiol groups
can provide effective anchoring sites for ss-DNA, thereby
enhancing sensor performance while maintaining cost-
effectiveness. Recent advancements in hybrid composites of
nanomaterials combining RGO with other nanostructures have
shown promise in improving sensor sensitivity and specificity.
These materials can enhance electron transfer rates and
increase the overall binding capacity for target nucleic
acids, further advancing the field of portable nucleic acid
detection.

This research reports the development of 2-port resistive
sensor devices using RGO and glutaraldehyde (GA) for detec-
tion of a wide range of concentrations (0.1 to 100 ng mL�1) of
PCA3. GA is an aldehyde which covalently binds with
amine.17,20,21 A judiciously designed ss-DNA probe terminated
with an amine group was used as the receptor to bind with
PCA3 RNA. The developed sensors were tested with RNA
extracted from different cancer cell lines. The detailed findings
are discussed in the subsequent sections.
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2. Materials and methods
2.1. Material synthesis

Indium tin oxide (ITO)-coated glasses with sheet resistivity
30–60 per sq. were purchased from Sigma Aldrich (703184).
HPLC water and all the other chemicals were purchased from
Sigma Aldrich and were used without any further purifi-
cation. Graphene oxide (GO) was synthesized using modified
Hummers’ method as per one of our earlier reports.22

2.2. Fabrication of the biosensor

ITO-coated glasses were used as substrates for the resistive
sensors. The conducting ITO electrodes were defined on the
two edges of the substrate by selectively etching B1 mm wide
ITO from the middle of the substrate using a mixture compris-
ing 36% hydrochloric acid (HCl) and deionized (DI) water in a
4 : 1 ratio. Next, the exposed ITO/glass surfaces were coated with
GO–GA and left to dry at 200 1C for variable durations,
optimizing the reduction of GO–GA such that the baseline
resistance of the device ranges within 10 � 3 kO. GA functioned
as binding sites for single-stranded DNA (ssDNA). The ss-DNA
([AmC6] TTTTTTTCCCAGGGATCTCTGTGCTTCC) was designed
and synthesized at Eurofins Genomics India labs. 5 mL volume
of 9 ng mL�1 concentration of the designed ss-DNA probe was
coated onto the RGO–GA, followed by heating the device at
50 1C for varying durations (10/30/45/60 minutes). After the
initial binding, the samples were washed with HPLC grade
water to remove the unbound ss-DNA molecules. For the
biomarker detection, the hybridization of RNA/DNA was facili-
tated by dropping 5 mL of the required concentration of
PCA3 (GGAAGCACAGAGATCCCTGGG, synthesized at Eurofins
Genomics India) on the RGO–GA/ss-DNA sensors. Subse-
quently, the device was heated at 50 1C for varied durations
(10/30/45 minutes), followed by washing with HPLC water to
eliminate any unbound PCA3 RNA. This step minimizes the
non-specific signals emerging from the sensors. The binding

temperature was chosen the same as the melting temperature
of PCA3 (50 1C). The steps of the biosensor fabrication are
shown schematically in Fig. 1.

2.3. Material and device characterization

The surface morphologies of the samples were analysed using a
Carl Zeiss Gemini 300 field emission scanning electron micro-
scope (FESEM). The presence of RGO–GA, probe and target
were confirmed through an Oxford energy dispersive spectro-
meter (EDS), which was integrated with the FESEM. The bind-
ing of various elements within the sensing layer of the device
was cross-validated using an Agilent Cary 5000 UV-vis-NIR
spectrophotometer. A Park System NX10 atomic force micro-
scope (AFM) was employed to obtain the thickness profile of the
GO flakes, and efforts were made to capture images of the
immobilized probe and target which determine the thickness
of the layers using AFM. A Keithley Data Acquisition Unit
(DAQ6510) was used to measure the change in sensor
resistances.

2.4. RNA extraction and analysis using semi-quantitative RT-
PCR

The expression of PCA3 in five cancer cell lines (LNCaP, PC3,
T47D, DU145 and A549) was analysed using semi-quantitative
RT-PCR. RNA was extracted from the cell lines using RNAiso
Plus (Takara, #9108Q) following the manufacturer’s protocol.
Cells in RNAiso Plus were treated with 100 mL of chloroform,
mixed vigorously, and incubated for 5 minutes. The samples
were then centrifuged at 13 000g for 15 minutes, and the top
aqueous layer was carefully transferred to a new tube. Next,
250 mL of isopropanol was added, mixed, and incubated for
10 minutes. The samples were centrifuged for 10 minutes, and
the RNA pellet was washed with 75% ethanol which was then
air dried.

Fig. 1 Fabrication steps and working of the PCA3 RNA biosensor.
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After quantifying the RNA, reverse transcription was carried
out using the Prime Scriptt RT reagent Kit (Takara, #RR037A),
and the resulting cDNA was diluted to a concentration of
10 ng mL�1. Semi-quantitative RT-PCR was then performed
using Emerald Amp GT PCR Master Mix (Takara, #RR310).
A thermal cycler was used in synthesis and conditions were
set as follows: 95 1C for 3 minutes, 60 1C for 1 minute, and 72 1C
for 30 seconds. After 32 cycles for PCA3 amplification and 25
cycles for TPT1, the reactions were incubated at 72 1C for 10
minutes, followed by cooling at 4 1C.

2.5. Urine sample collection and processing

The urine samples of the patients reporting with preliminary
symptoms and histologically confirmed prostate cancer at
KLE’s Dr Prabhakar Kore Hospital & Medical Research Centre,
Belagavi, India were collected after acquiring the informed
consents from the patients. Voided urine specimens were
collected from 2 subjects undergoing treatment for castrate
resistant prostate cancer (CRPCa). Urine specimens (30–50 mL)
were centrifuged at 700g for 10 min and urinary sediments were
washed with ice-cold PBS buffer before being centrifuged again
under the same conditions. The supernatant collected was
subject to biosensor testing.23 The collected samples were

directly drop casted on RGO–GA/ss-DNA devices and their
PCA3 concentrations were evaluated. The PCA3 levels as found
using the resistive sensors were validated using semi quantita-
tive PCR. For semiquantitative PCR, all the steps mentioned in
Section 2.4 were followed.

3. Results and discussion
3.1. Material characterization

The morphologies of the sensor device at each step were
observed using FESEM. The RGO/GA-coated device when ana-
lysed under the electron microscope, revealed irregular, large,
crumbled, and wrinkled sheets of RGO with lateral dimensions
reaching a few microns and clusters of bead-like GA, confirm-
ing the presence of both RGO and GA (Fig. 2(a)). The EDS
spectrum of RGO–GA demonstrates the presence of only carbon
and oxygen which are attributed to sp2 hybridized carbon
atoms and the associated functional groups from RGO and
also to the organic compound (Fig. 2(b)). In the RGO–GA/ss-
DNA coated device, thicker crumpled sheets of ss-DNA above
RGO–GA were visible (Fig. 2(c)). This image was captured
following multiple washing steps to ensure the proper immo-
bilization of the ss-DNA on the base transport layer. Also, no

Fig. 2 FESEM images of (a) RGO–GA coated on ITO coated glass, (c) RGO–GA/ssDNA, and (e) RGO–GA/ssDNA/PCA3 device; EDS spectra of (b) RGO,
(d) RGO–GA/ssDNA, and (f) RGO–GA/ssDNA/PCA3; and (g) AFM image and thickness profile of RGO–GA, (h) AFM image and thickness profile of
RGO–GA/ssDNA, and (i) AFM image and thickness profile of RGO–GA/ss-DNA/PCA3.
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spherical GA could be seen in RGO–GA/ssDNA devices or the
devices acquired in subsequent steps. This is because the
ssDNA anchored on GA covering them completely. The
ss-DNA was modified with an amine group, which was con-
firmed by the EDS spectrum of the RGO–GA/ss-DNA sample
which shows the coexistence of carbon and oxygen from RGO,
GA, and ss-DNA and nitrogen from the amine-terminated ss-
DNA (Fig. 2(d)). Notably, the nitrogen peak was absent in the
RGO–GA sample. Not only, nitrogen was captured in the RGO–
GA/ss-DNA but also the carbon and oxygen content increased
slightly in Fig. 2(d), perhaps due to the introduction of ssDNA
in the device. The nitrogen weightage in the EDS spectrum of
the RGO–GA/ss-DNA/PCA3 device increased to 2.5% from 1.8%
confirming the presence of N in the RNA too (Fig. 2(f)). As GO is
a 2D material and was synthesized following a top-down
approach, it was necessary to ascertain the efficacy of the
exfoliation. This was done by assessing the thickness of
RGO–GA using AFM. The thickness of RGO–GA was found to
range between 1–2 nm indicating the presence of mono to a few
layers of RGO–GA (Fig. 2(g)). The thickness of the RGO–GA/ss-
DNA was found to range from 15–20 nm confirming the
attachment of ss-DNA to the transducer layer (Fig. 2(h)).
Furthermore, the thickness of the RGO–GA/ss-DNA/PCA3 was
found further increase by B25 nm (Fig. 2(i)). This ensured the
hybridization of the probe with the target.

The absorption characteristics of the device at different
stages were studied using UV-visible absorption spectroscopy.
The sharp absorption peak seen at 226 nm in Fig. 3(a) shows
p–p* transition of aromatic C–C bonds in GO with a shoulder
peak at 310 nm due to n–p* transition CQO. The p–p* transi-
tion remains the same in all other samples. Also, absorption
peaks around 307 nm and at 342 nm could be seen in the case
of the RGO–GA/ss-DNA sample with a broader and stronger
band (Fig. 3(a)).

The absorption intensities increased significantly after the
probe/target hybridization. FTIR spectra of the sensors at
different stages of fabrication were acquired to ensure the
presence of each added material in the developed sensor. The
green plot in Fig. 3(b) represents the dominant peaks present in
GO at 3400, 2927, 1720, 1619, 1224 and 1080 cm�1 indicating
the presence of hydroxyl, carbonyl, carboxyl, and epoxide in the
synthesized GO. In the RGO–GA spectrum, similar peaks to

those observed for GO were observed (Fig. 3(b)) signifying the
presence of the same peaks. The N–H peak intensity was
observed to increase after the PCA3 target bound to the sensor
device, as shown in Fig. 3(c).

3.2. Biosensor characterization

To evaluate the capabilities of the developed biosensors, they
were to be tested with various concentrations of PCA3 RNA. The
resistance across the RGO–GA/ss-DNA device was measured
and recorded as the baseline resistance, Rss-DNA. As soon as a
specific concentration of PCA3 was introduced to the sensor the
resistance of the device was observed to increase to RPCA3. The
sensor’s response was calculated using the formula in eqn (1)

Response %ð Þ ¼ RPCA3 � Rss�DNA

Rss�DNA
� 100 (1)

To the best of the authors’ knowledge, RGO–GA has never
been employed as a transducer layer for detection of PCA3.
Hence, before the biosensors could be tested with different
concentrations of PCA3, it was necessary to optimize multiple
parameters of the material to get the highest response to the
target RNA. Firstly, to optimize and achieve the efficient immo-
bilization of ss-DNA on RGO–GA, various concentrations of GA
were mixed with RGO ranging from 0.2–2% while maintaining
a constant ss-DNA concentration of 9 ng mL�1. This exercise
aimed at determining the optimal concentration of glutaralde-
hyde (GA) required to be present at the sensor surface, ensuring
anchoring of adequate ss-DNA to respond to the highest con-
centrations of PCA3. Fig. 4(a) illustrates the comparative
response of multiple sensor devices to 50 ng mL�1 PCA3. It
was noted that the percentage of GA had an impact on the
performance of the biosensors and the response of the device
was found to be highest for 1% GA (Fig. 4(a)). This perhaps
happened because with an increase in the concentration of GA,
the attachment site increased thereby, anchoring more ss-DNA
till 1% GA. When the concentration of the organic compound
increased further, perhaps it started agglomerating owing to a
very high concentration. This would have led to loss in the
available attachment sites for the probes which subsequently
resulted into a poorer response to the RNA. Another reason that
could have possibly led to a decrease in the response of
RGO–GA/ss-DNA devices to PCA3 with an increase in GA%

Fig. 3 (a) UV-visible spectra of GO, RGO–GA, RGO–GA/ss-DNA probe and RGO–GA/ssDNA probe/PCA3 RNA (b) and (c) FTIR spectra of (b) GO and
RGO–GA (c) RGO–GA/ss-DNA and RGO–GA/ss-DNA/PCA3.
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beyond 1% is GA is insulating in nature. The change in the
charge due to hybridization of ss-DNA and RNA needs to be
transferred to the measuring device. This task is accomplished by
the semiconducting RGO present in the transducer layer. How-
ever, with a high concentration of GA (2%), the continuity of the
RGO layer may have been disturbed which might have prohibited
the carrier mobility of the transport layer ultimately leading to a
reduced response. The next parameter to be optimized was the
binding temperature of the ss-DNA of RGO–GA. This was done by
following all the fabrication steps but by varying the incubation
temperature from 25 (room temperature) to 70 1C and testing the
devices for 50 ng mL�1 PCA3.

It was found that heating the probe at 50 1C results in the
best immobilization of the probe as the response of the
biosensors was found to be highest for the devices fabricated
by heating the probes on RGO–GA at that temperature
(Fig. 4(b)). The next key parameters to optimize were the
binding times of ss-DNA and the RNA. For binding resulting
into the highest response towards PCA3, three devices for each
duration were heated at 50 1C for 10–60 minutes. It was
observed that the device’s response reduced when heated for
longer than 45 minutes (Fig. 4(c)). Similarly, DNA/RNA hybri-
dization was performed by heating the sensors at 50 1C for 10,

30, and 45 minutes, with both sets of experiments yielding
nearly highest responses for 45 minutes (Fig. 4(d)). As a result,
subsequent device fabrication involved heating them for
45 minutes each after introducing ss-DNA and PCA3 onto the
devices.

After the different parameters related to the transducer layer
and process steps were optimized, the developed RGO–GA/ss-
DNA devices were tested over a wide range of concentrations
(0.1–100 ng mL�1). For each concentration, multiple devices
(3 to 5) were assessed, showing mean responses from 1.203% to
59.44% for PCA3 levels of 0.1 ng mL�1 to 100 ng mL�1

(Fig. 5(a)). The limit of detection of the device was calculated
using the formula below

LOD ¼ 3� Standard deviation of blank sample sð Þ
slope of the response plot

The LOD of the sensors was found to be 0.014 ng mL�1,
where the standard deviation (s) value was 0.51316 and the
slope (m) was 72.60345 as seen in Fig. 5(b). Fig. 5(b) also
indicates that the responses of the developed sensors were
found to increase linearly as the concentration of the RNA
increased. As it is not possible to fabricate the device afresh

Fig. 4 (a) Response of RGO–GA/ssDNA sensors (3 devices each) to 50 ng mL�1 PCA3 for varying percentage of GA, (b) by varying the temperature of
incubation from 25 1C to 70 1C, and (c) change in resistance of the RGO–GA/ss-DNA devices after heating the same at 50 1C for four different durations
(10–60 minutes). (d) Response of RGO–GA/ss-DNA sensors for 50 ng mL�1 PCA3 bound on the devices for 10, 30 and 45 minutes.
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before testing the samples in the real-time, it was necessary to
find the lifetime of the developed devices. This was ascertained
by fabricating multiple devices and testing them across weeks.
A total of 9 devices were fabricated and 3 of them were tested
with 50 ng mL�1 on the same day they were fabricated and the
remaining devices were stored at room temperature in an
evacuated desiccator. These devices were tested in the subse-
quent two weeks and the responses of the devices were
recorded. The mean response of the fresh set of devices was
found to be B24% while the responses of the sensors in the

subsequent two weeks were found to slightly reduce to B20%
indicating good stability of the device (Fig. 5(c)). For practical
application, the sensors would need to directly interact with
RNA present in patients’ urine or serum. Given that human
urine is highly saline and both urine and serum contain
multitudes of RNAs, ensuring the sensor’s selectivity for PCA3
becomes essential. To evaluate this, the RGO–GA/ss-DNA sen-
sors were tested with various samples, including PCA3 negative
control (NC, CTAATGTCCTTCCCTCACAAGCG), RNA extracted
from a lung cancer cell line (A549 LUAD), a breast cancer cell

Fig. 5 (a) Response of RGO–GA/ssDNA sensors (3 devices each) for different concentrations varying from 0.1–100 ng mL�1 PCA3, (b) exponentially
fitted curve of the response plot, and (c) stability of RGO–GA/ssDNA sensors tested up to the 2nd week using 50 ng mL�1 PCA3. (d) Selectivity test results
of RGO–GA/ssDNA sensors. (e) Semi quantitative PCR results using different cancer cell lines.
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line (T47D), and three prostate cancer cell lines LNCaP, PC3,
and DU145. Among these, only the LNCaP cell line expresses
PCA3 RNA, and hence, no PCA3 signal was expected from the
other samples. As shown in Fig. 5(d), the sensors exhibited the
highest response (B20%) to RNA extracted from LNCaP, suc-
cessfully indicating the presence of 50 ng mL�1 PCA3 in the
cancer cell. For other cell line and the NC sample, the mean
responses of the RGO–GA/ss-DNA sensor were found to be very
low. This confirms the sensor’s high selectivity for PCA3. The
expressions of PCA3 in five tested cancer cell lines were also
evaluated using semi quantitative PCR (qPCR), a widely used
commercial technique for RNA/DNA detection. As shown in
Fig. 5(e), the LNCaP cell line exhibited the highest PCA3
expression compared to A549 LUAD, T47D, DU145, and PC3
as was expected. These results aligned perfectly with the find-
ings from the developed portable, label-free, and easy-to-use
resistive sensor. Not only the developed resistive sensors were
found to be highly sensitive and selective towards PCA3, the
performance of the devices was also found to be comparable
and, in some cases, better than the recently reported works on
PCA3 detection (Table 1).

Finally, the developed RGO–GA/ss-DNA sensors were tested
with urine samples of two patients and the device expressed the
presence of greater than 50 ng mL�1 PCA3 in one case and a
concentration of 50 ng mL�1 of another sample, as shown in
Fig. 6(a). The findings with the developed sensors were cross

validated with qPCR in which the expression of PCA3 in the
standard 50 ng mL�1 PCA3 sample (labelled as positive control)
and in the clinical samples was checked (Fig. 6(b)). The
presence of PCA3 was clearly indicated in the PCR results as
well which aligned with the observations with the developed
sensors greatly.

3.4. Sensing mechanism

RGO is a p-type semiconductor, and acted as the base transport
layer of the developed sensor devices.19 GA is an organic
molecule with two aldehyde groups that allow it to cross-link
biomolecules such as proteins, nucleic acids, or other biologi-
cal recognition elements onto various base layers, in this case,
RGO.17 The aldehydes present in GA form stable covalent bonds
with amine groups (–NH2) with which the ss-DNA probe was
terminated, enabling the latter’s immobilization on the sensor
surface. The ss-DNA is a charged biomolecule which imparts
electrons to the p-type RGO thereby resulting in a resistance
increase of the semiconducting carbon nanomaterial.18 Next,
when the PCA3 RNA interacts with the bioreceptor, in this case,
the ss-DNA, the overall charge density changes due to the
hybridization of RNA/DNA. Mostly, the hybridization results
in transferring more negative charges to the base layer which
increases the resistance of RGO even further as seen in a
schematic diagram of the sensing mechanism in Fig. 7. This
change in the resistance of the base transport layer is

Fig. 6 (a) Response of RGO–GA/ssDNA sensors for urine samples (b) and semi quantitative PCR results with urine samples and 50 ng mL�1

PCA3 positive control.

Table 1 Comparison table of existing sensors

S. no. Type of sensor Materials used Dynamic range Limit of detection (LOD) Ref.

1 Electrochemical and
impedance sensor

CHT/CNT/ssDNA/PCA3 10�6 to 10�16 mol L�1. 0.128 nmol L�1

and 1.42 nmol L�1
8

2 Electrochemical sensor Cu-MOFs nano sheet/
BiVO4 nano rod

0.1 pM to nM 0.02 fM 24

3 DNA-EGFET sensor Au/PANI/ssDNA 1 pmol L�1 to 1 mol L�1 9.77 pmol L�1 25
4 G-FET sensor Graphene/PBASE/probe DNA/RNA 100 aM to 1 pM for

DNA probe-modified
G-FET

100 aM 26

5 MoS2-FET sensor SiO2/MoS2/PASE/PMO probe/DNA 10 fM to 1 nM 6 fM 27
6 Resistive biosensor RGO/AuNPs/ssDNA/PCA3 0.1–100 ng mL�1 18
7 RNA biosensor RGO/GA/ssDNA/PCA3 0.1–100 ng mL�1

(15.37 pM–15.37 nM)
0.014 ng mL�1

(2.172 pM)
This work
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proportional to the amount of PCA3 interacting with the
bioreceptor. Hence, the extent of increase in RGO resistance
as recorded by the DAQ indicates precisely the concentration of
the PCA3 bound to the sensor device.

4. Conclusion

This work presents a simple and highly selective PCA3 RNA
sensor. The RGO–GA/ss-DNA (9 ng mL�1) sensors were tested
for PCA3 concentrations from 0.1 to 100 ng mL�1, showing a
mean response ranging from 1.203% to 59.44%. The wt% of GA
was optimized by preparing the sensors with GA varying from
0.2 to 2%. The devices with 1% GA in the RGO–GA composite
were found to exhibit the highest response as compared to
PCA3. Similarly, the binding temperature of ss-DNA and the
hybridization temperature of PCA3 on ss-DNA were optimized
by heating the devices at three temperatures ranging from
room temperature to 70 1C and found to have best binding/
hybridization at 50 1C. Next, the binding times were also
optimized and found to be of 45 minutes. The sensor exhibited
excellent selectivity for PCA3 RNA, distinguishing it from
negative controls and RNA samples extracted from not only
lung and breast cancer cell lines but also from PC3 and DU145,
which are prostate cancer cell lines but do not strongly express
PCA3 RNA. These results were validated with the results of
qPCR, a standard clinical method for RNA detection. The
limit of detection of the developed sensor was found to be
0.014 ng mL�1. It is believed that this investigation would lead
to a simpler, portable, and efficient method for detecting PCA3
which in turn is expected to lead to improved and early
diagnosis of prostate cancer, potentially minimizing unneces-
sary prostate biopsies.
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