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Abstract: The electrochemical label-free aptamer-based biosensors (also known as aptasensors) are
highly suitable for point-of-care applications. The well-established C-MEMS (carbon microelectrome-
chanical systems) platforms have distinguishing features which are highly suitable for biosensing
applications such as low background noise, high capacitance, high stability when exposed to different
physical/chemical treatments, biocompatibility, and good electrical conductivity. This study investi-
gates the integration of bipolar exfoliated (BPE) reduced graphene oxide (rGO) with 3D C-MEMS
microelectrodes for developing PDGF-BB (platelet-derived growth factor-BB) label-free aptasensors.
A simple setup has been used for exfoliation, reduction, and deposition of rGO on the 3D C-MEMS
microelectrodes based on the principle of bipolar electrochemistry of graphite in deionized water. The
electrochemical bipolar exfoliation of rGO resolves the drawbacks of commonly applied methods for
synthesis and deposition of rGO, such as requiring complicated and costly processes, excessive use
of harsh chemicals, and complex subsequent deposition procedures. The PDGF-BB affinity aptamers
were covalently immobilized by binding amino-tag terminated aptamers and rGO surfaces. The
turn-off sensing strategy was implemented by measuring the areal capacitance from CV plots. The
aptasensor showed a wide linear range of 1 pM–10 nM, high sensitivity of 3.09 mF cm−2 Logc−1

(unit of c, pM), and a low detection limit of 0.75 pM. This study demonstrated the successful and
novel in-situ deposition of BPE-rGO on 3D C-MEMS microelectrodes. Considering the BPE tech-
nique’s simplicity and efficiency, along with the high potential of C-MEMS technology, this novel
procedure is highly promising for developing high-performance graphene-based viable lab-on-chip
and point-of-care cancer diagnosis technologies.

Keywords: carbon; C-MEMS; graphene; bipolar exfoliation; cancer; aptamer; biosensor; label-free

1. Introduction

The recent COVID-19 pandemic showed the importance of fast and on-site detection of
pathogens in preventing and helping infected patients. The point-of-care (POC) biosensor
can be used for fast and reliable detection of different pathogens and biomarkers on-site
of patients. Likewise, the POC biosensors can be a powerful tool for early diagnosis
and monitoring cancer disease patients. The largest benefit of POC sensing compared to
conventional laboratory-based testing is that it can be done rapidly and be performed by
clinical personnel who are not trained in clinical laboratory sciences. POC test results can
provide a physician—and other clinical personnel—with answers that can quickly help
determine a course of action or treatment for a patient [1,2]. Cancer diseases are among the
main reasons for human death, and they kill millions of people every year [3]. The high
fatality of most cancer diseases can be associated with the late diagnosis of these diseases,
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since the cancer patients show no physical symptoms until the late stages of the disease;
however, the levels of associated cancer biomarkers change in early stages, which can be
used for early diagnosis [4,5]. Among the discovered cancer biomarkers, platelet-derived
growth factor-BB (PDGF-BB) is recognized to play a significant role in the growth and
metastasis of several solid malignant tumors (e.g., breast [6], pancreatic [7], prostate [8],
ovarian [9], and liver [10]), and its levels in the blood increase under the influence of the
cancer diseases [11]. Hence, developing a POC biosensor for early diagnosis and monitoring
the levels of PDGF-BB can be an immense help to many patients with cancer-associated
solid tumors.

Electrochemical sensing is a highly suitable candidate for POC biosensing because
of the possibility of label-free detection and miniaturization of electrochemical systems.
Aptamer-based biosensors (also known as aptasensors) are a well-known type of electro-
chemical sensor in which aptamers are used for the detection of the bio targets (e.g., cancer
biomarkers) [12,13]. Aptamers can provide several advantages over the other detection
methods (e.g., enzymatic and immunosensing), including the high yield of fabrication, ease
of manipulation (e.g., immobilization), low cost of synthesis, and high affinity and selectiv-
ity [4,14]. The suitability of electrochemical aptasensors for POC biosensing can be further
explained by the fact that the cost of fabrication and operation can be considerably reduced.
For instance, deploying novel synthesis techniques such as bipolar exfoliation can reduce
the cost of fabrication [15–18]. Moreover, label-free electrochemical detection can reduce
the cost of operation and blood sample consumption by requiring relatively simple sample
preparation [19–22]; although, the performance of the proposed label-free electrochemical
aptasensors (e.g., dynamic range, selectivity, and sensitivity) lags the performance of other
sensing techniques such as optical and labeled aptasensors, which indicates the necessity
of additional improvements.

Carbon-based microelectrochemical devices (C-MEMS) can be highly suitable for label-
free electrochemical aptasensors. This class of carbon-based microdevices offers glass-like
carbon’s unique features while providing a wide range of sizes (sub-micron to several
microns) and various structures (e.g., 3-dimensional (3D) micropillars, nanowires, mi-
croneedles) [23]. The convenient features of glass-like carbon for label-free electrochemical
biosensing include but are not limited to accessible surface modifications (e.g., increasing
carboxyl groups sites for covalent immobilization of aptamers), a wide range of electro-
chemical stability (e.g., large voltage window and resilient toward corrosive agents), low
background noise resulted from high conductivity and capacitance, and high tolerance
against biofouling phenomenon [24–27]. One of the well-established techniques to fabricate
C-MEMS devices is to synthesize glass-like carbon materials from SU-8 photoresist. This
well-known and vastly investigated technique converts the developed SU-8 devices to
glassy-carbon devices during a high-temperature treatment (typically between 800 ◦C to
1100 ◦C) in an oxygen-free environment. The synthesis parameters such as the heating
ramp, the composition and the flow rate of the inert gas, and the final temperature can
affect the properties of the developed C-MEMS-based devices. These parameters can be
exploited to match better the intended application (e.g., tuning the pore size, shrinkage
percentage, and percentage of carbon in the final product) [23,28]. Furthermore, C-MEMS
technology enables manageable geometry manipulations in which they can be used to
increase the physical surface area of the electrode (e.g., fabricating highly dense 3D mi-
cropillars). Increasing the physical surface area is an important aspect of developing every
electrochemical biosensor type [3,24].

Graphene is a well-known 2-dimensional (2D) material in biosensing because of its
unique properties, which can considerably enhance the performance of the developed
biosensor [29]. Providing large surface area, high charge mobility, and eccentric super-
conductivity of graphene made this material a potent candidate for the development of
biosensors [30,31]. However, some limitations exist in traditional graphene synthesis and
implantation techniques, which can hinder the development of mass-producible POC
biosensors. The issues such as huge variations of graphene contents in commercial prod-
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ucts [32], the burdensome and toxic procedures of synthesis of graphene and reduced
graphene oxide (rGO) [33], the complex and lengthy process of functionalization and
deposition of graphene [34,35] can be considered as the limitations of traditional tech-
niques. These issues can be effectively addressed by using novel bipolar exfoliation (BPE)
of graphene technique. BPE is an environmentally friendly technique that can exfoliate,
reduce, and deposit rGO on the desired electrode. Besides, Khakpour et al. have established
that the BPE-rGO has vertically aligned morphology, eradicating the need to use spacers
such as carbon nanotubes to prevent the aggregation of graphene nanoflakes [36,37].

This study investigated the in-situ integration of bipolar exfoliated rGO (BPE-rGO) on
three-dimensional (3D) C-MEMS microelectrodes for the first time. This research aimed to
explore the compatibility of the BPE technique with C-MEMS technology. Hence, the 3D
C-MEMS microelectrodes were used as negative feeding electrodes in a BPE cell, and the
deposition uniformity was investigated via scanning electron microscopy (SEM). Cancer ap-
tasensors were developed based on the covalently immobilized amino-terminated ssDNA
aptamers on the surface of the 3D C-MEMS microelectrodes decorated with BPE-rGO to
explore the suitability of this novel electrode for biosensing application. The characteristics
of the fabricated aptasensors were studied using Fourier-transform infrared spectroscopy
(FTIR). Electrochemical and sensing performance analyses were conducted using cyclic
voltammetry (CV). The results revealed that the integration of BPE-rGO with 3D C-MEMS
enhances the areal capacitance of the microelectrodes and improves the sensitivity of the
aptasensors.

2. Materials and Methods
2.1. Materials and Reagents

The PDGF-BB binding aptamer (ssDNA, amino linker-5′-C6-CAG GCT ACG GCA
CGT AGA GCA TCA CCA TGA TCC TG-3′ [14]) was purchased in HPLC purification from
ThermoFisher Scientific, Waltham, MA, USA. Tris-ethylenediaminetetraacetic acid (TE)
buffer, ethanol, acetone, phosphate-buffered saline (1 M and pH 7.4) (PBS), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride linker (EDC), N-hydroxysuccinimide
linker (NHS), hydrochloric acid (HCl), Polyoxyethylene (20) sorbitan monolaurate (Tween-
20), KCl, and k3Fe(CN)6 were purchased from ThermoFisher Scientific, Waltham, MA,
USA. Trehalose, bovine serum albumin (BSA), and platelet-derived growth factor-AA, AB,
and BB were purchased from Sigma Aldrich, St. Louis, MO, USA. NANOTM SU-8 25 and
SU-8 100 negative photoresist were purchased from Microchem., Round Rock, TX, USA.
Graphite rods (3 cm in length and 6.15 mm in diameter, Ultra “F” Purity 99.9995%) were
purchased from Fisher Scientific, Rockingham County, NH, USA. The 316 stainless steel
(SS) electrodes were purchased from Maudlin Inc., Kemah, TX, USA. All chemicals were
analytical grade. Milli-Q (Sigma Aldrich, St. Louis, MO, USA) deionized water (DI water)
was used in this study.

2.2. Apparatus

A Bio-Logic versatile multichannel potentiostat (VMP3) was used for the electrochem-
ical analysis. JEOL SEM 6330 was used to obtain the SEM images of the electrodes. Agilent
Technologies N6705A dc Power Analyzer applied a direct current (DC) voltage of 45 V
across the feeding electrodes. An Ag/AgCl (KCl saturated) and Pt wire were used as
the reference electrode and the working electrode in all electrochemical measurements,
respectively. A 713 Metrohm pH meter was used for measuring the pH of electrolytes.
JASCO FTIR 4100 was used to conduct FTIR analysis.

2.3. 3D C-MEMS Photolithography

The 3D C-MEMS microelectrodes were fabricated via the previously reported C-MEMS
synthesis process [3,14,36,37], schematically illustrated in Figure 1a. Briefly, the fabrication
process includes producing a uniform layer of SU-8 25 with the thickness of 15 µm on
a 4′′ N-doped silicon wafer via spinning at 3000 rpm for 30 s, performing pre-exposure
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bakes at the recommended temperature, UV exposure with a dose of 300 mJ cm−2, and
post-exposure bakes. After developing the first layer, the thick layer of SU-8 100 photoresist
was spin-coated on the wafer at 300 rpm for 12 s and then accelerated to 2000 rpm for 30 s to
provide a uniform photoresist layer with a thickness of approximately 150 µm. Soft bakes
at 65 ◦C for 20 min and 95 ◦C for 60 min were conducted on hotplates, followed by UV light
exposure with a dose of 700 mJ cm−2. On hotplates, post-exposure bakes were conducted
at 65 ◦C for 2 min and 95 ◦C for 15 min. The developed electrodes were pyrolyzed in
a Lindenberg tube furnace with a temperature ramp of 10 ◦C min−1 in two steps of 250 ◦C
with a dwell time of 30 min, and 900 ◦C with a dwell time of 60 min, under 500 sccm flow
of forming gas (5%H2 + 95%N2). The samples were left in the furnace overnight to cool to
room temperature.
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Figure 1. Schematic illustration of (a) 3D C-MEMS microfabrication process, (b) bipolar exfoliation
cell, (c) development of C-MEMS/BPE/Apt PDGF-BB aptasensors, (d) target incubation, and (e) three-
electrode electrochemical cell with Ag/AgCl reference electrode, Pt wire counter electrode, and
C-MEMS/BPE/Apt in 5 mL aqueous electrolytes of 0.1 M PBS/5 mM K3Fe(CN)6/0.2 M KCl.

2.4. Bipolar Exfoliation and Deposition of rGO on 3D C-MEMS Microelectrodes

A bipolar exfoliation cell, illustrated in Figure 1b, has been used for exfoliation,
reduction, and deposition of graphene nanosheets on 3D C-MEMS electrodes. The bipolar
mechanism details have been discussed in previous studies [34–36]. Briefly, a 45 V DC
voltage was applied through the C-MEMS microelectrode as the negative feeding electrode
and 2 × 2 cm stainless steel positive feeding electrodes with a 9 cm distance to induce
an electric field of 5 V cm−1. The resistivity of DI water used for bipolar exfoliation was
17 MΩ. After 24 h of bipolar treatment, the 3D C-MEMS electrodes decorated with BPE-rGO
(designated as C-MEMS/rGO) were thoroughly washed in DI water and dried in an oven
at 70 ◦C overnight to evaporate remaining moisture from C-MEMS/rGO electrodes.

2.5. Aptasensor Development

Previous studies have thoroughly discussed the deployed aptasensor development [14,15].
The process includes activating the amino-tags of aptamers in a solution of 20 mg mL−1 EDC
and 10 µL of 20 mg mL−1 NHS and immobilizing the aptamers via the drop-casting method.
After 2 h of incubation, electrodes were washed thoroughly in DI water to wash away free-
standing aptamers. The remaining blank areas were covered with the aqueous solution of
0.1 M PBS + 1% (v:v) Tween-20 to reduce the non-selective physical adsorption of interference
agents. The aptamer immobilized electrodes (designated as C-MEMS/rGO/Apt) (Figure 1c)
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were washed with DI water for 5 min and stored in 0.1 M TE buffer in the refrigerator (4 ◦C)
when not in use.

2.6. Electrochemical Characterization of Aptasensors

The target detection process was initiated by incubating the sensing electrode with
the desired target concentration at 30 ◦C for 40 min. These parameters were optimum
temperature and duration for target detection based on the designed aptamers and elec-
trodes [3,8]. Following the target entrapment illustrated in Figure 1d, the sensing electrodes
were washed in DI water before electrochemical measurements. The sensing electrodes
incubated with the target were immediately tested via the three-electrode setup illustrated
in Figure 1e for CV evaluations. The 5 mL aqueous electrolyte was used for electrochemical
measurements, based on a mixture of 5 mM k3Fe(CN)6, 0.1 M PBS, and 0.2 M KCl. In CV
measurements, the electrodes were tested between −0.3 V to 0.6 V versus the reference
electrode with a scan rate of 40 mV s−1. All CV data were typically taken after conducting
10 continuous cycles to ensure a reliable data recording. After every electrochemical mea-
surement, the C-MEMS/rGO/Apt aptasensors were regenerated by immersing the sensing
electrodes in 1 M TE buffer with gentle stirring for 30 min. The aptasensors were immersed
in 0.1 M TE buffer and kept in a refrigerator (4 ◦C). Previous studies confirmed that the
electrodes could remain active for 6 days [14,15].

3. Results and Discussion
3.1. Material Characterization

The C-MEMS technology enables the production of various geometries with a wide
range of sizes. In this study, 3D C-MEMS microelectrodes consisted of a thin current
collector electrode decorated with micropillars with a radius of 25 µm and a height of
approximately 100 µm. The SEM image of the fabricated 3D C-MEMS microelectrodes
is presented in Figure 2a,b. As it can be seen, the pillars are well defined, and no crack
or curvature can be detected from the SEM images, which indicates that the C-MEMS
technology is highly feasible for fabricating 3D high-aspect-ratio microstructures.
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Figure 2. SEM images of (a), (b) C-MEMS micro pillars before BPE procedure, (c) BPE-rGO deposition
on stainless steel control sample.

The previous study on the application of BPE technology has proven that synthesized
rGO via BPE technique has high quality and is suitable for cancer aptasensors. That
study showed that the graphene deposited on the negative feeding electrode has better
properties for biosensing applications, including a porous morphology and higher areal
capacitance [15]. Hence, the C-MEMS 3D microelectrodes were used as the negative feeding
electrode in the BPE procedure. Figure 2c provides an SEM image of the BPE-rGO after 24 h
of deposition on a stainless electrode (as a control sample) which a porous morphology can
be identified, and the pore size of 100 nm can be estimated. Hence, it was hypothesized that
the successful in-situ integration of BPE and C-MEMS techniques would produce similar
deposition morphology on the C-MEMS microelectrode.

The SEM image of the 3D C-MEMS micropillar covered with rGO deposition after
24 h of deposition is presented in Figure 3a. The SEM images of rGO deposited on top of
the micropillar (Figure 3b), side of the pillars (Figure 3c), and the current collector electrode
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(Figure 3d) show that the deposition of BPE-rGO is uniform with a porous morphology
similar to the control sample with a pore size of around 100 nm and vertically aligned
structures. Hence, it can be concluded that BPE technology can deposit nano-porous rGO
directly on C-MEMS microelectrodes with high uniformity and coverage without requiring
spacers such as carbon nanotubes to prevent the agglomeration of rGO nanosheets.
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thin film base electrode.

In the previous study on BPE-rGO based biosensors, the achieved FTIR results showed
that the BPE-rGO was partially reduced, and it contained a sufficient percentage of carboxyl
groups to provide adequate binding sites for covalent immobilization of amino-terminated
affinity aptamers [14,15]. Hence, it was hypothesized that a similar surface composition
would be achieved for integrated BPE-rGO with C-MEMS 3D microelectrodes. Conse-
quently, the FTIR characterization was conducted on electrodes in different stages of
development, including C-MEMS microelectrodes before BPE treatment (designated as
C-MEMS), after BPE-rGO deposition (C-MEMS/rGO), and after aptamer immobilization (C-
MEMS/rGO/Apt). The FTIR spectra of C-MEMS, C-MEMS/rGO, and C-MEMS/rGO/Apt
microelectrodes are represented in Figure 4. In all three studied samples, several peaks can
be identified, which can be described as follows; a broad peak between 280 and 200 cm−1

ascribed to O-H stretching, peaks at 1100–1300 cm−1 attributed to sp3 C-H bending, and
most noteworthy peaks at 1430 and 1600 cm−1 ascribed to C-O bending and aromatic C≡C
stretching [36]. The FTIR spectrum for C-MEMS/rGO/Apt confirms a peak at 1571 cm−1,
associated with amide II band, representing covalent bonding of PDGF-BB aptamers with
the surface of C-MEMS/rGO/Apt microelectrodes [36]. The detected peak at 1571 cm−1 in
FTIR spectra confirms that the locally formed carboxyl groups on the graphene surfaces
can be used directly to immobilize the amino-terminated affinity aptamers. Although, the
immobilization efficiency can be improved using oxygen–plasma etching to increase the
percentages of carboxyl groups on the surface of the C-MEMS/rGO microelectrodes [3,36].
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3.2. Electrochemical Characterization

Several studies have shown that the deposition of rGO via the BPE technique on
the perspective electrode considerably increases the electrode’s double layer (i.e., areal)
capacitance [15,37,38]. For instance, Forouzanfar et al. have shown that the deposition
of BPE-rGO on 0.5 cm2 stainless steel electrodes increases the areal capacitance from
0.80 mF cm−2 for the bare stainless steel electrodes to 2.69 mF cm−2 for the stainless steel
electrodes with a thin layer of rGO [15]. Such increase in capacitance is a highly preferred
aspect for label-free electrochemical biosensors since it can reduce the background noise
and enhance the prospective biosensor’s sensitivity and limit of detection. Furthermore, the
previous studies on C-MEMS technology have shown that the C-MEMS microelectrodes
have large double-layer capacitances without any modifications, which can be promptly
harvested for label-free electrochemical aptasensors [3,14]. Therefore, a compatible in-situ
integration of C-MEMS and BPE deposition was expected to produce electrodes with
sufficiently high capacitances for label-free detection of PDGF-BB biomarkers. In order
to explore this hypothesis, CV tests were done on a stainless steel control sample and 3D
C-MEMS microelectrodes with the same active area of 0.5 cm2 at each development stage.
The CV analysis is given in Figure 5a. The area under the CV curve can be used to calculate
the areal capacitance using Equation (1) [39]:

C =
1

2As∆V

∫
IdV (1)

where ∆V is the voltage window, s is scan rate, A is the electrode area, V is the voltage, and
I is the current. The calculated areal capacitances from CV curves are given in Figure 5b.
The area under the CV curve of the 3D C-MEMS electrode was much larger than the CV
curve of the stainless steel electrode, in which the increased area under the CV curve
can be interpreted as increased areal capacitance from 0.32 mF cm−2 to 7.67 mF cm−2 for
stainless steel electrodes and 3D C-MEMS microelectrodes, respectively. The increase in
the capacitance can be explained by the increase in the surface area of the electrode and
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the better electrochemical properties of C-MEMS materials. After deposition of BPE-rGO,
the areal capacitance was increased to 19.89 mF cm−2, resulting from the increased active
area. These results confirm the earlier hypothesis regarding the capacitance enhancement
of CMEMS/rGO compared to the bare C-MEMS microelectrode.
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Figure 5. (a) CV plot of C-MEMS bare electrode and after each modification with scan rate of
40 mV s−1 and incubation with 100 pM PDGF-BB (b) Areal capacitances calculated from CV plots.

After immobilizing the aptamers, the areal capacitance was slightly increased to
21.43 mF cm−2, which could result from the decrease in the percentage of negatively
charged species on the surface of the electrode due to the participation of negatively
charged carboxylate groups of the surface in amide bonding (i.e., covalent immobilization
of aptamers) and extinguished not-involved carboxyl groups by Tween-20 quencher. The
previous study proved that entrapment of the PDGF-BB molecules diminishes the areal
capacitance [14]. Therefore, a successful aptasensor was expected to show a declining
capacitance in response to incubation with PDGF-BB. The calculated areal capacitances
show a definitive decrease from 21.43 mF cm−2 to 13.29 mF cm−2 after incubation of the
C-MEMS/rGO/Apt biosensor with 100 pM of target molecules. Hence, the developed
label-free aptasensor successfully detected the target in a turn-off response fashion. The
decrease in capacitance can be the consequence of two phenomena occurring during and
after target entrapment. The first phenomenon is the result of the changes in helix structure
of the affinity aptamers, which can make them closer to the surface of the sensing electrode,
repel the negatively charged species, and disturb the double layer capacitance since aptamer
are negatively charged [14,40]. The second phenomenon is the lessened passway of charge
exchange between the electrolyte and electrode because of the PDGF-BB oncoproteins’
isolative properties [41].

3.3. Sensing Characterization

The electrochemical analysis confirmed that the novel in-situ deposition of rGO via
BPE technique on C-MEMS 3D microelectrodes can produce a highly suitable sensing
electrode that can detect the PDGF-BB biomolecules in a turn-off sensing mechanism (i.e.,
the increase in the target concentration leads to a decrease in output signal intensity or
amount). Therefore, the capacitive response CMEMS/rGO/Apt electrodes to 0–10 nM
PDGF-BB were collected (results are presented in Figure 6a to define the sensitivity and
limit of detection of the aptasensor. The oxidation of peak Fe(CN)6

−3/−4 at E = 0.3 V (vs.
Ag/AgCl) was decreased proportionally to the increase in the PDGF-BB concentration. The
observed decrease in the peak current results from the increased charge transfer resistance
of the sensing electrode. The calibration curve for calculated areal capacitances using
Equation (1) is shown in Figure 6b. The calibration curve was obtained by calculating the
average value of areal capacitances (mF cm−2) from the repeated measurements of n = 3.
The area under the CV curves decreased substantially in a linear manner upon increasing
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the PDGF-BB concentrations. The linear dependence of the output capacitance on the
logarithm of PDGF-BB concentration has a slope of −3.09 mF cm−2 Logc−1 (unit of c, pM)
and the R2 of 0.9854. The correlation of CMEMS/rGO/Apt capacitance to the logarithm of
PDGF-BB concentration can be assessed as follows (Equation (2)),

C = 21.47 − 3.09 Logc−1, r = 0.9887 (2)

where C is the areal capacitance (mF cm−2), c is the PDGF-BB concentration (pM) and r
is the regression coefficient. Hence, the CV measurement’s sensitivity to PDGF-BB can be
calculated as 3.09 mF cm−2 Logc−1. The limit of detection (LoD) for CMEMS/rGO/Apt
aptasensors based on CV measurements was calculated as 0.75 pM based on the linear
regression (Equation (3)) [42],

LoD =
3S
b

(3)

where S is the standard deviation of the blank response (STDEV = 0.0347 mF cm−2, n = 9),
and b is the slope of the calibration curve (b = −13.88 mF cm−2 c−1 of areal capacitances).
The low LOD and linear decrease in areal capacitance illustrate the two important features
of the envisioned sensor. First, the developed sensing system is highly responsive to the
changes in the surface of the electrode (i.e., the entrapment of the target molecules), and
second, the sensing electrode material was capable of providing sufficient active sites for
immobilizing aptamers which can be seen from the linearity and range of the sensors’
response to the target molecules.
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Figure 6. (a) CV curves of the C-MEMS/rGO/Apt electrode’s response to PDGF-BB ranging from
0–10 nM. (b) Calibration curve for calculated areal capacitances from CV curves with n = 3. (c) Areal
capacitances calculated from CV curves measured in response of C-MEMS/rGO/Apt electrodes to
4 µg mL−1 BSA. 50 nM PDGF-AA, 50 nM PDGF-AB, and 500 pM PDGF-BB.

The selectivity of the CMEMS/rGO/Apt aptasensors was studied by measuring the
response of the aptasensors to 4 µg mL−1 BSA, 50 nM PDGF-AB, and 50 nM PDGF-AA
along with 500 pM PDGF-BB. The concentrations of interference agents were chosen
to be approximately 100 times more than that of the target molecules. The selectivity
measurements are presented in Figure 6c, in which the areal capacitances were calculated
from the CV curves. The change in capacitive response (i.e., the blank response capacitance
minus the capacitance in response to the biomarker) of CMEMS/rGO/Apt aptasensors
to PDGF-BB (a change in capacitance of −6.72 mF cm−2) was 12.73 and 3.34 times higher
than that of the aptasensors to PDGF-AA (a change in capacitance of −0.54 mF cm−2) and
PDGF-AB (a change in capacitance of −1.99 mF cm−2), respectively. The results indicate
that the novel aptasensors could provide high sensitivity and sufficient selectivity due to
the large active surface area of the BPE-rGO, fast electrochemical kinetics of the graphene,
and high affinity of the aptamers.

Table 1 summarizes the recently developed electrochemical aptasensors. The current
aptasensor exhibited a wide linear range. The linear response range of envisioned aptasen-
sor based on CMEMS/rGO covers the healthy levels of PDGF-BB as well as elevated levels
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in patients with cancer diseases [43,44]. It is worth noting that the attained LoD of detection
of 0.75 pM (the equivalent of 1.49 pg mL−1) is adequately lower than the minimum cut-off
point of 0.1 ng mL−1 for the healthy levels of PDGF-BB in human serums [45]. In general,
the proposed aptasensor provides a wide linear range with efficient accuracy (i.e., the
limit of detection) suitable for determining PGDF-BB levels in healthy and patients with
cancer diseases.

Table 1. The performance of recent electrochemical PDGF-BB aptasensors.

Electrode Modification Technique Detection
Strategy LoD Linear Range Ref.

GCE

Cu-MOFs/TpBD-
COFs DPV label-free 0.034 pg mL−1 0.0001–60 ng mL−1 [46]

HAP-NPs SWV labeled:
HAP-NPs 50 fg mL−1 0.1 pg mL−1–10 ng mL−1 [47]

C-MEMS thin
film

oxygen–plasma
etching

CV
label-free

7 pM 0.01–50 nM
[14]

EIS 1.9 pM 0.005–50 nM

Au

AuNPs SWV labeled:
α-cyclodextrin 0.52 nM 0.52–1.52 nM [43]

graphene doped
with silver

nanoclusters
EIS label-free 26.5 fM 32.3 fM–1.61 pM [44]

PET/Au BPE-rGO DPV label-free 0.65 pM 0.0007–20 nM [15]

C-MEMS BPE-rGO CV label-free 0.75 pM 0.001–10 nM This work

GCE: glassy-carbon electrode; Cu-MOFs: Cu-based metal–organic frameworks; TpBD-COFs: 1,3,5-triformylph-
loroglucinol (Tp), benzidine (BD), covalent organic frameworks (COFs); HAP-NPs: Hydroxyapatite nanoparticles;
SWV: square wave voltammetry; DVP: differential pulse voltammetry; PET: polyethylene terephthalate; EIS:
electrochemical impedance spectroscopy; AuNPs: gold nanoparticles.

The envisioned biosensor was a suggested concept to study the in-situ integration of C-
MEMS microelectrode with the BPE-graphene technique’s compatibility for biotechnology
applications. The simplicity of electrochemical bipolar exfoliation of graphene and the
process’s environmental friendliness has a high potential for other various applications,
including but not limited to biofuel cells, batteries, and supercapacitors.

4. Conclusions

This study investigated the in-situ integration of bipolar exfoliated graphene and 3D
C-MEMS microelectrodes. The SEM analysis confirmed a uniform deposition of rGO on
micropillars and the support thin film electrode. The CV analysis confirmed enhanced areal
capacitance after deposition of rGO, resulting from increased surface area and improved
conductivity of the 3D C-MEMS electrodes after deposition of rGO. The aptasensors based
on 3D C-MEMS electrodes decorated with BPE-rGO showed a high sensitivity and low limit.
The achieved results suggest that bipolar electrochemistry can offer a highly efficient and
environmentally friendly technology for the deposition of rGO on C-MEMS microelectrodes,
which is highly promising for lab-on-chip biosensors. Furthermore, this novel integration
of rGO on C-MEMS microelectrodes can be used for developing C-MEMS/rGO based
biofuel cells, supercapacitors, and batteries.

Author Contributions: Conceptualization, S.F.; methodology, S.F.; validation, S.F. and C.W.; formal
analysis, S.F.; writing—original draft preparation, S.F.; writing—review and editing, N.P. and C.W.;
supervision, N.P. and C.W.; funding acquisition, C.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the National Science Foundation (NSF) projects with the
award no. 1611088 and 1648451.



Micromachines 2022, 13, 104 11 of 12

Acknowledgments: The authors would like to thank the Advanced Materials Engineering Research
Institute (AMERI) staff members at Florida International University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kumar, R. MEMS based cantilever biosensors for cancer detection using potential bio-markers present in VOCs: A survey.

Microsyst. Technol. 2019, 25, 3253–3267.
2. Kankaanpää, M.; Holma-Eriksson, M.; Kapanen, S.; Heitto, M.; Bergström, S.; Muukkonen, L.; Harjola, V.-P. Comparison of the

use of comprehensive point-of-care test panel to conventional laboratory process in emergency department. BMC Emerg. Med.
2018, 18, 43. [CrossRef]

3. Forouzanfar, S.; Alam, F.; Khakpour, I.; Baboukani, A.R.; Pala, N.; Wang, C. Highly sensitive lactic acid biosensors based on
photoresist derived carbon. IEEE Sens. J. 2020, 20, 8965–8972. [CrossRef]

4. Forouzanfar, S.; Alam, F.; Pala, N.; Wang, C. A Review of electrochemical aptasensors for label-free cancer diagnosis. J. Electrochem.
Soc. 2020, 167, 067511. [CrossRef]

5. Chatterjee, S.K.; Zetter, B.R. Cancer biomarkers: Knowing the present and predicting the future. Future Oncol. 2005, 1, 37–50.
[CrossRef] [PubMed]

6. Yi, B.; Williams, P.J.; Niewolna, M.; Wang, Y.; Yoneda, T. Tumor-derived platelet-derived growth factor-BB plays a critical role in
osteosclerotic bone metastasis in an animal model of human breast cancer. Cancer Res. 2002, 62, 917–923. [PubMed]

7. Kawaguchi, J.; Adachi, S.; Yasuda, I.; Yamauchi, T.; Yoshioka, T.; Itani, M.; Kozawa, O.; Moriwaki, H. UVC irradiation suppresses
platelet-derived growth factor-BB-induced migration in human pancreatic cancer cells. Oncol. Rep. 2012, 27, 935–939. [CrossRef]
[PubMed]

8. Cheng, J.; Ye, H.; Liu, Z.; Xu, C.; Zhang, Z.; Liu, Y.; Sun, Y. Platelet-derived growth factor-BB accelerates prostate cancer growth
by promoting the proliferation of mesenchymal stem cells. J. Cell. Biochem. 2013, 114, 1510–1518. [CrossRef]

9. Cimpean, A.M.; Cobec, I.M.; Ceaus, u, R.A.; Popescu, R.; Tudor, A.; Raica, M. Platelet derived growth factor BB: A “Must-have”
therapeutic target “redivivus” in ovarian cancer. Cancer Genom. Proteom. 2016, 13, 511–517. [CrossRef] [PubMed]

10. Lau, C.K.; Yang, Z.F.; Ho, D.W.; Ng, M.N.; Yeoh, G.C.; Poon, R.T.; Fan, S.T. An Akt/hypoxia-inducible factor-1α/platelet-derived
growth factor-BB autocrine loop mediates hypoxia-induced chemoresistance in liver cancer cells and tumorigenic hepatic
progenitor cells. Clin. Cancer Res. 2009, 15, 3462–3471. [CrossRef]

11. Penmatsa, V.; Ruslinda, A.R.; Beidaghi, M.; Kawarada, H.; Wang, C. Platelet-derived growth factor oncoprotein detection using
three-dimensional carbon microarrays. Biosens. Bioelectron. 2013, 39, 118–123. [CrossRef] [PubMed]

12. Syahir, A.; Usui, K.; Tomizaki, K.-Y.; Kajikawa, K.; Mihara, H. Label and label-free detection techniques for protein microarrays.
Microarrays 2015, 4, 228–244. [CrossRef]

13. Zhang, R.; Rejeeth, C.; Xu, W.; Zhu, C.; Liu, X.; Wan, J.; Jiang, M.; Qian, K. Label-free electrochemical sensor for cd44 by
ligand-protein interaction. Anal. Chem. 2019, 91, 7078–7085. [CrossRef] [PubMed]

14. Forouzanfar, S.; Alam, F.; Pala, N.; Wang, C. Highly sensitive label-free electrochemical aptasensors based on photoresist derived
carbon for cancer biomarker detection. Biosens. Bioelectron. 2020, 170, 112598. [CrossRef]

15. Forouzanfar, S.; Khakpour, I.; Alam, F.; Pala, N.; Wang, C. Novel application of electrochemical bipolar exfoliated graphene for
highly sensitive disposable label-free cancer biomarker aptasensors. Nanoscale Adv. 2021, 3, 5948–5958. [CrossRef]

16. Wang, Y.; Luo, J.; Liu, J.; Sun, S.; Xiong, Y.; Ma, Y.; Yan, S.; Yang, Y.; Yin, H.; Cai, X. Label-free microfluidic paper-based
electrochemical aptasensor for ultrasensitive and simultaneous multiplexed detection of cancer biomarkers. Biosens. Bioelectron.
2019, 136, 84–90. [CrossRef]

17. Alam, F.; Jalal, A.H.; Forouzanfar, S.; Karabiyik, M.; Baboukani, A.R.; Pala, N. Flexible and linker-free enzymatic sensors based on
zinc oxide nanoflakes for noninvasive L-lactate sensing in sweat. IEEE Sens. J. 2020, 20, 5102–5109. [CrossRef]

18. Khorsandifard, M.; Jafari, K.; Sheikhaleh, A. A proposal for a novel surface-stress based BioMEMS sensor using an optical sensing
system for highly sensitive diagnoses of Bio-particles. Sens. Imaging 2021, 22, 35. [CrossRef]

19. Forouzanfar, S.; Talebzadeh, N.; Zargari, S.; Veladi, H. The effect of microchannel width on mixing efficiency of microfluidic
electroosmotic mixer. In Proceedings of the 2015 3rd RSI International Conference on Robotics and Mechatronics (ICROM),
Tehran, Iran, 7–9 October 2015; pp. 629–634.

20. Ranjan, R.; Esimbekova, E.N.; Kratasyuk, V.A. Rapid biosensing tools for cancer biomarkers. Biosens. Bioelectron. 2017, 87, 918–930.
[CrossRef]

21. Cui, L.; Lu, M.; Li, Y.; Tang, B.; Zhang, C.-Y. A reusable ratiometric electrochemical biosensor on the basis of the binding of methylene
blue to DNA with alternating AT base sequence for sensitive detection of adenosine. Biosens. Bioelectron. 2018, 102, 87–93. [CrossRef]
[PubMed]

22. Ma, F.; Wei, S.-H.; Zhang, C.-Y. Construction of a robust entropy-driven DNA nanomachine for single-molecule detection of rare
cancer cells. Anal. Chem. 2019, 91, 7505–7509. [CrossRef]

23. Forouzanfar, S.; Pala, N.; Madou, M.; Wang, C. Perspectives on C-MEMS and C-NEMS biotech applications. Biosens. Bioelectron.
2021, 180, 113119. [CrossRef] [PubMed]

24. Wang, C.; Madou, M. From MEMS to NEMS with carbon. Biosens. Bioelectron. 2005, 20, 2181–2187. [CrossRef]

http://doi.org/10.1186/s12873-018-0198-x
http://doi.org/10.1109/JSEN.2020.2988383
http://doi.org/10.1149/1945-7111/ab7f20
http://doi.org/10.1517/14796694.1.1.37
http://www.ncbi.nlm.nih.gov/pubmed/16555974
http://www.ncbi.nlm.nih.gov/pubmed/11830552
http://doi.org/10.3892/or.2011.1612
http://www.ncbi.nlm.nih.gov/pubmed/22200892
http://doi.org/10.1002/jcb.24492
http://doi.org/10.21873/cgp.20014
http://www.ncbi.nlm.nih.gov/pubmed/27807074
http://doi.org/10.1158/1078-0432.CCR-08-2127
http://doi.org/10.1016/j.bios.2012.06.055
http://www.ncbi.nlm.nih.gov/pubmed/22841446
http://doi.org/10.3390/microarrays4020228
http://doi.org/10.1021/acs.analchem.8b05966
http://www.ncbi.nlm.nih.gov/pubmed/30942566
http://doi.org/10.1016/j.bios.2020.112598
http://doi.org/10.1039/D1NA00470K
http://doi.org/10.1016/j.bios.2019.04.032
http://doi.org/10.1109/JSEN.2020.2968278
http://doi.org/10.1007/s11220-021-00355-1
http://doi.org/10.1016/j.bios.2016.09.061
http://doi.org/10.1016/j.bios.2017.11.025
http://www.ncbi.nlm.nih.gov/pubmed/29127900
http://doi.org/10.1021/acs.analchem.9b01617
http://doi.org/10.1016/j.bios.2021.113119
http://www.ncbi.nlm.nih.gov/pubmed/33711652
http://doi.org/10.1016/j.bios.2004.09.034


Micromachines 2022, 13, 104 12 of 12

25. Ferrer-Argemi, L.; Aliabadi, E.S.; Cisquella-Serra, A.; Salazar, A.; Madou, M.; Lee, J. Size-dependent electrical and thermal
conductivities of electro-mechanically-spun glassy carbon wires. Carbon 2018, 130, 87–93. [CrossRef]

26. Piñón, M.V.; Benítez, B.C.; Pramanick, B.; Perez-Gonzalez, V.H.; Madou, M.J.; Martinez-Chapa, S.O.; Hwang, H. Direct current-
induced breakdown to enhance reproducibility and performance of carbon-based interdigitated electrode arrays for AC electroos-
motic micropumps. Sens. Actuators A Phys. 2017, 262, 10–17. [CrossRef]

27. Adelowo, E.; Baboukani, A.R.; Okpowe, O.; Khakpour, I.; Safa, M.; Chen, C.; Wang, C. A high-energy aqueous on-chip lithium-ion
capacitor based on interdigital 3D carbon microelectrode arrays. J. Power Sources 2020, 455, 227987. [CrossRef]

28. Kumar, R. Materials selection approaches and fabrication methods in RF MEMS switches. J. Electron. Mater. 2021, 50, 3149–3168.
29. Novoselov, K.S.; Jiang, D.; Schedin, F.; Booth, T.; Khotkevich, V.; Morozov, S.; Geim, A.K. Two-dimensional atomic crystals. Proc.

Natl. Acad. Sci. USA 2005, 102, 10451–10453. [CrossRef]
30. Azzouzi, S.; Rotariu, L.; Benito, A.M.; Maser, W.K.; Ali, M.B.; Bala, C. A novel amperometric biosensor based on gold nanoparticles

anchored on reduced graphene oxide for sensitive detection of l-lactate tumor biomarker. Biosens. Bioelectron. 2015, 69, 280–286.
[CrossRef]

31. Chen, Q.; Sun, T.; Song, X.; Ran, Q.; Yu, C.; Yang, J.; Feng, H.; Yu, L.; Wei, D. Flexible electrochemical biosensors based on
graphene nanowalls for the real-time measurement of lactate. Nanotechnology 2017, 28, 315501. [CrossRef]

32. Kauling, A.P.; Seefeldt, A.T.; Pisoni, D.P.; Pradeep, R.C.; Bentini, R.; Oliveira, R.V.; Novoselov, K.S.; Castro Neto, A.H. The
worldwide graphene flake production. Adv. Mater. 2018, 30, 1803784. [CrossRef] [PubMed]

33. Allagui, A.; Abdelkareem, M.A.; Alawadhi, H.; Elwakil, A.S. Reduced graphene oxide thin film on conductive substrates by
bipolar electrochemistry. Sci. Rep. 2016, 6, 21282. [CrossRef] [PubMed]

34. Khakpour, I.; Rabiei Baboukani, A.; Allagui, A.; Wang, C. Bipolar exfoliation and in situ deposition of high-quality graphene for
supercapacitor application. ACS Appl. Energy Mater. 2019, 2, 4813–4820. [CrossRef]

35. Suter, J.L.; Sinclair, R.C.; Coveney, P.V. Principles governing control of aggregation and dispersion of graphene and graphene
oxide in polymer melts. Adv. Mater. 2020, 32, 2003213. [CrossRef]

36. Choi, E.-Y.; Han, T.H.; Hong, J.; Kim, J.E.; Lee, S.H.; Kim, H.W.; Kim, S.O. Noncovalent functionalization of graphene with
end-functional polymers. J. Mater. Chem. 2010, 20, 1907–1912. [CrossRef]

37. Khakpour, I.; Baboukani, A.R.; Forouzanfar, S.; Allagui, A.; Wang, C. In-situ exfoliation and integration of vertically aligned
graphene for high-frequency response on-chip microsupercapacitors. J. Power Sources 2021, 516, 230701. [CrossRef]

38. Khakpour, I.; Baboukani, A.R.; Allagui, A.; Hachicha, A.A.; Wang, C. On the mechanistic pathways of exfoliation-and-deposition
of graphene by bipolar electrochemistry. Nanotechnology 2021, 32, 345603. [CrossRef]

39. Frackowiak, E. Carbon materials for supercapacitor application. Phys. Chem. Chem. Phys. 2007, 9, 1774–1785. [CrossRef] [PubMed]
40. Manning, G.S. The molecular theory of polyelectrolyte solutions with applications to the electrostatic properties of polynucleotides.

Q. Rev. Biophys. 1978, 11, 179–246. [CrossRef]
41. Liu, X.; Shuai, H.-L.; Huang, K.-J. A label-free electrochemical aptasensor based on leaf-like vanadium disulfide-Au nanoparticles

for the sensitive and selective detection of platelet-derived growth factor BB. Anal. Methods 2015, 7, 8277–8284. [CrossRef]
42. Shrivastava, A.; Gupta, V. Methods for the determination of limit of detection and limit of quantitation of the analytical methods.

Chron. Young Sci. 2011, 2, 21–25. [CrossRef]
43. Hasanzadeh, M.; Razmi, N.; Mokhtarzadeh, A.; Shadjou, N.; Mahboob, S. Aptamer based assay of plated-derived grow factor in

unprocessed human plasma sample and MCF-7 breast cancer cell lysates using gold nanoparticle supported α-cyclodextrin. Int.
J. Biol. Macromol. 2018, 108, 69–80. [CrossRef]

44. Zhang, Z.; Guo, C.; Zhang, S.; He, L.; Wang, M.; Peng, D.; Tian, J.; Fang, S. Carbon-based nanocomposites with aptamer-templated
silver nanoclusters for the highly sensitive and selective detection of platelet-derived growth factor. Biosens. Bioelectron. 2017, 89,
735–742. [CrossRef] [PubMed]

45. Leitzel, K.; Bryce, W.; Tomita, J.; Manderino, G.; Tribby, I.; Thomason, A.; Billingsley, M.; Podczaski, E.; Harvey, H.; Bartholomew,
M. Elevated plasma platelet-derived growth factor B-chain levels in cancer patients. Cancer Res. 1991, 51, 4149–4154. [PubMed]

46. Li, Y.; Liu, Z.; Lu, W.; Zhao, M.; Xiao, H.; Hu, T.; Ma, J.; Zheng, Z.; Jia, J.; Wu, H. Label-free electrochemical aptasensor based
on the core-shell Cu-MOF@ TpBD hybrid nanoarchitecture for the sensitive detection of PDGF-BB. Analyst 2020, 146, 979–988.
[CrossRef] [PubMed]

47. Jiang, W.; Tian, D.; Zhang, L.; Guo, Q.; Cui, Y.; Yang, M. Dual signal amplification strategy for amperometric aptasensing using
hydroxyapatite nanoparticles. Application to the sensitive detection of the cancer biomarker platelet-derived growth factor BB.
Microchim. Acta 2017, 184, 4375–4381. [CrossRef]

http://doi.org/10.1016/j.carbon.2017.12.113
http://doi.org/10.1016/j.sna.2017.05.023
http://doi.org/10.1016/j.jpowsour.2020.227987
http://doi.org/10.1073/pnas.0502848102
http://doi.org/10.1016/j.bios.2015.03.012
http://doi.org/10.1088/1361-6528/aa78bc
http://doi.org/10.1002/adma.201803784
http://www.ncbi.nlm.nih.gov/pubmed/30209839
http://doi.org/10.1038/srep21282
http://www.ncbi.nlm.nih.gov/pubmed/26883173
http://doi.org/10.1021/acsaem.9b00479
http://doi.org/10.1002/adma.202003213
http://doi.org/10.1039/b919074k
http://doi.org/10.1016/j.jpowsour.2021.230701
http://doi.org/10.1088/1361-6528/ac037c
http://doi.org/10.1039/b618139m
http://www.ncbi.nlm.nih.gov/pubmed/17415488
http://doi.org/10.1017/S0033583500002031
http://doi.org/10.1039/C5AY01793A
http://doi.org/10.4103/2229-5186.79345
http://doi.org/10.1016/j.ijbiomac.2017.11.149
http://doi.org/10.1016/j.bios.2016.11.019
http://www.ncbi.nlm.nih.gov/pubmed/27865109
http://www.ncbi.nlm.nih.gov/pubmed/1868437
http://doi.org/10.1039/D0AN01885F
http://www.ncbi.nlm.nih.gov/pubmed/33554228
http://doi.org/10.1007/s00604-017-2471-1

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Apparatus 
	3D C-MEMS Photolithography 
	Bipolar Exfoliation and Deposition of rGO on 3D C-MEMS Microelectrodes 
	Aptasensor Development 
	Electrochemical Characterization of Aptasensors 

	Results and Discussion 
	Material Characterization 
	Electrochemical Characterization 
	Sensing Characterization 

	Conclusions 
	References

