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Abstract: The detection of cancer biomarkers in the early stages could prevent cancer-related deaths
significantly. Nanomaterials combined with biomolecules are extensively used in drug delivery,
imaging, and sensing applications by targeting the overexpressed cancer proteins such as folate
receptors (FRs) to control the disease by providing earlier treatments. In this investigation, biocom-
patible reduced graphene oxide (rGO) nanosheets combined with folic acid (FA)-a vitamin with high
bioaffinity to FRs-is utilized to develop an electrochemical sensor for cancer detection. To mimic the
cancer cell environment, FR-f3 protein is used to evaluate the response of the rGO-FA sensor. The
formation of the rGO-FA nanocomposite was confirmed through various characterization techniques.
A glassy carbon (GC) electrode was then modified with the obtained rGO-FA and analyzed via
differential pulse voltammetry (DPV) for its specific detection towards FRs. Using the DPV technique,
the rGO-FA-modified electrode exhibited a limit of detection (LOD) of 1.69 pM, determined in a
linear concentration range from 6 to 100 pM. This excellent electrochemical performance towards
FRs detection could provide a significant contribution towards future cancer diagnosis. Moreover,
the rGO-FA sensing platform also showed excellent specificity and reliability when tested against
similar interfering biomolecules. This rGO-FA sensor offers a great promise to the future medical
industry through its highly sensitive detection towards FRs in a fast, reliable, and economical way.

Keywords: folic acid; folate receptor; folate targeted; electrochemical sensor; cancer biomarker;
rGO-FA; differential pulse voltammetry; biosensor

1. Introduction

Folic acid (FA) or pteroylmonoglutamic acid is an important B-group vitamin involved
in various metabolic pathways regulating foetal development, genetic material synthesis,
and ageing [1,2]. Being an essential nutrient, it is involved in the vital ‘one-carbon transfer
reaction’ occurring in most of the body’s metabolic pathways [3-5]. However, mammalian
cells are incapable of producing FA, and of avoiding the nutritional deficiency, exogenous
intake of this nutrient to cells is necessary. According to the Food and Drug Administration
(FDA), daily FA intake should be in the range of 100-1000 pg [6]. Compared to normal
cells, the proliferating cells exhibit enhanced FA consumption due to their significant
contribution to biosynthetic pathways. This strongly supports the link of FA to cancer [7].
Due to its structure and pH sensitivity, the intake of this nutrient to cells is highly limited.
In normal cells, the uptake of FA occurs via two major mechanisms, which involve cellular
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endocytosis. The transportation of FA occurs either via reduced folate carrier proteins or
via the membrane-bound folate receptor (FR) proteins. While the FR proteins fulfil the
usual requirement of FA in normal cells, overexpression of FR in cells is often associated
with malignancy and cancer [3,8-12].

FA possesses different types of interactions with the body proteins. FRs and folate-
binding proteins (FBP) have a high affinity towards FA. FBP are ~30 kDa glycoprotein with
222 amino acids. These FBP regulate the trafficking and homeostasis of folate inside the
body. FR is bound to the outer surface of the cells via a glycosylphosphatidylinositol (GPI)
anchor. In human, FR exists in multiple isoforms such as FR-«, FR-§3, FR-6, and FR-y. Only
FR-a and FR-f3 possess GPI anchors, which aid easy recognition by FA in a sensor [13,14].

FR expression in normal human tissue is tightly regulated. In the amino acid level,
FR-« (38 kDa) and FR-f3 (34 kDa) exhibit 71% identity; however, very less information is
available about FR-6 and FR-y. In normal tissues, FR-o expression is mostly limited to the
apical plasma membrane present in kidneys and certain epithelial tissues. This limits the
accessibility of FR-targeting agents towards the normal cells. In the case of tumour cells,
however, epithelial cell depolarisation promotes FR targeting. In epithelial lineage cancers,
FR-« expression is remarkably amplified. Overexpression of FR-« in non-mucinous ovarian
carcinomas, endometrial, lung, colorectal, paediatric ependymomas, mesotheliomas, and
renal cell carcinomas makes it a useful biomarker for tumour identification [15]. Neverthe-
less, FR-f is associated with myeloid leukaemia and activated macrophages (inflammation
and tumours). Hence, FR-{3 is useful as a biomarker for myeloid leukaemia, tumour-related
macrophages, and inflammatory diseases, like rheumatoid arthritis or osteoarthritis [16-18].
This selective expression of FR-a and FR-3 ensures their potential as specific biomarkers
for the targeted delivery of imaging and therapeutic agents to different types of cancer and
other abnormalities in the human body. Antibodies of FR-« and FR-f3 also act as promising
therapeutic candidates for tumour-targeted therapy [19-23].

FRs are cysteine-rich glycoproteins that mediate FA intake through a receptor-mediated
endocytosis process. When FA binds to FR, the part of the cell membrane containing FR-
FA forms a vesicle, folding inwards in the cell, forming an endosome. Afterwards, the
endosome dissociates from the cell wall by acidification and FA releases from FR to the
internal cell compartments. Inside the cells, FA is processed at low pH. During the FA
processing, FR will be returned to the cell surface in a recycling manner [24]. The X-ray
crystallographic structure of FR-a was recently detected, revealing the complex molecular
structure of the FA-FR interaction [25].

Although FRs are membrane-bound proteins, overexpressed FRs in body fluids are
proved in many earlier investigations. For example, increased FR« levels are found in the
blood of ovarian cancer patients [26]. Similarly, in multiple myeloma, overexpression of
FRo and FRf is observed in the blood [11]. Additionally, in most cancers, when cancer
progresses to metastasis stage, local infiltration and migration of the tumour cells to nearby
tissues and subsequently to the circulatory system is often observed, supporting this test
scenario using the body fluids [27].

Due to FR’s overexpression in various cancers, FA-targeted cancer therapy is widely
explored in the current nanomedical research fields [28,29]. The successful targeted delivery
of genetic material, drugs, imaging agents, nanoparticles etc., ensures the potential of FR
targeting in future medical scenario [30-34]. Among the variety of tumour targeting
agents, FA is of low molecular weight, inexpensive, and possesses high stability and
non-immunogenicity compared with other targeting proteins, peptides, or antibodies [35].
Having a great potential for diagnosis and therapy, these FR-targeted systems could be
advantageous to nanotheranostic applications. Currently, FA-based theranostic systems are
widely explored in both in vitro and in vivo investigations focusing on better treatments
for cancer [32,36-39].

The limitless potential of FA-based targeting for cancer cells has attracted sensing
applications, too [40-44]. Considering the high bioaffinity, FA could be utilized as a bio-
recognition element in developing an electrochemical sensor for FR. The unique interaction
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of FA and FR will result in electron transfer blockage by the insulating cell membrane. In
electrochemical sensing, cyclic voltammetry and impedance spectroscopy were used to
study the interaction between the FR present on the cells and the FA functionalized trans-
ducer [45]. Being a biomolecule, FA possesses negligible electrical responses. To enhance
the sensor electrical properties, a transducer material is often functionalized with FA. Due
to the high affinity of FA (Kp~10~10 M), the conjugation with a carrier system does not
alter its affinity towards FR binding, enabling efficient targeting of FA-based systems in the
drug delivery applications [46]. Similarly, the introduction of a transducer material will not
influence the targeting properties of FA. The various transducer nanomaterials involved in
sensing application were gold nanoparticles, carbon nanoparticles, gold-polymer combina-
tions, etc. Due to the excellent electronic and electrochemical properties, graphene-based
systems become an attractive transducer element in electrochemical sensors [31,47,48].

Graphene or reduced graphene oxide (rGO) is a two-dimensional carbon material with
unique chemical and physical properties. Graphene-based materials are widely employed
in drug/gene delivery, biosensing, and photothermal therapy applications [49,50]. In
addition to excellent conductivity, graphene-based materials have advantages such as easy
functionalization, biocompatible nature, and good stability in physiological conditions,
making it a versatile transducer material [51-57]. Moreover, due to the high surface area
and rich 7t conjugation structure, graphene-based structures offer an excellent platform for
the effective loading of bio-recognition elements [58]. Based on our previous investigation,
rGO prepared by a green approach was highly biocompatible, readily dispersible in water,
and exhibited high electrical conductivity [59,60]. FA conjugation to graphene-based
material follows the chemical linkages using N-hydroxysuccinimide (NHS) alone [61],
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide-N-hydroxysuccinimide (EDC/NHS) by
covalent reactions [62,63] or by the aid of polymeric linkers [64].

Compared to other sensors, electrochemical sensing is fast, easy, specific, reliable, and
economical. In addition, an electrochemical sensor operates in a non-destructive manner
with multi-detection capabilities. These real-time analytical sensors are fundamental
sensors that can be further developed to produce an easy-to-handle, comparatively portable,
reproducible, sensitive, and accurate sensing device. The current electrochemical cell
consists of a three-electrode system. A glassy carbon (GC) electrode is used as a reusable
working electrode modified with the sensing nanomaterial [65,66].

2. Scope of the Study

Despite the effective localization of tumours in vivo or in vitro for targeted drug/gene/
imaging agent delivery, few studies have reported the electrochemical detection of cancer
cells using FA. However, in our study for the sensor development, we utilized a biocom-
patible rGO nanocomposite green synthesized by Ganoderma lucidum (G.1.) extract. Herein,
utilizing FA targeting property combined with the excellent electrocatalytic potential of
the rGO nanosheets is explored as the electrochemical sensing platform for the real-time
analysis of FR for cancer diagnosis application. This rtGO-FA electrochemical sensor could
be utilized to detect increased FRs in the body fluids as early detection for cancer progres-
sion. Thus, it can be used to monitor and control the progression of diseases from their
advanced forms. It is a fast, reliable, and economical means of detecting cancer easily. FR is
utilized in this model study to mimic the cancer cell environment. The concentration of FR
can be expressed in molar units since in cancer cells, FR is usually found in picomolar. For
instance, a study by Doucette et al. [67] explains that the FR levels in the case of JAR cells
were found to be in the range of 4-26 pmol/mg protein, and in the case of Caco-2 cells, the
FR levels were found to be in the range of 0.2-1.5 pmol/mg protein. Similarly, for MA—104
cells, the FR levels were found to be in the range of 0.3-17 pmol/mg protein. Considering
these FR ranges, the limit of detection in the current study is 1.69 pM, significant and
comparable with previous findings.
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3. Experimental Section
3.1. Materials

Ganoderma lucidum (G.1.) was procured from Ganofarm Sdn. Bhd. (Tanjung Sepat,
Malaysia). Graphite powder was received from Asbury Graphite Mill Inc. (Asbury, NJ,
USA), FR- 3, dimethylsulfoxide (DMSO). Ferricyanide, phosphate buffer solution (PBS),
bovine serum albumin (BSA), human serum albumins (HSA), and sodium hydroxide were
purchased from Sigma-Aldrich, USA. Milli-Q water from the Millipore water purification
system (EMD Millipore, Billerica, MA, USA) was used in all the experiments. All the
chemicals used were of analytical grade unless otherwise stated.

3.2. Synthesis of rGO

Initially, GO was synthesized from graphite flakes by modified Hummer’s method [68].
rGO was prepared using G.1. extract following our previously reported protocol [59].
Briefly, an equivalent amount of GO (0.1 mg/mL) and G.1. extract was stirred at 60 °C for
up to 12 h, followed by multiple washing with distilled water.

3.3. Synthesis of rGO-FA

FA was dissolved in DMSO and transferred to an aqueous solution of rGO at pH 7
(1:10 ratio). FA and rGO were allowed to react by stirring for 12 h at 37 °C. Black boxes
were used during the reaction to prevent any possible light exposure. After the reaction,
the solution was centrifuged at 10,000 rpm for 5 min to remove free FA, which was not
bound to rGO. The produced rGO-FA was then freeze-dried.

3.4. Characterization Techniques

The UV-Vis absorption spectra of rGO, FA, and rGO-FA nanocomposite were investi-
gated using aqueous solutions of the samples in a Lambda 35 Spectrophotometer (Perkin
Elmer, Waltham, MA, USA). The morphological studies using dried samples were car-
ried out using field emission scanning electron microscopy Quanta SEM 400 instrument
(Quanta 400 FEI, OR, USA), high-resolution transmission electron microscopy (HRTEM,
Philip model JOEL, Tokyo, Japan), and atomic force microscopy Agilent Technologies AFM
System (Agilent Technologies, Santa Clara, CA, USA) using ultra-sharp tip (non-contact
high resonance frequency, nanosensor probe). The crystalline properties of the dried
samples were examined using X'Pert Pro diffractometer (XRD, PANalytical, Almelo, the
Netherlands), with CuK« radiation and a step size of 0.001° (20). The presence of specific
chemical bonds and functional groups were examined from the characteristic vibrations
and corresponding peaks in the range of 4000-400 cm ! using a Fourier transform infrared
(FTIR) spectrometer (Spectrum RX1, Perkin Elmer, TX, USA) using the dried samples mixed
with KBr spectroscopic grade Potassium bromide (KBr) as the window material to make
pellets to analyze the IR-based vibrations. Elemental composition was determined using
X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra, Shimadzu, Japan) using Al K«
monochromatic radiation at 1486.6 eV with a step size of 0.1 eV and 20 eV pass energy.

3.5. Electrochemical Measurements

The electrochemical studies were performed using a PAR-VersaSTAT-3 electrochemi-
cal workstation (Princeton Research, TN, USA). The studies were conducted on a three-
electrode electrochemical cell system at room temperature (RT). The glassy carbon (GC)
electrode was used as a working electrode; platinum and silver/silver chloride (Ag/AgCl)
electrodes were used as counter and reference electrodes, respectively. Before modification,
the GC electrode was cleaned by polishing with 0.03-micron alumina slurry and distilled
water, followed by continuous potential cycling between +1 and —1 V in 0.1 M H,SOy. The
modified electrode was fabricated by drop-casting 5 uL of aqueous rGO-FA nanocomposite
solution on GC electrode surface and allowed to dry at room temperature for 1 h. A
total of 0.1 M [Fe(CN)¢]>~/4~ solution prepared in PBS solution (pH 7.4) was used as the
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supporting electrolyte for the electrochemical experiments, and all the potentials were
estimated against Ag/AgCl reference electrode unless otherwise indicated.

4. Results and Discussion

UV-Vis spectroscopic analysis of rGO, FA, and rGO-FA resulted in characteristic
absorption peaks, as shown in Figure 1. The peak at 260 nm in rGO is a red-shifted peak
from the characteristic peak of GO at 230-240 nm. In FA, the UV-Vis spectrum varied
depending on the system’s pH [69]. In our investigation, FA at pH 7 exhibited a sharp peak
at 280 nm. rGO-FA exhibited a slight blue shift with a sharp peak positioned at 276 nm
corresponding to FA deposited on rGO nanosheets. Similarly, the small hump appearing
around 300-350 nm could be the red-shifted peak of rGO. Peak shift in nanomaterials is
associated with changes in the size of the material. Here, similar to polymerization, the
conjugation of FA molecules on the surface of rGO resulted in the change of size and the
slight shift in the absorption peaks [70,71]. The FA is directly attached to the rGO sheets by
77T interaction.

\\ P

Y\ rGO
Lf\\_ rGO-FA

200 300 400 500 600 700 800
Wavelength (nm)

Absorption Intensity (A.U.)

Figure 1. UV-Vis spectroscopic analysis of rGO (0.1 mg/mL), FA (0.1 mg/mL), and FA-conjugated
rGO (rGO-FA) (0.1 mg/mL) in aqueous solutions. The red shift of the rGO-FA spectra was observed
compared to the spectra of rGO and FA alone.

In Figure 2, the water-mediated synthesis approach of rGO, FA, and rGO-FA exhibited
peaks corresponding to the -OH stretching vibrations at 3400 cm~!. GO and rGO-FA
showed peaks at 1400 cm~! which could be due to the C=C stretching of aromatic groups.
Similarly, FA and rGO-FA exhibited peaks at 1640 cm~! corresponding to the C=0O of
carboxylic acid. The presence of peaks in rGO and rGO-FA at 1100 cm ™! is due to the C-O
stretching vibration of carboxylic groups [59]. The multiple characteristic peaks of FA from
1600 to 1500 cm ™! correspond to different functional groups, such as C=0, C=N, C=C,
and NH bending [72], and other observed peaks, as well as the corresponding functional
groups, are listed in Table S1. In rGO-FA, the presence of similar peaks with slight red
shifting confirms the conjugation of FA on rGO’s surface.
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Figure 2. FTIR spectroscopic analysis of dried forms of rGO, FA, and rGO-FA using spectroscopic
grade KBr-based pellets.

The XRD analysis of rGO showed a characteristic peak shown in Figure 3 at an angle
of 22° with (002) crystal plane. XRD analysis of FA exhibited multiple diffraction peaks
at 20 values of 11°, 13°, 19°, 23°, 27°, 29°, 31°, 35°, 40°, and 45°, in agreement with the
FA standard JCPDS files 42-1963 and 29-1716 [73,74]. In rGO-FA, similar FA peaks were
observed with a slight shift in the 26 position. Additionally, rGO-FA showed a broad peak
at 21° corresponding to the (002) crystal plane of rGO.

M“ rGO

FA

Intensity (A.U.)

|
. WWM

10 20 30 40 50 60 70
Angle (20)

Figure 3. XRD analysis of dried rGO, FA, and rGO-FA.

SEM images provided a 2D morphology analysis of the rGO, FA, and rGO-FA nanocom-
posite (Figure 4). rGO appeared crumbled with the stacking of few layers, showing the
effective conversion of GO to rGO during the reduction. The images of FA exhibit flake-like
morphology with signs of agglomeration. The SEM images of rGO-FA show homogenous



Nanomaterials 2021, 11, 1272 7 of 15

dispersion of FA on the surface of rGO. In the magnified image of rGO-FA, the transparent
layers of rtGO could be observed, which shows signs of interruption to the prior stacking
due to the effective incorporation of FA in between the rGO layers. This confirms the
successful loading of FA on rGO layers.

THV  [spot| mag 0| WD | oet
2000kv| 30 |20000x!7 8 mm LFD !/ Lon

~

WV Tspotl mag O WO | det| vacMode | HY  |spot| mag O] WO | Get | vacMode |
20 00 kv | 0100 000 x| 9 8 mm | ETD | High vacuum 2000kV! 30 /30000 %! 98 mm | LFD! Low vacuum

Figure 4. SEM images of rGO, FA, and rGO-FA at lower (left) and higher (right) magnifications.

A detailed morphological analysis was carried out by HRTEM (Figure 5), where the
rGO appeared wrinkled with signs of stacking of few layers, agreeing to the SEM images of
rGO. In rGO-FA, transparent rGO sheets could be observed with FA uniformly distributed
on the rGO sheets. FA appears as flower-like structures on the surface of the rGO sheets
that facilitate and maintain the few-layer structure of rGO by preventing the rest of the
exfoliated layers.

Figure 5. HRTEM images of rGO and rGO-FA.

To analyze the 3D profile/thickness of the rGO-FA nanocomposite, AFM analyses
were carried out. rGO-FA showed a height profile of <5 nm and based on our earlier report,
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the thickness of rGO produced was <2 nm [59], which supports the effective loading of
FA on the surface of rGO (Figure S1). This finding is also in agreement with the other
morphological characterization.

EDAX analysis confirms the elemental composition of rGO, FA, and rGO-FA. As
shown in Table 1, the weight % of C and O are 59.41 and 40.59, respectively, for rGO. In FA,
the weight % of C, N, and O are 62.26, 28.21, and 9.53, respectively. A similar weight %
pattern was observed for rGO-FA with C, N, and O of 68.70, 18.05, and 13.25, respectively.

Table 1. EDAX analysis results of rGO-FA.

. Carbon Oxygen . o
Material (Wt%) (Wt%) Nitrogen (wt%)
rGO 59.41 40.59 -
FA 62.26 28.21 9.53
rGO-FA 68.70 18.05 13.25

The XPS spectra of the rGO-FA could be used to identify the elemental composition of
rGO-FA after FA binding (Figure S2). The wide scan analysis revealed the atomic % values
of Cls, Ols, and N1s as 67.36, 18.65, and 13.99, respectively. The existence of C-C, C-O,
C=0, and COO bonds reveals either rGO or FA. Moreover, other bonds were also observed
corresponding to N interaction with O and C, specifically NC=O bonds positioned at 401
eV and N1s peak at 399 eV corresponding to C=N. These N bonds could be contributed to
by the conjugation of FA and rGO [75].

The electrochemical properties of rGO-FA were evaluated by cyclic voltammetry (CV)
using the three-electrode system with glassy carbon (GC) as working electrode, Ag/AgCl
as reference and platinum as the counter electrode. A redox couple [Fe(CN)s]>~/4~ was
used as the electrolyte for various analysis. This electrolyte was prepared in 0.1 M PBS
solution (pH 7.4) containing 0.1 M KCI and 2 mM [Fe(CN)g >~/

A stepwise modification was observed in the CV analysis of the modified electrodes
compared to the bare GC, as shown in Figure 6. Changes in the peak-to-peak separation and
associated anodic and cathodic current responses represented the charge transfer barriers
in the electron transfer kinetics of [Fe(CN)s]>~/4~. The decrease in the redox couple’s peak
currents could be due to the insulating behaviour of the biomolecules [76]. Compared to the
bare GC and rGO, FA’s non-covalent functionalization on the rGO showed a decrease in the
current in [Fe(CN)g]*~/4~. FR’s introduction to the system promotes effective interaction
of FA with FR, and the current flow was significantly reduced. A decrease in the current
corresponds to the effective interaction of FA and FR. Upon adding FR, an insulating layer
was formed on the surface of rGO-FA/GC, causing a blockage to the interfacial electron
transfer and thus resistance to electron flow [77].

The electrochemical impedance spectroscopy (EIS) analysis is a sensitive method
in detecting the interfacial changes in the impedance of electrodes with response to the
addition of biomolecules or living cells such as macrophages, endothelial cells, fibroblasts,
bacterial cells, or cancer cells. Upon cells” addition, an insulating effect is developed on the
surface of these cells [78]. The EIS curve has two portions: a semicircle and a linear section.
The semi-circular curve at a higher frequency corresponds to the electron transfer process,
and the semicircle diameter is calculated as the electron transfer resistance, Ret. The linear
portion at low frequencies denotes the diffusion process [76]. EIS spectra of different GC
modified electrodes in Figure 7 show the resistance developed on the electrode-electrolyte
interface during the charge transfer. The bare GC exhibits the least resistance to charge
transfer, and rGO-FA shows the highest resistance in charge transfer. This demonstrates
the effective —m interaction of rGO and FA, which prevents electron flow. Finally, upon
the addition of FR to the rGO-FA-modified electrode, the bio-recognition of FR takes place
at the modified electrode, which further prevented the charge transfer at the electrode-
electrolyte interface.
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Figure 6. CV analysis of bare GC, rGO/GC, rGO-FA/GC, and rGO-FA/GC + 10 nM FR in 0.1 M
[Fe(CN)g]>~/4~ at a scan rate of 50 mV s~1.
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Figure 7. EIS spectra of bare GC, rGO/GC, rGO-FA/GC, and rGO-FA/GC + 10 nM FR in 0.1 M
[Fe(CN)g]>~/4 ata frequency range of 10 Hz-100 kHz.

Due to the complexities of redox reactions at the biomolecular level, CV analysis for
detecting FR using the modified rGO-FA/GC gave negligible current responses. Though
EIS was widely used for live cell-based sensor analysis, previous studies reported an
extreme change in the resistance by extending the analysis duration [76]. This could be due
to the cells” possible detachment, caused by prolonged electric field associated cell death.
Thus, in the current study, the detection mode of analysis was switched to differential pulse
voltammetry (DPV) instead of a CV to obtain a faster and reliable response. Interestingly,
DPV analysis was very sensitive towards the detection of FR. As shown in Figure 8, the
highly sensitive detection of FR was conducted via DPV by introducing FR-f3 at regular
intervals of 60 s. The addition of FR showed a significant reduction in the peak current
response due to the FA-FR interaction.

The DPV analysis in the concentration range of 6—100 pM (Figure 8) resulted in
a linear relationship between peak current density (j) and log FR concentration with a
correlation coefficient, R? = 0.9101. The calibration plot of peak current vs concentration
of FR from 6 to 100 pM resulted in a linear equation with I (mA) = 4.638—0.037 [FR] (pM)
with a detection limit of 1.69 pM (at an S/N ratio of 3), with milliseconds response time
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and sensitivity of 0.037 pA pM~! ecm?, which is highly comparable to other earlier reported
detection systems (Table 2).

804 s
10.0 - rGO-FA/GC
' 6 pM FR
£ o R?=0.91 12.5pM FR
1€ 25 pM FR
3 50 pM FR
8.0 - :n ' 100 pM FR
i
. .
< 6.0 09 12 15 18 21 .l. ) a
.0 4 ]
log [FR] (pM) u [ ]
3 u e%%
—

0.0

L] L] T L]
0.10 0.15 0.20 0.25

E vs. Ag/AgClI (V)

1
0.05

Figure 8. DPV analysis of rGO-FA with the addition of FR at the predetermined intervals at a scan
rate of 50 mV s~ 1.

Table 2. FA-FR-based sensing studies for cancer cell detection.

Sensine Material Working Material or Cell Line Used Limit of Detection Method Reference
& Electrode and Range of Detection (FR Conc. or Number of Cells/mL)
FR
FA-DNA-SWNT Au (0.01-10 nM) 3pM DPV [79]
FR cv
FA-DNA Au (1.0-20.0 ng/mL) 0.3 ng/mL SSA [80]
HL-60 cells )
CNTs@PDA-FA GC (5 x 103-5 x 10 cells/mL) 5 x 10 cells EIS [81]
MPA / (Fc- HelLa cells
PEI/SWNT) Au (10-10° cells/mL) 10 cells DPV [62]
HelLa cells
PNT-FA G (250-5 x 10° cells/ mL) 250 cells Ccv [82]
PNT-FA G FR (8-13 nM) 8 nM (Y [82]
HelLa cells
Au/MUA-FA Au (6-10° cells/mL) 6 cells EIS [83]
Au-FA BDD HelLa cells (10-10° cells/ mL) 10 cells EIS [84]
Hela cells -
FA-AuNPs Au (1.3 x 10%) Not indicated (@)% [85]
HelLa cells
FA-GSH-GNPs - (10-10° cells/mL) 100 cells Absorbance [86]
HL-60 cells
FA/PEI/CMC-G GC (5005 x 105 cells/ mL) 500 cells EIS [76]
HelLa cells
FA- MHDA-HT-Fc Au beads (10-106 cells/mL) 10 cells DPV [87]
rGO-FA GC FR (6-100 pM) 1.69 pM DPV This work

Au: gold, DNA: deoxyribonucleic acid, SWNT: single-walled carbon nanotubes, SSA: steady-state amperometry, CNTs@PDA: polydopamine-
modified carbon nanotubes, MPA: 3- mercaptopropionic acid, G: graphene, Fc-PEI: poly(ethylene imine) functionalized with ferrocene, PNT:
peptide nanotube, MUA: 11 mercapto undecanoic acid, NPs: nanoparticles, BDD: boron-doped diamond, PTCA: 3,4,9,10-perylene tetracar-
boxylic acid, CCG: chemically converted graphene, GNPs: gold nanoparticles, GSH: glutathione, GC: glassy carbon, PEI: polyethyleneimine,

CMC: carboxymethyl chitosan, G: graphene, MHDA: mercaptohexadecanoic acid, HT: hexanethiol, Fc: ferrocenyl.
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Conventionally, protein/antibody/DNA conjugated gold electrodes were utilized for
sensitive detection approaches to attain similar LoD values, which are expensive and need
special handling [88-90]. However, in the current report, the developed rGO-FA-modified
GC is a novel system, which is economically feasible, sensitive, and allows rapid detection.
Reproducibility of the rGO-FA-modified GC was ensured by three repeated experiments.

Interaction of similar interfering biomolecules is a critical concern in sensor devel-
opment. Under normal conditions, human serum is free of FR. However, during cancer
progression or macrophage associated inflammations, the overexpression of FR, especially
FR-f3, occurs in the serum. Blood serum involves three major serum proteins (SP): albu-
mins, globulins, and fibrinogen. Among these, human serum albumin (HSA) is the most
abundant protein in plasma, existing as <50% of the total SP [91]. Thus, the introduction of
HSA could be used as a prominent interference analysis. Upon introducing SP/HSA (100
pM) to the rGO-FA /GC sensor, SP’s interference did not exhibit any significant difference
in the current response (Figure 9) compared with the detection signals of FR. This finding
facilitates using rGO-FA for the selective and reliable detection of FR even in the presence
of interfering biomolecules, and the three repeated experiments ensured reproducibility.

6.0 - A A rGO-FA/GC
® rGO-FA/GC + SP
& ‘@
4 A @
o a
4 o
— 4.0- 2
<
=
2.0-
0.0 1
T T v T v 1
0.0 0.2 0.4

E vs. Ag/AgCI (V)

Figure 9. Interference analysis of rGO-FA with the addition of SP/HSA (100 pM) at a scan rate of
50 mV s~ L.

5. Conclusions

Recognizing FA’s vital role as a potential biomarker for detecting FR, which is associ-
ated with cancer progression and immune response associated inflammations, a nanocom-
posite was developed by the conjugation of FA with rGO for the sensitive detection of FR.
rGO-FA was well characterized using SEM, TEM, AFM, XRD, XPS, EDAX, and FTIR tech-
niques. The electrocatalytic properties of rGO-FA were analyzed utilizing a three-electrode
electrochemical cell with an rGO-FA-modified GC electrode via a DPV technique. Upon
adding FR, rGO-FA-modified GC showed significant current responses in a linear concen-
tration range from 6 to 100 pM, with a detection limit of 1.69 pM. SP was introduced to
the system to analyze the effect of interfering molecules, resulting in no significant current
responses. The specificity and reproducibility of the electrode were analyzed repeatedly.
Apart from usual sensing studies, replacing gold or platinum working electrode with a GC
as the working electrode proves this system’s economic feasibility. Compared to the typical
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expensive FR detection systems that involve gene/protein/antibodies for the detection
of biomolecules, the current rGO-FA electrode offers an economical, fast, and sensitive
sensing to detect FR biomarkers. The current novel rGO-FA nanocomposite for FR sensing
enunciates a great promise for future cancer detection systems.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11051272/s1, Figure S1: AFM image of rGO-FA and the height profile at cross-section with
average thickness as 5 nm, Figure S2: XPS analysis of rGO-FA, displaying various bonds supporting
the conjugation of rGO and FA and elemental analysis as an atomic percentage. Table S1: FTIR peaks
of FA and its corresponding functional groups.

Author Contributions: Conceptualization, methodology and formal analysis were done by R.G.B.,
K.M. and S.M.; nanomaterial preparation, sensor characterization and writing—original draft prepa-
ration was done by R.G.B.; manuscript review, supervision and funding acquisition were made
by S.M., KM,, R.T. and H.N.M. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the Ministry of Higher Education (MOHE), Malaysia, for
the research grant FRGS (FRGS/1/2016/STG07/UNIM/02/1). Additional financial support was
provided by the Tallinn University ASTRA project “TU TEE—Tallinn University as a promoter
of intelligent lifestyle” financed by the European Union European Regional Development Fund
2014-2020.4.01.16-0033.

Acknowledgments: The authors would like to acknowledge Muhammad Mehmood Shahid, Univer-
sity Malaya, Malaysia, for his support in the sensor analysis.

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

References

1. Liu, H.-Y; Liu, S.-M.; Zhang, Y.-Z. Maternal Folic Acid Supplementation Mediates Offspring Health via DNA Methylation.
Reprod. Sci. 2020, 27, 963-976. [CrossRef]

2. Ye,S.; Zhou, X,; Chen, P; Lin, J.-F. Folic acid attenuates remodeling and dysfunction in the aging heart through the ER stress
pathway. Life Sci. 2021, 264, 118718. [CrossRef]

3. Lucock, M. Folic Acid: Nutritional Biochemistry, Molecular Biology, and Role in Disease Processes. Mol. Genet. Metab. 2000, 71,
121-138. [CrossRef] [PubMed]

4. Selhub, J. Folate, vitamin B12 and vitamin B6 and one carbon metabolism. ]. Nutr. Heal. Aging 2002, 6, 39-42.

5. Froese, D.S.; Fowler, B.; Baumgartner, M.R. Vitamin B12, folate, and the methionine remethylation cycle—biochemistry, pathways,
and regulation. J. Inherit. Metab. Dis. 2019, 42, 673—-685. [CrossRef] [PubMed]

6.  Quinlivan, E.P,; Gregory, ].E. Effect of food fortification on folic acid intake in the United States. Am. J. Clin. Nutr. 2003, 77,
221-225. [CrossRef]

7. Ebbing, M.; Benaa, K.H.; Nygard, O.; Arnesen, E.; Ueland, PM.; Nordrehaug, ].E.; Rasmussen, K.; Njelstad, I.; Refsum, H.;
Nilsen, D.W. Cancer incidence and mortality after treatment with folic acid and vitamin B12. |. Am. Med Assoc. (JAMA) 2009, 302,
2119-2126. [CrossRef] [PubMed]

8. O’Broin, ].D.; Temperley, L].; Brown, J.P.; Scott, ] M. Nutritional stability of various naturally occurring monoglutamate derivatives
of folic acid. Am. |. Clin. Nutr. 1975, 28, 438-444. [CrossRef]

9. Arzeni, C,; Pérez, O.E.; LeBlanc, ].G.; Pilosof, A.M. Egg albumin—folic acid nanocomplexes: Performance as a functional ingredient
and biological activity. J. Funct. Foods 2015, 18, 379-386. [CrossRef]

10. Ledermann, J.; Canevari, S.; Thigpen, T. Targeting the folate receptor: Diagnostic and therapeutic approaches to personalize
cancer treatments. Ann. Oncol. 2015, 26, 2034-2043. [CrossRef]

11.  Zhou, Y,; Unno, K; Hyjek, E.; Liu, H.; Zimmerman, T.; Karmakar, S.; Putt, K.S.; Shen, J.; Low, P.S.; Wickrema, A. Expression of
functional folate receptors in multiple myeloma. Leuk. Lymphoma 2018, 59, 2982-2989. [CrossRef]

12. Luangwattananun, P; Junking, M.; Sujjitjoon, J.; Wutti-In, Y.; Poungvarin, N.; Thuwajit, C.; Yenchitsomanus, P.-T. Fourth-
generation chimeric antigen receptor T cells targeting folate receptor alpha antigen expressed on breast cancer cells for adoptive T
cell therapy. Breast Cancer Res. Treat. 2021, 186, 25-36. [CrossRef] [PubMed]

13.  Holm, J.; Bruun, S.W.; Hansen, S.I. The complex interplay between ligand binding and conformational structure of the folate
binding protein (folate receptor): Biological perspectives. Biochim. Biophys. Acta (BBA) Proteins Proteom. 2015, 1854, 1249-1259.
[CrossRef]

14. Vergote, I.B.; Marth, C.; Coleman, R.L. Role of the folate receptor in ovarian cancer treatment: Evidence, mechanism, and clinical

implications. Cancer Metastasis Rev. 2015, 34, 41-52. [CrossRef]


https://www.mdpi.com/article/10.3390/nano11051272/s1
https://www.mdpi.com/article/10.3390/nano11051272/s1
http://doi.org/10.1007/s43032-020-00161-2
http://doi.org/10.1016/j.lfs.2020.118718
http://doi.org/10.1006/mgme.2000.3027
http://www.ncbi.nlm.nih.gov/pubmed/11001804
http://doi.org/10.1002/jimd.12009
http://www.ncbi.nlm.nih.gov/pubmed/30693532
http://doi.org/10.1093/ajcn/77.1.221
http://doi.org/10.1001/jama.2009.1622
http://www.ncbi.nlm.nih.gov/pubmed/19920236
http://doi.org/10.1093/ajcn/28.5.438
http://doi.org/10.1016/j.jff.2015.07.018
http://doi.org/10.1093/annonc/mdv250
http://doi.org/10.1080/10428194.2018.1453066
http://doi.org/10.1007/s10549-020-06032-3
http://www.ncbi.nlm.nih.gov/pubmed/33389403
http://doi.org/10.1016/j.bbapap.2015.06.009
http://doi.org/10.1007/s10555-014-9539-8

Nanomaterials 2021, 11, 1272 13 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

O’Shannessy, D.].; Somers, E.B.; Wang, L.-C.; Wang, H.; Hsu, R. Expression of folate receptors alpha and beta in normal and
cancerous gynecologic tissues: Correlation of expression of the beta isoform with macrophage markers. J. Ovarian Res. 2015, 8,
1-9. [CrossRef] [PubMed]

Cresswell, G.M. Folate Receptor Beta as a Marker of Immunosuppressive Myeloid Derived Suppressor Cells and Tumor
Associated Macrophages in the Tumor Microenvironment. Ph.D. Thesis, Purdue University, West Lafayette, IN, USA, 2018.
Chandrupatla, D.M.S.H.; Molthoff, C.EM.; Lammertsma, A.A.; Van Der Laken, C.J.; Jansen, G. The folate receptor 3 as a
macrophage-mediated imaging and therapeutic target in rheumatoid arthritis. Drug Deliv. Transl. Res. 2019, 9, 366-378.
[CrossRef]

Cresswell, G.M.; Wang, B.; Kischuk, E.M.; Broman, M.M.; Alfar, R.A ; Vickman, R.E.; Dimitrov, D.S.; Kularatne, S.A.; Sundaram,
C.P; Singhal, S.; et al. Folate Receptor Beta Designates Immunosuppressive Tumor-Associated Myeloid Cells That Can Be
Reprogrammed with Folate-Targeted Drugs. Cancer Res. 2021, 81, 671-684. [CrossRef]

Nagai, T.; Furusho, Y.; Li, H.; Hasui, K.; Matsukita, S.; Sueyoshi, K.; Yanagi, M.; Hatae, M.; Takao, S.; Matsuyama, T. Production
of a High-affinity Monoclonal Antibody Reactive with Folate Receptors Alpha and Beta. Monoclon. Antibodies Immunodiagn.
Immunother. 2015, 34, 181-190. [CrossRef]

Xie, J.; Chen, Z.; Zhang, A.; Zheng, B.; Yang, S.; Teng, L. Folate receptor targeted drug delivery- from the bench to the bedside.
Eur. J. Biomed. Res. 2016, 2, 46-52. [CrossRef]

Wang, C.; Jiang, Y.; Zhang, M.; Fei, X.; Gu, Y. Novel fluorescent antifolates that target folate receptors « and 3: Molecular
dynamics and density functional theory study. J. Mol. Graph. Model. 2018, 85, 40-47. [CrossRef]

Choi, J.-S.; Park, J.-W.; Seu, Y.-B.; Doh, K.-O. Enhanced efficacy of folate-incorporated cholesteryl doxorubicin liposome in folate
receptor abundant cancer cell. J. Drug Deliv. Sci. Technol. 2021, 62, 102385. [CrossRef]

Park, 1.Y.; Kwon, S.-H.; Lee, G.; Motoyama, K.; Kim, M.W.,; Lin, M.; Niidome, T.; Choi, J.H.; Lee, R. pH-sensitive multi-drug
liposomes targeting folate receptor 3 for efficient treatment of non-small cell lung cancer. J. Control. Release 2021, 330, 1-14.
[CrossRef]

Zhao, R.; Min, S.H.; Wang, Y.; Campanella, E.; Low, P.S.; Goldman, I.D. A Role for the Proton-coupled Folate Transporter
(PCFT-SLC46A1) in Folate Receptor-mediated Endocytosis. J. Biol. Chem. 2009, 284, 4267-4274. [CrossRef] [PubMed]

Chen, C.;Ke, J.; Zhou, X.E; Yi, W,; Brunzelle, ].S.; Li, J.; Yong, E.-L.; Xu, H.E.; Melcher, K. Structural basis for molecular recognition
of folic acid by folate receptors. Nat. Cell Biol. 2013, 500, 486—489. [CrossRef] [PubMed]

Basal, E.; Eghbali-Fatourechi, G.Z.; Kalli, K.R.; Hartmann, L.C.; Goodman, K.M.; Goode, E.L.; Kamen, B.A.; Low, P.S.; Knutson,
K.L. Functional Folate Receptor Alpha Is Elevated in the Blood of Ovarian Cancer Patients. PLoS ONE 2009, 4, e6292. [CrossRef]
[PubMed]

van Zijl, F; Krupitza, G.; Mikulits, W. Initial steps of metastasis: Cell invasion and endothelial transmigration. Mutat. Res. Mutat.
Res. 2011, 728, 23-34. [CrossRef] [PubMed]

Ramzy, L.; Nasr, M.; Metwally, A.A.; Awad, G.A. Cancer nanotheranostics: A review of the role of conjugated ligands for
overexpressed receptors. Eur. J. Pharm. Sci. 2017, 104, 273-292. [CrossRef]

Fernandez, M.; Javaid, E; Chudasama, V. Advances in targeting the folate receptor in the treatment/imaging of cancers. Chem.
Sci. 2018, 9, 790-810. [CrossRef] [PubMed]

Ma, J.; Huang, P; He, M,; Pan, L.; Zhou, Z.; Feng, L.; Gao, G.; Cui, D. Folic acid-conjugated LaF3: Yb, Tm@ SiO2 nanoprobes for
targeting dual-modality imaging of upconversion luminescence and X-ray computed tomography. J. Phys. Chem. B 2012, 116,
14062-14070. [CrossRef] [PubMed]

Wang, H.; Zheng, L.; Peng, C.; Shen, M.; Shi, X.; Zhang, G. Folic acid-modified dendrimer-entrapped gold nanoparticles as
nanoprobes for targeted CT imaging of human lung adenocarcinoma. Biomaterials 2013, 34, 470-480. [CrossRef]

Wang, M.; Hu, H.; Sun, Y.; Qiu, L.; Zhang, J.; Guan, G.; Zhao, X.; Qiao, M.; Cheng, L.; Cheng, L. A pH-sensitive gene delivery
system based on folic acid-PEG-chitosan-PAMAM-plasmid DNA complexes for cancer cell targeting. Biomaterials 2013, 34,
10120-10132. [CrossRef] [PubMed]

Lee, S.J.; Shim, Y.-H.; Oh, J.-S.; Jeong, Y.-I.; Park, I.-K.; Lee, H.C. Folic-acid-conjugated pullulan/poly(DL-lactide-co-glycolide)
graft copolymer nanoparticles for folate-receptor-mediated drug delivery. Nanoscale Res. Lett. 2015, 10, 1-11. [CrossRef] [PubMed]
Ghalehkhondabi, V.; Soleymani, M.; Fazlali, A. Folate-targeted nanomicelles containing silibinin as an active drug delivery system
for liver cancer therapy. J. Drug Deliv. Sci. Technol. 2021, 61, 102157. [CrossRef]

Stella, B.; Arpicco, S.; Peracchia, M.T.; Desmaéle, D.; Hoebeke, J.; Renoir, M.; D’Angelo, J.; Cattel, L.; Couvreur, P. Design of Folic
Acid-Conjugated Nanoparticles for Drug Targeting. J. Pharm. Sci. 2000, 89, 1452-1464. [CrossRef]

Qin, X.; Guo, Z,; Liu, Z,; Zhang, W.; Wan, M.; Yang, B. Folic acid-conjugated graphene oxide for cancer targeted chemo-
photothermal therapy. J. Photochem. Photobiol. B Biol. 2013, 120, 156-162. [CrossRef]

Chan, M.-H.; Lin, H.-M. Preparation and identification of multifunctional mesoporous silica nanoparticles for in vitro and in vivo
dual-mode imaging, theranostics, and targeted tracking. Biomaterials 2015, 46, 149-158. [CrossRef]

Alibolandi, M.; Abnous, K.; Sadeghi, F.; Hosseinkhani, H.; Ramezani, M.; Hadizadeh, F. Folate receptor-targeted multimodal
polymersomes for delivery of quantum dots and doxorubicin to breast adenocarcinoma: In vitro and in vivo evaluation. Int. J.
Pharm. 2016, 500, 162-178. [CrossRef]


http://doi.org/10.1186/s13048-015-0156-0
http://www.ncbi.nlm.nih.gov/pubmed/25971554
http://doi.org/10.1007/s13346-018-0589-2
http://doi.org/10.1158/0008-5472.CAN-20-1414
http://doi.org/10.1089/mab.2014.0072
http://doi.org/10.18088/ejbmr.2.1.2016.pp46-52
http://doi.org/10.1016/j.jmgm.2018.07.011
http://doi.org/10.1016/j.jddst.2021.102385
http://doi.org/10.1016/j.jconrel.2020.12.011
http://doi.org/10.1074/jbc.M807665200
http://www.ncbi.nlm.nih.gov/pubmed/19074442
http://doi.org/10.1038/nature12327
http://www.ncbi.nlm.nih.gov/pubmed/23851396
http://doi.org/10.1371/journal.pone.0006292
http://www.ncbi.nlm.nih.gov/pubmed/19617914
http://doi.org/10.1016/j.mrrev.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21605699
http://doi.org/10.1016/j.ejps.2017.04.005
http://doi.org/10.1039/C7SC04004K
http://www.ncbi.nlm.nih.gov/pubmed/29675145
http://doi.org/10.1021/jp309059u
http://www.ncbi.nlm.nih.gov/pubmed/23134318
http://doi.org/10.1016/j.biomaterials.2012.09.054
http://doi.org/10.1016/j.biomaterials.2013.09.006
http://www.ncbi.nlm.nih.gov/pubmed/24094823
http://doi.org/10.1186/s11671-014-0706-1
http://www.ncbi.nlm.nih.gov/pubmed/25852340
http://doi.org/10.1016/j.jddst.2020.102157
http://doi.org/10.1002/1520-6017(200011)89:11&lt;1452::AID-JPS8&gt;3.0.CO;2-P
http://doi.org/10.1016/j.jphotobiol.2012.12.005
http://doi.org/10.1016/j.biomaterials.2014.12.034
http://doi.org/10.1016/j.ijpharm.2016.01.040

Nanomaterials 2021, 11, 1272 14 of 15

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Karpuz, M,; Silindir-Gunay, M.; Ozer, A.Y.; Ozturk, 5.C.; Yanik, H.; Tuncel, M.; Aydin, C.; Esendagli, G. Diagnostic and therapeutic
evaluation of folate-targeted paclitaxel and vinorelbine encapsulating theranostic liposomes for non-small cell lung cancer. Eur. J.
Pharm. Sci. 2021, 156, 105576. [CrossRef]

Soleymani, J.; Hasanzadeh, M.; Somi, M.H.; Ozkan, S.A.; Jouyban, A. Targeting and sensing of some cancer cells using folate
bioreceptor functionalized nitrogen-doped graphene quantum dots. Int. J. Biol. Macromol. 2018, 118, 1021-1034. [CrossRef]
[PubMed]

Knezevié, N.Z.; Gadjanski, I.; Durand, ].-O. Magnetic nanoarchitectures for cancer sensing, imaging and therapy. . Mater. Chem.
B 2018, 7, 9-23. [CrossRef]

Roy, S.; Gunukula, A.; Ghosh, B.; Chakraborty, C. A folic acid-sensitive polyfluorene based “turn-off” fluorescence nanoprobe for
folate receptor overexpressed cancer cell imaging. Sens. Actuators B Chem. 2019, 291, 337-344. [CrossRef]

Teixeira, R.A.R.; Lima, ER.A; Silva, PC.; Costa, L.A.S.; Sant’Ana, A.C. Tracking chemical interactions of folic acid on gold surface
by SERS spectroscopy. Spectrochim. Acta Part A: Mol. Biomol. Spectrosc. 2019, 223, 117305. [CrossRef] [PubMed]

Soleymani, J.; Hasanzadeh, M.; Shadjou, N.; Somi, M.H.; Jouyban, A. The role of nanomaterials on the cancer cells sensing based
on folate receptor: Analytical approach. TrAC Trends Anal. Chem. 2020, 125, 115834. [CrossRef]

Castillo, J.J.; Svendsen, W.E.; Rozlosnik, N.; Escobar, P.; Martinez, F.; Ledn, J.C. Detection of cancer cells using a peptide
nanotube—folic acid modified graphene electrode. Analyst 2013, 138, 1026-1031. [CrossRef]

Reddy, J.A.; Low, P.S. Folate-mediated targeting of therapeutic and imaging agents to cancers. Crit. Rev. Ther. Drug Carr. Syst.
1998, 15, 41. [CrossRef]

Bai, G.R.; Muthoosamy, K.; Shipton, EN.; Pandikumar, A.; Rameshkumar, P.; Huang, N.M.; Manickam, S. The bio-genic synthesis
of a reduced graphene oxide-silver (RGO-Ag) nanocomposite and its dual applications as an antibacterial agent and cancer
biomarker sensor. RSC Adv. 2016, 6, 36576-36587.

Bai, R.G.; Muthoosamy, K.; Zhou, M.; Ashokkumar, M.; Huang, N.M.; Manickam, S. Sonochemical and sustainable synthesis of
graphene-gold (G-Au) nanocomposites for enzymeless and selective electrochemical detection of nitric oxide. Biosens. Bioelectron.
2017, 87, 622-629. [CrossRef]

Bai, R.G.; Ninan, N.; Muthoosamy, K.; Manickam, S. Graphene: A versatile platform for nanotheranostics and tissue engineering.
Prog. Mater. Sci. 2018, 91, 24-69. [CrossRef]

Bai, R.G.; Muthoosamy, K.; Manickam, S.; Hilal-Alnaqgbi, A. Graphene-based 3D scaffolds in tissue engineering: Fabrication,
applications, and future scope in liver tissue engineering. Int. ]. Nanomed. 2019, 14, 5753-5783. [CrossRef]

Shao, Y.; Wang, J.; Wu, H.; Liu, J.; Aksay, I.A.; Lin, Y. Graphene Based Electrochemical Sensors and Biosensors: A Review.
Electroanalysis 2010, 22, 1027-1036. [CrossRef]

Mao, H.Y;; Laurent, S.; Chen, W.; Akhavan, O.; Imani, M.; Ashkarran, A.A.; Mahmoudi, M. Graphene: Promises, Facts,
Opportunities, and Challenges in Nanomedicine. Chem. Rev. 2013, 113, 3407-3424. [CrossRef] [PubMed]

Kim, H.; Kim, W.J. Photothermally controlled gene delivery by reduced graphene oxide—polyethylenimine nanocomposite. Small
2014, 10, 117-126. [CrossRef]

Muthoosamy, R.G.B.A.S.M.K.; Bai, R.; Manickam, S. Graphene and graphene oxide as a docking station for modern drug delivery
system. Curr. Drug Deliv. 2014, 11, 701-718. [CrossRef]

Yang, K.; Feng, L.; Liu, Z. The advancing uses of nano-graphene in drug delivery. Expert Opin. Drug Deliv. 2014, 12, 601-612.
[CrossRef]

Benvidi, A.; Saucedo, N.M.; Ramnani, P; Villarreal, C.; Mulchandani, A.; Tezerjani, M.D.; Jahanbani, S. Electro-oxidised monolayer
CVD graphene film transducer for ultrasensitive impedimetric DNA biosensor. Electroanalysis 2018, 30, 1791-1800. [CrossRef]
Ismail, N.A.B.; Abd-Wahab, F.; Salim, W.W.A.W. Cyclic voltammetry and electrochemical impedance spectroscopy of partially
reduced graphene oxide-PEDOT: PSS transducer for biochemical sensing. In Proceedings of the 2018 IEEE-EMBS Conference on
Biomedical Engineering and Sciences (IECBES), Sarawak, Malaysia, 3-6 December 2018.

Morales-Narvaez, E.; Merkogi, A. Graphene Oxide as an Optical Biosensing Platform. Adv. Mater. 2012, 24, 3298-3308. [CrossRef]
[PubMed]

Muthoosamy, K.; Bai, R.G.; Abubakar, I.B.; Sudheer, S.M.; Lim, H.N.; Loh, H.S.; Huang, N.M.; Chia, C.H.; Manickam, S.
Exceedingly biocompatible and thin-layered reduced graphene oxide nanosheets using an eco-friendly mushroom extract
strategy. Int. J. Nanomed. 2015, 10, 1505.

Bai, R.G.; Muthoosamy, K.; Shipton, EN.; Manickam, S. Acoustic cavitation induced generation of stabilizer-free, extremely stable
reduced graphene oxide nanodispersion for efficient delivery of paclitaxel in cancer cells. Ultrason. Sonochem. 2017, 36, 129-138.
[CrossRef]

Yang, X.; Wang, Y.; Huang, X.; Ma, Y,; Huang, Y.; Yang, R.; Duan, H.; Chen, Y. Multi-functionalised graphene oxide based
anticancer drug-carrier with dual-targeting function and pH-sensitivity. J. Mater. Chem. 2011, 21, 3448-3454. [CrossRef]

Wang, Y.-W.; Fu, Y.-Y; Peng, Q.; Guo, S.-S.; Liu, G.; Li, ].; Yang, H.-H.; Chen, G.-N. Dye-enhanced graphene oxide for photothermal
therapy and photoacoustic imaging. J. Mater. Chem. B 2013, 1, 5762-5767. [CrossRef]

Wang, X,; Sun, X,; Lao, J.; He, H.; Cheng, T.; Wang, M.; Wang, S.; Huang, F. Multifunctional graphene quantum dots for
simultaneous targeted cellular imaging and drug delivery. Colloids Surf. B Biointerfaces 2014, 122, 638—644. [CrossRef]

Depan, D.; Shah, J.; Misra, R. Controlled release of drug from folate-decorated and graphene mediated drug delivery system:
Synthesis, loading efficiency, and drug release response. Mater. Sci. Eng. C 2011, 31, 1305-1312. [CrossRef]


http://doi.org/10.1016/j.ejps.2020.105576
http://doi.org/10.1016/j.ijbiomac.2018.06.183
http://www.ncbi.nlm.nih.gov/pubmed/30001595
http://doi.org/10.1039/C8TB02741B
http://doi.org/10.1016/j.snb.2019.04.029
http://doi.org/10.1016/j.saa.2019.117305
http://www.ncbi.nlm.nih.gov/pubmed/31255863
http://doi.org/10.1016/j.trac.2020.115834
http://doi.org/10.1039/C2AN36121C
http://doi.org/10.1615/CritRevTherDrugCarrierSyst.v15.i6.20
http://doi.org/10.1016/j.bios.2016.09.003
http://doi.org/10.1016/j.pmatsci.2017.08.004
http://doi.org/10.2147/ijn.s192779
http://doi.org/10.1002/elan.200900571
http://doi.org/10.1021/cr300335p
http://www.ncbi.nlm.nih.gov/pubmed/23452512
http://doi.org/10.1002/smll.201202636
http://doi.org/10.2174/1567201811666140605151600
http://doi.org/10.1517/17425247.2015.978760
http://doi.org/10.1002/elan.201700654
http://doi.org/10.1002/adma.201200373
http://www.ncbi.nlm.nih.gov/pubmed/22628274
http://doi.org/10.1016/j.ultsonch.2016.11.021
http://doi.org/10.1039/C0JM02494E
http://doi.org/10.1039/c3tb20986e
http://doi.org/10.1016/j.colsurfb.2014.07.043
http://doi.org/10.1016/j.msec.2011.04.010

Nanomaterials 2021, 11, 1272 15 of 15

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Chen, W,; Cai, S.; Ren, Q.Q.; Wen, W.; Zhao, Y.D. Recent advances in electrochemical sensing for hydrogen peroxide: A review.
Analyst 2012, 137, 49-58. [CrossRef]

Marin, S.; Merkogi, A. Nanomaterials Based Electrochemical Sensing Applications for Safety and Security. Electroanalysis 2012, 24,
459-469. [CrossRef]

Doucette, M.M.; Stevens, V.L. Folate receptor function is regulated in response to different cellular growth rates in cultured
mammalian cells. J. Nutr. 2001, 131, 2819-2825. [CrossRef] [PubMed]

Ming, N.H.; Lim, H.; Chia, C.; Yarmo, M.; Muhamad, M. Simple room-temperature preparation of high-yield large-area graphene
oxide. Int. |. Nanomed. 2010, 6, 3443-3448.

Matias, R.; Ribeiro, P.R.S.; Sarraguca, M.; Lopes, J.A. A UV spectrophotometric method for the determination of folic acid in
pharmaceutical tablets and dissolution tests. Anal. Methods 2014, 6, 3065-3071. [CrossRef]

Sivakumar, C.; Gopalan, A.; Vasudevan, T.; Wen, T.C. Kinetics of polymerization of N-methyl aniline using UV-Vis spectroscopy.
Synth. Met. 2002, 126, 123-135. [CrossRef]

Baset, S.; Akbari, H.; Zeynali, H.; Shafie, M. Size measurement of metal and semiconductor nanoparticles via UV-Vis absorption
spectra. Digest ]. Nanomater. Biostruct. (DJNB) 2011, 6, 709-716.

Mohammed, EM.K.A.D. Qualitative and quantitative determination of folic acid in tablets by FTIR spectroscopy. Int. ]. Adv.
Pharm. Biol. Chem. 2014, 3, 773-780.

Vora, A.; Riga, A.; Dollimore, D.; Alexander, K. Thermal Stability of Folic Acid in the solid-state. ]. Therm. Anal. Calorim. 2004, 75,
709-717. [CrossRef]

Vora, A.; Riga, A.; Dollimore, D.; Alexander, K.S. Thermal stability of folic acid. Thermochim. Acta 2002, 392, 209-220. [CrossRef]
Hueso, J.; Espinds, J.; Caballero, A.; Cotrino, J.; Gonzalez-Elipe, A. XPS investigation of the reaction of carbon with NO, O,, N,
and H,O plasmas. Carbon 2007, 45, 89-96. [CrossRef]

Yang, G.; Cao, J.; Li, L.; Rana, RK.; Zhu, ]J.J. Carboxymethyl chitosan-functionalized graphene for label-free electrochemical
cytosensing. Carbon 2013, 51, 124-133. [CrossRef]

Hu, Y; Li, F; Bai, X; Li, D.; Hua, S.; Wang, K.; Niu, L. Label-free electrochemical impedance sensing of DNA hybridisation based
on functionalized graphene sheets. Chem. Commun. 2011, 47, 1743-1745. [CrossRef]

Hao, C.; Ding, L.; Zhang, X.; Ju, H. Biocompatible conductive architecture of carbon nanofiber-doped chitosan prepared with
controllable electrodeposition for cytosensing. Anal. Chem. 2007, 79, 4442—-4447. [CrossRef]

Wu, Z.; Zhen, Z.; Jiang, ] .-H.; Shen, G.-L.; Yu, R.-Q. Terminal protection of small-molecule-linked DNA for sensitive electrochemical
detection of protein binding via selective carbon nanotube assembly. J. Am. Chem. Soc. 2009, 131, 12325-12332. [CrossRef]
[PubMed]

Wang, G.; He, X.; Wang, L.; Zhang, X. A folate receptor electrochemical sensor based on terminal protection and supersandwich
DNAzyme amplification. Biosens. Bioelectron. 2013, 42, 337-341. [CrossRef] [PubMed]

Zheng, T.-T.; Zhang, R.; Zou, L.; Zhu, J.-J. A label-free cytosensor for the enhanced electrochemical detection of cancer cells using
polydopamine-coated carbon nanotubes. Analyst 2011, 137, 1316-1318. [CrossRef]

Wei, X.; Lin, W.; Ma, N.; Luo, E; Lin, Z.; Guo, L.; Qiu, B.; Chen, G. Sensitive fluorescence biosensor for folate receptor based on
terminal protection of small-molecule-linked DNA. Chem. Commun. 2012, 48, 6184. [CrossRef]

Wang, R.; Dj, J.; Ma, J.; Ma, Z. Highly sensitive detection of cancer cells by electrochemical impedance spectroscopy. Electrochim.
Acta 2012, 61, 179-184. [CrossRef]

Weng, J.; Zhang, Z.; Sun, L.; Wang, ].A. High sensitive detection of cancer cell with a folic acid-based boron-doped diamond
electrode using an AC impedimetric approach. Biosens. Bioelectron. 2011, 26, 1847-1852. [CrossRef]

Liu, L.; Zhu, X,; Zhang, D.; Huang, J.; Li, G. An electrochemical method to detect folate receptor positive tumor cells. Electrochem.
Commun. 2007, 9, 2547-2550. [CrossRef]

Zhang, Z.; Jia, ].; Lai, Y.; Ma, Y.; Weng, J.; Sun, L. Conjugating folic acid to gold nanoparticles through glutathione for targeting
and detecting cancer cells. Bioorg. Med. Chem. 2010, 18, 5528-5534. [CrossRef]

Xu, S,; Liu, J.; Wang, T,; Li, H.; Miao, Y.; Liu, Y,; Wang, J.; Wang, E. A simple and rapid electrochemical strategy for non-invasive,
sensitive and specific detection of cancerous cell. Talanta 2013, 104, 122-127. [CrossRef]

Huang, X.; Peng, X.; Wang, Y.; Wang, Y.; Shin, D.M.; El Sayed, M.A; Nie, S. A reexamination of active and passive tumor targeting
by using rod-shaped gold nanocrystals and covalently conjugated peptide ligands. ACS Nano 2010, 4, 5887-5896. [CrossRef]
O’shannessy, D.J.; Somers, E.B.; Albone, E.; Cheng, X.; Park, Y.C.; Tomkowicz, B.E.; Hamuro, Y.; Kohl, T.O.; Forsyth, TM.; Smale,
R. Characterisation of the human folate receptor alpha via novel antibody-based probes. Oncotarget 2011, 2, 1227-1243. [CrossRef]
[PubMed]

Wang, H.B.; Zhang, H.D.; Xu, S.P,; Gan, T.; Huang, K.J.; Liu, Y. M. A sensitive and label-free electrochemical impedance biosensor
for protein detection based on terminal protection of small molecule-linked DNA. Sens. Actuators B Chem. 2014, 194, 478-483.
[CrossRef]

Fanali, G.; di Masi, A.; Trezza, V.; Marino, M.; Fasano, M.; Ascenzi, P. Human serum albumin: From bench to bedside. Mol. Asp.
Med. 2012, 33, 209-290. [CrossRef] [PubMed]


http://doi.org/10.1039/C1AN15738H
http://doi.org/10.1002/elan.201100576
http://doi.org/10.1093/jn/131.11.2819
http://www.ncbi.nlm.nih.gov/pubmed/11694602
http://doi.org/10.1039/c3ay41874j
http://doi.org/10.1016/S0379-6779(01)00481-7
http://doi.org/10.1023/B:JTAN.0000027167.14746.28
http://doi.org/10.1016/S0040-6031(02)00103-X
http://doi.org/10.1016/j.carbon.2006.07.021
http://doi.org/10.1016/j.carbon.2012.08.020
http://doi.org/10.1039/C0CC04514D
http://doi.org/10.1021/ac062344z
http://doi.org/10.1021/ja9038054
http://www.ncbi.nlm.nih.gov/pubmed/19655753
http://doi.org/10.1016/j.bios.2012.10.066
http://www.ncbi.nlm.nih.gov/pubmed/23208108
http://doi.org/10.1039/C2AN16023D
http://doi.org/10.1039/c2cc31979a
http://doi.org/10.1016/j.electacta.2011.11.112
http://doi.org/10.1016/j.bios.2010.01.027
http://doi.org/10.1016/j.elecom.2007.07.032
http://doi.org/10.1016/j.bmc.2010.06.045
http://doi.org/10.1016/j.talanta.2012.11.040
http://doi.org/10.1021/nn102055s
http://doi.org/10.18632/oncotarget.412
http://www.ncbi.nlm.nih.gov/pubmed/22204844
http://doi.org/10.1016/j.snb.2014.01.002
http://doi.org/10.1016/j.mam.2011.12.002
http://www.ncbi.nlm.nih.gov/pubmed/22230555

	Introduction 
	Scope of the Study 
	Experimental Section 
	Materials 
	Synthesis of rGO 
	Synthesis of rGO-FA 
	Characterization Techniques 
	Electrochemical Measurements 

	Results and Discussion 
	Conclusions 
	References

