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Abstract

An electrochemical immunoassay system was developed to detect CA-125 using a glassy carbon electrode (GCE) modified
with MXene, graphene quantum dots (GQDs), and gold nanoparticles (AuNPs). The combined MXene-GQD/AuNPs
modification displayed advantageous electrochemical properties due to the synergistic effects of MXene, GQDs, and AuNPs.
The MXene-GQD composite in the modified layer provided strong mechanical properties and a large specific surface area.
Furthermore, the presence of AuNPs significantly improved conductivity and facilitated the binding of anti-CA-125 on
the modified GCE, thereby enhancing sensitivity. Various analytical techniques such as FE-SEM and EDS were utilized to
investigate the structural and morphological characteristics as well as the elemental composition. The performance of the
developed immunosensor was assessed using electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV),
square wave voltammetry (SWYV), and differential pulse voltammetry (DPV). Under optimized conditions in a working
potential range of —0.2 to 0.6 V (vs. Ag/AgCl), the sensitivity, linear range (LR), limit of detection (LOD), and correlation
coefficient (RZ) were determined to be 315.250 pA pU.mL_I/cm2, 0.1 to 1 nU/mL, 0.075 nU/mL, and 0.9855, respectively.
The detection of CA-125 in real samples was investigated using the developed immunoassay platform, demonstrating
satisfactory results including excellent selectivity and reproducibility.

Keywords Electrochemical immunosensor - Modified glassy carbon electrode - MXene - Ovarian cancer - Cancer
antigen-125 detection - Graphene quantum dots

Introduction

Women with gynecologic malignancies are mostly affected
by ovarian cancer (OC). In recent decades, the death rate
from OC has not decreased much, despite all the advances
in cancer treatment [1-5]. The OC is the deadliest malig-
nant cancer which includes more than 225,000 new patients
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annually [6]. Due to the late diagnosis of the disease, more
than 70% of the patients are in the advanced stage [7]. The
well-known oncomarker for the diagnosis of OC in clinics
is CA-125, which has been considered the “gold standard”
in the last years [8]. CA-125 is a protein with a relatively
high molecular weight, and its physiologic amount in the
body is less than 35 U/mL [9-11]. Due to the presence of
CA-125 on the surface of ovarian tumor cells, its detection
by polyclonal antibodies such as anti-CA-125, it can be used
to monitor disease progress and also response to chemo-
therapy [12]. After many studies in the last few years to
prove the effectiveness of CA-125 in diagnosing OV, the US
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Food and Drug Administration (FDA) formally confirmed
its effectiveness in the initial stage of OC diagnosis [6, 13].
Therefore, there is a great demand for ultrasensitive detec-
tion of CA-125 using cost-effective yet robust and more
accurate methods. To diagnose this disease, blood cell count
tests, tomography scan, ultrasound, and magnetic resonance
imaging of the pelvis, laparoscope, and finally tumor biopsy
are performed [14-16].

Some of traditional methods for measuring cancer bio-
markers required complex protocols and instruments. There-
fore, researchers are looking to find a rapid and elective
detection method. Some of these methods include enzyme-
linked immunosorbent assays (ELISAs), mass spectrometry
immunoassays, radioimmunoassays, immunohistochemistry,
and fluorescent spectroscopy. Some of the previously dis-
cussed methods, not all of them have various limitations
when compared to the newly developed methods, for exam-
ple, low sensitivity and false positive detection in ELISAs,
expensive equipment in chemiluminescence, and low selec-
tivity in some of the approaches [17-22].

Electrochemical techniques are a promising strategy due
to advantages such as fast response time, good sensitivity,
high selectivity, and a precise tool for binding antibody-anti-
gen (Ab-Ag) with high affinity. Therefore, the electrochemi-
cal biosensor could be applied as sensitive, fast response
time, and selective detection of biomarkers [23].

In recent decades, scientists have investigated biosensors
composed with various biomaterials and nanomaterials
with various sensing methods for monitor and detect cancer
biomarkers [24, 25]. Different nanomaterials such as car-
bon nanomaterials, graphene and its derivatives, Au nano
particles, and magnetic nano particles have been used for
the construction of biosensors because of the improvement
of conductivity and sensitivity. In many cases, combining
nanomaterials and bio identifiers as antibodies, aptamers,
and enzymes has brought good results in terms of sensitivity
and selectivity. Biomaterials conjugated with bioreceptors
have been widely used to the construction of optical bio-
sensors and electrochemical as detector of cancer-specific
biomarkers [26—29]. Biochemical process by electrochemi-
cal biosensors converts into electrical signals. Antigen—anti-
body interactions are an example of these events [30]. This
method has been used for detecting CA-125 protein by bio-
conjugation anti-CA-125 antibodies on a graphene-based
screen-printed bioassay [31]. Another study employed the
quenching ability of AuNPs coated with a Schiff base ligand
placed in a sol-gel film [32].

MXene is a group of two-dimensional (2D)-transition
metal carbide, nitrile, or carbonitrile of the generic formula
M, X, T, where M represents transition; X is either C
or N; T indicates the surface terminal group, which makes
facilitates absorb biological materials and changes the con-
ductivity properties. Therefore, it can be a suitable and
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flexible candidate in the sensing of biological materials. So
far, electrochemical biosensors based on MXene nanosheet
have been used for detecting phenol, antibodies, enzymes,
and Geno sensor [33].

Graphene quantum dots (GQDs) are thin layer of
graphene smaller than 100 nm that possess various optical
and electronic properties, which make it an appropriate
candidate for fabricating electronic and optical devices at
the nanoscale. Due to its good biocompatibility, low toxicity,
and good conductivity, GQDs have been shown to be an
efficient biosensor [34, 35].

In the present research, we developed a novel
immunosensor based on the affinity of CA-125 antibody
and CA-125 antigen using glassy carbon electrodes modified
MXene-GQD/AuNPs. The outcomes of this modified
electrode revealed simple instrumentation, acceptable
sensitivity, and good selectivity to the detection of CA-125
(see Scheme 1). This work proposed an electrochemical
immunosensor for the detection of OC using MXene-GQD/
AuNPs nanocomposite in real samples.

Experimental
Materials

Hydrofluoric acid solution (HF) (48 wt%), Ti;AlC, powder
(size of particles 40—-60 pm; >99% purity), and dimethyl sul-
foxide (DMSO) were purchased from Sigma-Aldrich. Due to
the systemic toxicity resulting from the dissociated fluoride
ion, personal protective equipment and the fume hood were
used. Stock solution was prepared in graphite fine powder,
0.05 molar phosphate buffer solution (PBS, pH=7) and com-
plex [Fe(CN)6]_3/ —+ were purchased from Merck. CA-125
and its capture antibody were purchased from Abcam.

Apparatus

To homogenize the solutions, an ultrasonic bath (Transsonic,
model) was employed. The scanning electron microscope
(FE-SEM) and energy dispersive X-ray analyzer (EDX)
was performed using Tescan instrument, Model: MIRA3.
All electrochemical studies were performed by applying a
Metrohm Autolab (PGSTAT204) controlled by Nova soft-
ware (2.1). The electrochemical three-electrode system
consists of a 2-mm diameter glassy carbon electrode (GCE)
modified with MXene-GQD/AuNPs as the working elec-
trode, a platinum wire as the counter electrode, and a satu-
rated Ag/AgCl reference electrode.

The synthesis of GQDs [35], AuNPs [36], and MXene
[37] is described in Electronic Supporting Material (ESM).
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Scheme 1 Scheme of the
suggested immunosensor for
detection of CA-125
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Results and discussion

Electrochemical characterization and statistical
analysis

The mentioned electrochemical studies were performed in
the mixture of 0.1 M KCl and 5 mM [Fe(CN);]™~* solution.
Also, for statistical analysis, each experiment was repeated
ten or more times to obtain the meanzstandard deviation
(SD) expressed as the mean.

Fabrication of the immunosensor for CA-125

At first, GCE was polished with Al,0; grout to make
it mirror-like, and ultrasonic rinsing was performed in
50% HNO;, 95% C,H;OH, and high-purity water for
10 min and dried. With a modified working electrode in
[Fe(CN)G]_S/ ~4 solution, the electrochemical proficiency
of each step was investigated by cyclic voltammetry (CV)
technique.

At first, 2 mL of 0.1 mg/mL MXene and 2 mL of
0.1 mg/mL GQDs were stirred regularly for 120 min
then sonicated for 60 min. Four microliters of the mixture
was dripped onto the GCE electrode and dried at room
temperature. Thenceforth, AuNPs were electrochemically
deposited on the MXene-GQDs by chronoamperometry
technique (—0.2 V, 300 s). Gold NPs improved the
absorption and increased the effective surface area
performance of GCE. In Fig. 1A, CV and Fig. 1B, EIS
of the bare GCE, MXene-GQD and MXene-GQD/AuNPs
are presented. By the modification surface of GCE with
MXene-GQD/AuNPs, currents of CV peaks increased

\

T
N y .

CEJ T LWE  Autolab -

Ca-125

Streptavidin

E)E)E)

Ab,
(
.:."<
|

Au

i .GCE
i e «MXene-GQDs
MXene-GQDs-Au NPs

+Ab
‘Ag

and electron transfer resistance decreased compared
with unmodified GCE. The bare electrode showed a
charge transfer resistance (R.) of 5665.97 Q, and the
modified electrode showed R ,=322.15 Q due to its high
conductivity.

Next, the modified GCE electrode (MXene-GQD/
AuNPs) was incubated with 2 uL of 0.001 pg/mL
streptavidin (Strp, streptavidin is commonly used as a
bioconjugation agent in immunoassay) solution at 8 °C.
After that, 2 uL of 0.001 pg/mL CA-125 antibody was
drop-casted onto Strp-MXene-GQD/AuNPs (Ab-Strp-
MXene-GQD/AuNPs) and incubated at 8 °C for 2 h.
Eventually, 2 uL CA-125 antigen solution was dropped on
the modified GCE and retained at 8 °C for 2 h. Unbound
materials were washed with a phosphate buffer with
pH 7. As shown in Fig. 1C, CV peaks were generated
in variant immunosensor preparation steps of adding
Strp, Ab, and Ag (CA-125); currents of CV peaks were
reduce, which is because of the prevention of electron
transfer on the surface of GCE by CA-125 antibodies and
antigens. Figure 1D shows the EIS spectra of the prepared
immunosensor. As can be seen, by adding Strp, Ab,
and Ag (non-conducting CA-125), the electron transfer
resistance increased gradually which can be utilized as a
proper analytical signal for ovarian cancer detection.

Morphology and characterization

Scanning electron microscopy (SEM) was used for
the evaluation of the morphology of the fabricated
immunosensor. As shown in Fig. 2A-D in the nanoscale
(with magnified 500 nm, 1 pm, 2 pm, and 5 pm), the
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Fig. 1 Verification of electrochemical performance: CV (A) and EIS
(B) of bare GCE, MXene-GQDs, and MXene-GQD/AuNPs. Immu-
nosensor preparation steps: CV (C) and EIS (D) of MXene-GQDs-

FE-SEM, results presented fragmented and frizzly GQD
sheets on the surface of the GCE, was produced. Also, the
MXene had a dense multilayer sheet, an accordion-like
shape, and the surface of MXene was smooth and flat. This
morphology of MXene is related to the etching process.
The etched sample of Mn*'AXn parent phases was
successfully expanded with Al, and multilayer Ti,CTx was
obtained [38]. Therefore, the multilayer MXene provides
a wide specific surface area for a lot of Au nanoparticle
attachments.

The FE-SEM images of the MXene-GQD/AuNPs-GCE
in the nanoscale (with magnified 500 nm, 1 pm, 2 pm, and
5 pm) represent AuNP nanostructures in the deposited
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matrix in electrodes (Fig. 2E-H). The modified surfaces
have different structure and morphology, which reveals the
successful deposition of AuNP nanocomposite. Therefore,
the deposition of AuNPs was successfully carried out on
layered MXene-GQDs.

The energy dispersive X-ray spectroscopy (EDS) provides
insight into the chemical compositions of MXene-GQD/
AuNPs. The EDS analysis confirms the presence of carbon
(C) and titanium (Ti) elements, which can be attributed to the
MXene. The presence of oxygen (O) and carbon (C) can be
attributed to the GQDs. Moreover, the presence of gold (Au)
element after the electrochemical deposition of Au NPs can
be confirmed (Fig. 2I).
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Fig.2 Description of scanning electron microscopy images in the nanoscale (with magnified 500 nm, 1 pm, 2 pm, and 5 pm): (A-D) MXene-
GQDs-GCE and (E-H) MXene-GQD/AuNPs-GCE. (I) Description of MXene-GQD/AuNPs EDS

Optimization of experimental conditions

Optimization of MXene-graphene quantum dot thickness
on GCE

Initially, the concentration of MXene-GQDs nanocompos-
ites on the surface of GCE was optimized by different vol-
umes (2, 4, 6, 8, and 10 uL.) of MXene-GQD suspension
onto the clean GCE. After drying the modified MXene-
GQD electrodes for 2 h at room temperature, the electro-
chemical activity of modified MXene-GQDs electrodes in
[Fe(CN)6]_3/ ~*solution was evaluated through the CV tech-
nique in the potential range of —0.2 to + 0.6 V and also the
scanning speed of 50 mV s~! (10 cycles) (Fig. S1A). The

average height of the recorded peaks corresponding to each
calculated volume and the histogram of average peak height
versus different applied volumes of MXene-GQDs presented
that the volume of 4 pL is the optimal volume of MXene-
GQDs (Fig. S1B).

It must be noted that any increase in the thickness of the
resulting layers could hinder redox reaction on the elec-
trode or insulating agent or be a semiconductor. Finally, to
optimize incubation time, MXene-GQD electrodes were
incubated for 60, 90, 120, and 150 min. According to the
obtained voltammograms, the optimum incubation time was
120 min (Fig. S2A and B).

Gold nanoparticles were used to improve the conductiv-
ity of the MXene-GQDs as bioconjugation elements on the
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surface of the modified electrode. According to the imped-
ance spectra results, the bare electrode showed R.,=5665.97
Q, MXene-GQDs showed R.=4908.7 €2, and MXene-GQD/
AuNPs electrode showed R =322.15 Q due to its high con-
ductivity. In fact, the charge transfer resistance with the
modified electrode is reduced due to the increase in the
conductivity of the electrode surface (Fig. S3A). According
to Fig. S3B, the recorded results indicate that the electro-
chemical performance demonstrates a satisfactory level of
stability among 9 days.

Active surface area calculations

Figure 3 shows the relevant CVs of the MXene-GQD/AuNP-
modified electrode at different scan rates of 10-500 mV/s
to examine the sensing kinetics. According to Fig. 3A, at
higher scan rates, one can observe an increase in the width
of the voltammograms, along with a rise in both the cathodic
and anodic peak currents. The increase in peak current inten-
sity is related to two variables: (I) the scan rate and (II) the
square root of the scan rate [39—41]. Figure 3B shows the
relationship that changes proportionally of Ip versus v'/.
Based on the recorded results, the diffusion process con-
trols the mass-transferring phenomenon in this study. As a
result, the subsequent Randles-Sevcik equation can be used
to clarify the electrochemical procedure:
I, =2.69 x 10° x AD'/*n¥/?Cv'/? (1

In Eq. 1, I represents the anodic peak current, C rep-
resents the concentration of [Fe(CN)6]3_/4_ (5 mM), nis
the number of transferred electron (n=1), A represents the
surface area (cm?), v denotes the scan rate, and D which is
equal to 0.76 x 107> cm?/s confirms the diffusion coefficient.
Based on the gained slope of the Ip vs. o'’ plot, the surface
area of modified GCE was calculated as 0.0637 cm? (Fig. 3).
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Analytical studies

Calibration plots of the optimized system were taken in
the different concentrations of CA-125 antigen (0.1, 0.2,
0.4, 0.6, 0.8, and 1 nU/mL) 10 times for each concentra-
tion and in the range of —0.2 to 0.6 V. According to the
SWYV responses shown in Fig. 4, SWV voltammograms are
decreased by increasing the concentration of CA-125 that
provide high sensitivity for CA-125 detection. The results
showed an appropriate linear relationship between the SWV
response and the concentrations of CA-125 (linear range
0.1-1 nU/mL), and the detection limit of the CA-125 antigen
as an ovarian cancer biomarker for the designed immunosen-
sor was 0.075 nU/mL (S/N=3).

Table 1 provides a comparison between the proposed pro-
tocol with other reported immunosensor for the detection of
CA-125. In a study [42], a sandwich electrochemilumines-
cence (ECL) immunosensor was used to detect CA-125 with
the Ru-AuNPs/GR labeled, and the detection limit was 0.005
U/mL. In 2014, an electrochemiluminescence immunosensor
including a paper electrode containing silver modified with
silica NPs and activated with carbon dots showed a limit of
detection of 4.3 mU/mL for CA-125 [43]. For tumor marker
detection, a sandwich sensor of CdTe quantum dot coated
with carbon microspheres and a gold-silver composite as
the sensing platform with the detection limit of 2.5 mU/
mL were used [44]. In another report, a modified electrode
with poly (3-hydroxyphenylacetic acid) was developed to
evaluate tumor marker interactions. This sensor provides a
detection limit of 1.45 U/mL [45]. In a study, a printed car-
bon electrode was used to design an immunosensor based
on g-C;N,. This sensor was chemically prepared by binding
antigen with g-C;N,, with its detection limit of 0.4 mU/mL
[46].

Based on the results discussed (Table 1), the analyti-
cal properties of the suggested sensing assay have been
improved in comparison to prior studies. The heightened
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Fig.3 A CVs of MXene-GQD/AuNP GCE in [Fe(CN)¢]*7*~ (5 mM) in different scan rates (10, 20, 30, 40, 50, 75, 100, 150, 200, 250, 300,350,

400, 450, and 500 mV/s) and B I, (uA) vs. (V' /s'?)
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Table 1 Provides a comparisc.m Platform LOD Linear range Reference
between proposed protocol with
?thelr] reported imﬂfluﬂzselesors Ru-AuNPs/GR 5 mU/mL 0.01-100 U/mL [42]
or the detection of CA-125 Amino-modified silica NPs 4.3 mU/mL 0.01-50 U/mL [43]
Au-Ag nanocomposite-modified graphene 2.5 mU/mL 0.008-50 U/mL [44]
Poly (3-hydroxyphenylacetic acid) 1450 mU/mL 5-80 U/mL [45]
Multi-functionalized g-C3N4 0.4 mU/mL 0.001-5 U/mL [46]
CuCo-ONSs@AuNPs 3.9x 1078 U/mL 107-107% U/mL [47]
A gold—vertical graphene/TiO, 0.0001 mU/mL 0.01-1000 mU/mL [48]
AuNP/RGO 0.000042 U/mL 0.0001-300 U/mL [49]
MXene-GQD/AuNPs 0.075 nU/mL 0.1-1 nU/mL This work

sensitivity of the proposed immunosensor can be attributed
to the incorporation of MXene-GQD/AuNPs, which pos-
sess a high electron transfer rate and abundant active sites.
These properties facilitate the enhanced immobilization of
antibodies, thereby improving the efficiency of antibody-
antigen binding and increasing the available surface area.
Consequently, the obtained results indicate that the devel-
oped bioassay offers a viable immunosensor for the precise
detection of CA-125 at minimal concentrations.

Selectivity, stability, reproducibility,
and repeatability of the designed immunosensor

The reproducibility of the immunosensor was evaluated in
the presence of 0.1 nU/mL CA-125 antigen with three dif-
ferent MXene-GQD/AuNPs-GCE which were independently
prepared, and the average peak height of 10 successive
measurements was calculated. The result showed that the
relative standard deviation (RSD) was obtained to measure
the reproducibility of 2.04%. To evaluate the repeatability of
the engineered immunosensor, three antigen concentrations
of 0.1, 0.6, and 1 nU/mL were selected and modified in three
different GCE electrodes separately. The resulting DPV vol-
tammograms (recorded 10 times under the same conditions)

showed that the immunosensor has suitable repeatability.
To study the stability of the prepared immunosensor, the
modified Ab-Strp-(MXene-GQD/AuNPs) electrode was
kept at 8 °C from 1 to 4 days, and then the voltammogram
of the electrode was taken in 0.1 KCI containing 5 mM
[Fe(CN)e]~>=* (0.05 V s7!), which showed that after 4 days,
2% reduction in DPV is observed Fig. S4. No significant
alteration in the electrochemical signal was displayed after
4-day storing; also after performing the electrode prepara-
tion steps, 1 pL of antigen (0.4 nU/mL) was examined, and
voltammogram was recorded 10 times. Then, capped on the
final modified electrode, it was kept at 4 °C. One-hundred
twenty hours later, five SWV voltammograms recorded in
the same conditions showed that the average peak height
of SWV voltammogram decreased approximately by 15%
compared to the first day. To evaluate the selectivity of the
developed immunosensor, PSA (1 nU/mL), CA-15-3 (1 nU/
mL), and CA-19-9 (1 nU/mL), a mixture solution included
PSA, CA-15-3, and CA-19-9 (1 nU/mL), and CA-125 (0.5
nU/mL) was used as an interfering material. Figure S5A,
B confirms that the electrochemical signal of the immu-
nosensor was stable in the presence or absence of these
interfering compounds, which indicates the high selectivity
of the immunosensor .
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Table2 Addition and determination of CA-125 in real healthy sam-
ples with the MXene-GQD/AuNPs immunosensor (n=6)

No Added (nU/mL) Found (nU/mL) Recovery
1 0 0 -

2 0.1 0.0981 98.1%

3 0.2 0.211 105%

4 0.4 0.401 100%

5 0.6 0.618 103%

6 0.8 0.825 103%

7 1 1.01 101%

Applicability of the immunosensor in analyzing real
samples

The prepared immunosensor was applied for the quantification
of CA-125 in the diluted serum samples with 10 mL PBS
(pH=7). Various concentrations of the CA-125 antigen were
added to diluted samples (Table 2). Then, 2 pL of treated
serum sample with the CA-125 at the 0.1, 0.2, 0.4, 0.6,
0.8, and 1 nU/mL concentration levels was immobilized on
MXene-GQD/AuNPs-GCE. The results of the SWV technique
are shown in Fig. 5. The recoveries which ranged from 98.1 to
105% were obtained for the real samples. Accordingly, there
is no difference between the electrical signal of the healthy
person sample and the modified electrode without antigen
CA-125. Additionally, the developed immunosensor was
desirably applied for the evaluation of CA-125 in ovarian
cancer suffering patient’s serum samples at two different
stages and healthy sample (the results are presented in
Fig. S6A, B).

These results indicated that the proposed electrode
has a good application due to the advantages shown in

the production and identification stages. Future work
should focus on developing new portable tools with
the advantages of our proposed platform that will bring
benefits for point-of-care diagnostics in clinical settings.

Conclusion

In this project, a label-free biosensor with desirable
sensitivity was developed for the evaluation of CA-125.
Hence, MXene-GQD/AuNPs, immobilized on the
working electrode as an effective mediator, enhance the
active surface area of the modified GCE and increase
the stability and conductivity of the bioassay system.
Similarly, AuNPs existent in the nanocomposition of the
modifying agent not only helped to intensify the electron
transfer rate, but also led to the effective bioconjugation
of anti-CA-125 on the modified electrode. The presented
bioassay showed high efficacy in the ultrasensitive
evaluation of CA-125 with desirable LOD, venerable
selectivity, and long-term stability. The ultrasensitive
methods could help physicians to quickly change the
therapeutic strategy by prescribing the different drugs for
efficient treatment outcomes. However, the limitations
of the designed immunosensor are associated with
incubation time. Also, our linear range is narrow, it will
be desirable if we can increase our linear range in future
works. Due to the described advantages, the prepared
biosensor could serve as a promising tool for ultrahigh-
sensitive detection of other cancerous biomarkers. As a
result, we believe that there will be notable advancements
in the development of nano-based sensing devices
for therapeutic purposes, aligning with diagnostic
applications across different fields in the near future.

Fig.5 SWYV results of the 0.1 nU/mL
CA-125 addition and determi- 50 ——02nUmL
ngtlon in real healthy samples 45 0.4 nU/mL 50
with the MXene-GQD/AuNPs
. o 40 ———0.6 nU/mL
immunosensor (n=6)
35 ——0.8 nU/mL 45 R
.'.
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