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Abstract
An electrochemical immunosensor has been fabricated for the early determination of epithelial cell adhesionmolecules (EpCAM,
tumor biomarker) antigen using reduced graphene oxide (rGO) modified with nanostructured titanium dioxide (TiO2). The
hydrothermally synthesized rGO@TiO2 nanocomposite has been electrophoretically deposited on indium tin oxide (ITO) coated
glass substrate, and the deposition was confirmed using various spectroscopic, microscopic, and electrochemical techniques. The
fabricated rGO@TiO2/ITO electrode shows improved electron transfer kinetics with an electron transfer rate constant of 1.93 ×
10−7 cm·s−1. Furthermore, the rGO@TiO2/ITO electrodes were used for the covalent immobilization of monoclonal EpCAM
antibodies. Electrochemical determination of the EpCAM cancer biomarker is achieved using differential pulse voltammetry by
scanning the potential from − 0.4 to 0.8 V with an amplitude of 50 mV. The rGO@TiO2-based biosensor shows high sensitivity
(3.24 μA·mL·ng−1·cm−2), wide detection range (0.01 ng·mL−1 to 60 ng·mL−1), and low detection limit (0.0065 ng·mL−1, S/N = 3).
The fabricated biosensor is highly stable and regenerable and has been successfully applied to the determination of EpCAM in
spiked human serum samples.
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Introduction

The early detection and quantification of cancer biomarkers
provide an efficient pathway to observe tumor progression
and relate them to specific cancer types. In this context,
epithelial cell adhesion molecules (EpCAM) have been con-
sidered a prognostic tumor biomarker for cancer diagnosis
[1–3]. EpCAM is a glycosylated transmembrane protein,

which is expressed on the surface of circulating tumor cells,
and the overexpression of EpCAM has generally been found
in the carcinomas of the breast, stomach, colon, rectum,
prostate, biliary tract, pancreas, etc. [4, 5]. For the detection
of EpCAM, techniques such as cytometry, enzyme-linked
immunosorbent assays, and polymerase chain reaction have
been widely used [6, 7]. However, these methods are usually
expensive, complicated, time-consuming, and even require
highly skilled human resources [8]. Therefore, there is an
urgency for the development of an effective alternative
method for early, sensitive, affordable, and reliable determi-
nation of EpCAM.

Some immunosensor based on electrochemical [9], fluo-
rescence [10, 11], surface plasmon resonance [12], and
colorimetric techniques have been reported for the detec-
tion of EpCAM. Shiddiky et al. have successfully func-
tionalized 2D graphene oxide (GO) nanosheets with quan-
tum dots and antibodies and demonstrated that these
bionanoconjugates are highly sensitive and specific for
the electrochemical detection of EpCAM [13]. A
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fluorescence-based biosensor using graphene quantum dots
and molybdenum disulfide nanosheets have also been fab-
ricated for rapid and sensitive detection of EpCAM [11].
Despite these achievements, still, there is a need for the
fabrication of a sensitive, selective, and cost-effective bio-
sensor that can be used for early and reliable detection of
EpCAM. Nowadays, electrochemical biosensors are being
widely used because of their simplicity, high sensitivity,
smooth operation, accuracy, and selectivity [14]. For the
fabrication of efficient electrochemical biosensor, the selec-
tion of effective transducer surfaces that bind the recogni-
tion molecule and providing faster access to the analyte is
required [15]. In this context, GO has attracted tremendous
interest in the fabrication of low-cost electrode materials
because of its unique physical properties, such as high
specific surface area, carrier mobility, electrical conductiv-
ity, flexibility, and optical transparency [16]. The oxygen-
containing functional groups in GO make it strongly hydro-
philic, thus facilitating the chemical functionalization that
helps in the conjugation of nanoparticles and biomolecules
[17–19]. Anchoring of metal oxide (ZnO, TiO2, CuO)
nanoparticles on the surface of GO with homogenous distri-
bution exhibited improved electronic properties and served as
an excellent platform for various applications [20]. Among
them, TiO2 nanoparticles have attracted considerable interest
due to their superior properties, such as their large specific
surface area, high uniformity, and excellent electrochemical
properties. The porous nature of GO permits the penetration
and adsorption of TiO2 into the surface of GO, resulting in
large surface area, better electron mobility along with more
active sites for immobilization of biomolecules on the elec-
trode surface [21, 22].

Keeping this in view, efforts have been made to synthesize
rGO@TiO2 nanocomposite using hydrothermal techniques
where the GO was reduced using L-cysteine. Furthermore,
rGO@TiO2 was used as a sensing platform for the determina-
tion of EpCAM by covalently immobilizing anti-EpCAM an-
tibodies. The response characteristics of this immunosensor
pertaining to the interaction of the anti-EpCAM/rGO@TiO2/
ITO electrode with EpCAM antigen has been carried out
using differential pulse voltammetry (DPV). To the best of
our knowledge, the present study is the first report on the
fabrication of rGO@TiO2 nanocomposite-based transducer
platform for the electrochemical determination of EpCAM
cancer biomarker.

Materials and methods

All chemicals, materials, and instrumentation details are
discussed in electronic supporting materials (ESM).

Synthesis of GO and TiO2 nanoparticles

Modified Hummer’s method was used for the synthesis of GO
from graphite. In brief, 0.450 g of graphite powder was added to
a mixture of concentrated H2SO4:H3PO4 (9:1) with constant stir-
ring. After 10 min, 9 g of KMnO4 was added to the mixture and
the stirring was continued for another 12 h at 35 °C. After 12 h,
the reaction was stopped and the reactants are allowed to cool at
room temperature. To remove the excess of KMnO4, 1.2 mL of
H2O2 was dropped slowly and stirred for 15 min and the tem-
perature was maintained below 20 °C. The suspension was
washed with HCl (20 mL) and DI water (60 mL) and was cen-
trifuged at 5000 rpm for 10 min. The obtained semi-solid mate-
rial was vacuum dried and the solid brown powder of GO was
thus obtained. The synthesized GO was dispersed in DI water
(0.1 mg·mL−1) and sonicated for further use [23]. For the syn-
thesis of TiO2 nanoparticles, 15mL of tetrabutyl titanate (TBOT)
was slowly added into 1500 mL of DI water under vigorous
stirring. After stirring for 3 h and aging for another 24 h, the
formed gel precipitate was filtered and washed with DI water.
The obtained precipitate was dried at 80 °C for 10 h and was
finely powered and calcined at 500 °C for 3 h [24].

Synthesis of rGO@TiO2 nanocomposite

For the synthesis of the rGO@TiO2 nanocomposite, GO
(10 mg) and TBOT (1.5 mmol) were added into diethylene
glycol (30 mL), at constant stirring for 12 h at room temper-
ature. The formed mixture was then added drop-wise to
180 mL of acetone, followed by the slow addition of DI water.
The mixture was again stirred for 2 h that resulted in the
formation of GO@TiO2 nanocomposite that was centrifuged
(15,000 rpm) and washed with water/ethanol [24]. For the
reduction of the GO, the synthesized GO@TiO2 and L-
cysteine (1.5 mmol) were added into DI water (80 mL) and
transferred to 100 mL autoclave for hydrothermal reaction
(120 °C; 12 h). The obtained product was centrifuged
(15,000 rpm), and the precipitate was collected and washed
with water/ethanol (Fig. 1a) [25].

Electrophoretic deposition of rGO and rGO@TiO2

nanocomposite

The electrophoretic deposition (EPD) of the synthesized rGO
and rGO@TiO2 nanocomposite onto hydrolyzed ITO elec-
trode was carried out using DC power supply (Genetix,
Model GX300C) using Pt as the counter electrode. For the
EPD, the colloidal solution (5 mL) of rGO@TiO2 nanocom-
posite (0.5 mg·dL−1) was diluted with 10mL ethanol which
was then electrophoretically deposited onto hydrolyzed ITO
electrode at 12 V for 30 s. Magnesium nitrate (10−4 M) was
added to the above colloidal solution to obtain an adequate
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positive surface charge on the rGO@TiO2 nanocomposite, as
the Mg2+ ions get absorbed onto the rGO sheets. After the
EPD, the electrode was taken out from the solution, washed
with DI water, and dried [26].

Fabrication of rGO@TiO2/ITO-based immunosensor

For the fabrication of immunosensor, rGO@TiO2/ITO elec-
trodes were treated with EDC (2 mM; 10 μL) and NHS
(5mM; 10μL) for 1 h at room temperature (27 °C), to activate
the –COOH functional groups. Furthermore, the modified
electrodes were incubated with 20 μL (50 μg mL−1) of mono-
clonal antibodies (anti-EpCAM) in PBS containing Tween-20
(0.05%). To avoid non-specific antigen binding, the anti-
EpCAM/rGO@TiO2/ITO electrodes were treated with BSA
(1%) for 2 h to block the exposed binding sites of the elec-
trode, followed by washing with PBS (3 times). The schemat-
ic for the fabrication of the immunosensor has been shown in
Fig. 1b.

Choice of materials

A novel electrochemical biosensor based on rGO@TiO2

nanocomposite has been proposed for the determination of
EpCAM cancer biomarker. Nanocomposites based on
GO@TiO2 have been previously reported, but the application

was limited mainly to lithium-ion batteries, photocatalysis, or
energy-related fields [27]. Very few reports for utilizing
GO@TiO2 nanocomposite in sensing applications are avail-
able still, more research is needed to explore this highly desir-
able nanocomposite material in the biosensing field.
Furthermore, the extremely large surface area and remarkable
conducting properties of GO along with a high isoelectric
point of TiO2 may provide a new opportunity to utilize this
rGO@TiO2 nanocomposite for designing efficient biosensors.
The modified electrode (rGO@TiO2/ITO electrodes) can ef-
fectively enhance the electrochemical performance along with
more active sites for the immobilization of biomolecules.

Results and discussion

The TEM images of GO sheet display a crumbled and re-
stacked morphology (Fig. 2a) with a large surface area (few
micrometers in the diameter). This large surface area provides
an advantage for the growth of TiO2 nanoparticles on the GO
surface. Figure 2b shows the TEMmicrograph of rGO@TiO2

nanocomposite, where spherically polycrystalline TiO2 nano-
particles (30–40 nm) are evenly distributed on the GO sheet.
So, it can be revealed that GO acts as an excellent platform for
entrapping TiO2 nanoparticles. The formation of GO, rGO,
and rGO@TiO2 nanocomposite has also been confirmed

Fig. 1 Schematic illustration for the synthesis and electrophoretic deposition of rGO@TiO2 on ITO coated glass substrate (a) and subsequent
biosensor fabrication (b)
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using X-ray diffraction pattern (Fig. S1A and B), UV-vis spec-
trum (Fig. S2A and B), TGA (Fig. S3A), and FTIR (Fig. S3B
and C) (respective text and figures are given in the Electronic
Supporting Material).

The SEM image of the rGO/ITO electrode (Fig. 2c) shows
a large sheet-like structure with thin curtains like morphology,
which is due to the delaminating of graphite during the oxida-
tion process. Figure 2d shows the SEM micrograph for the
TiO2 nanoparticles, having a spherical shape with good dis-
persion and less agglomeration. Furthermore, the surface mor-
phology of GO changes after modification with TiO2 and
shows the surface of rGO covered with spherical TiO2 nano-
particles (Fig. 2e). After the immobilization of anti-EpCAM
onto the surface of rGO@TiO2/ITO electrode, the granular
morphology becomes globular due to covalent attachment of
antibodies (Fig. 2f).

Electrochemical characterization

Electrochemical studies of the rGO/ITO electrode,
rGO@TiO2/ITO electrode, and anti-EpCAM/rGO@TiO2/
ITO bioelectrode have been performed in PBS containing
5 mM of [Fe(CN)6]

3−/4- using electrochemical impedance
spectroscopy (EIS) in the frequency range 0.01–105 Hz. The
electrochemical impedance spectra (Nyquist plots) mainly in-
clude a semicircle portion at higher frequencies, followed by a
linear part at lower frequencies corresponding to electron

transfer–limited process and a diffusion-limited electron trans-
fer process, respectively [28]. The semicircle diameter gives
the value of charge transfer resistance (Rct) and can be derived
numerically by fitting an equivalent circuit based on the mod-
ified Randles and Ershler model [29]. The characteristic
Nyquist plots for the fabricated electrodes are shown in
Fig. 3a along with the fitted Randles equivalent circuit (Fig.
3a; inset). The circuit consists of an electron transfer resistance
(Rct), constant phase element (CPE), solution resistance (Rs),
andWarburg impedance (W) [30]. The EIS curve of rGO/ITO
electrode shows a Rct value of 1.35 kΩ (curve (ii)), which is
attributed to good conductivity of GO that facilitates fast
transfer of electrons. However, for the rGO@TiO2/ITO elec-
trode (curve (i)), there is a decrease in the Rct value (1.12 kΩ).
This decrease in Rct can be assigned to the synergistic effects
of GO sheets and TiO2 that enhance the electrochemical per-
formance of rGO@TiO2/ITO electrode. Furthermore, after
immobilization of anti-EpCAM onto rGO@TiO2/ITO elec-
trode (curve (iii)) and blocking of exposed electrode site using
BSA, there is an increase in the Rct value (1.68 kΩ). This
increase in Rct can be due to the non-conducting nature of
antibody that hinders the charge transfer pathway. When the
target antigen was incubated to anti-EpCAM/rGO@TiO2/ITO
electrode, an antibody-antigen complex has been formed that
creates a barrier for the electrochemical transduction process,
thereby hindering the access of the redox probe to the elec-
trode surface and thus increasing the Rct (2.53 kΩ) [31]. In the
EIS spectra, the reaction occurring at the electrode is governed

Fig. 2 Transmission electron microscopic image of GO (a) and rGO@TiO2 nanocomposite (b). Scanning electron microscopic images of rGO/ITO
electrode (c), TiO2/ITO electrode (d), rGO@TiO2/ITO electrode (e), and anti-EpCAM/rGO@TiO2/ITO electrode (f)
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by the electron–transfer kinetics. Thus, the exchange current
per geometric unit area (io = nRT/RctF) for the rGO/ITO elec-
trode and rGO@TiO2/ITO electrode is found to be 7.60 × 10−5

A·cm−2 and 9.32 × 10−5 A·cm−2, respectively. The apparent
electron transfer rate constant (kapp) for the modified elec-
trodes is also calculated using the equation: kapp = RT/
n2F2ARctC; where F is the Faraday constant, n denotes the
number of electrons transferred, R is the gas constant, T is
the temperature in Kelvin, A is the area of the electrode, and
C is the concentration of the [Fe(CN)6]

3−/4−. The values of kapp
are found to be 1.57 × 10−7 cm·s−1 and 1.93 × 10−7 cm·s−1 for
the rGO/ITO electrode and rGO@TiO2/ITO electrode, respec-

tively. It has been observed that the peak current density of
cyclic voltammetry (CV) is proportional to the square root of
the scan rate, revealing the linear dependence of peak currents
to the scan rate. This indicates that the electron transfer from
rGO/ITO and rGO@TiO2/ITO electrode is a surface-
controlled process [32]. When the scan rate (υ) was increased
from 10 to 300 mV·s−1, the oxidation peak drifts to a more
positive value and the reduction peak to more negative values.
This shows that both the peak potentials (Ep and Ec) are line-
arly dependent on the log υ (Fig. 3b) and yields two straight
lines (Eqs. 1, 2, 3, and 4) with anodic and cathodic slopes of
2.303RT/(1 −α)nF and − 2.303RT/αnF, respectively.

Ep Vð Þ rGO@TiO2=ITO½ � ¼ 0:124 Vð Þ þ 0:067 Vð Þ � Log scanrate mV=sð Þ½ �; R2 ¼ 0:998 ð1Þ

Ec Vð Þ rGO@TiO2=ITO ¼ 0:143 Vð Þ−0:060 Vð Þ � Log� ½scan rate mV=sð Þ½ �; R2 ¼ 0:994 ð2Þ

Fig. 3 (a) Nyquist diagram for the Faradic impedance for (i) rGO@TiO2/
ITO electrode, (ii) rGO/ITO electrode, (iii) anti-EpCAM/rGO@TiO2/ITO
electrode, and (iv) EpCAM immobilized on anti-EpCAM/rGO@TiO2/ITO
electrode measured in PBS solution (pH 7.4) containing 5 mM [Fe(CN)6]

3

−/4-, in the frequency range from 105 to 10−2 Hz. (b) The plots of potential

with log of scan rate for (i) rGO@TiO2/ITO electrode and (ii) rGO/ITO
electrode. The plot for Ipa, Ipc, vs. square root of scan rate (10–300 mV) for
the rGO@TiO2/ITO electrode and (c) rGO/ITO electrode (d) in PBS
solution (pH 7.4) containing 5 mM [Fe(CN)6]

3−/4-
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Ep Vð Þ rGO=ITO ¼ 0:115 Vð Þ þ 0:067 Vð Þ � Log� ½scan rate mV=sð Þ½ �; R2 ¼ 0:996 ð3Þ

Ec Vð Þ rGO=ITO ¼ 0:151 Vð Þ−0:058 Vð Þ � Log� ½scan rate mV=sð Þ½ �; R2 ¼ 0:987 ð4Þ

Based on the plot and the above equation, the values of α
are estimated to be 0.59 for rGO/ITO electrode and 0.61 for
rGO@TiO2/ITO electrode. The effective surface area (A) was
calculated using the linear slope of the anodic and cathodic
peak currents density (Ipa and Ipc) on the square root of scan
rate (Fig. 3c, d; Eqs. 5, 6, 7, and 8), and the Randle Sevick
equation: Ip = (2.69 × 105)n3/2ACD1/2 υ1/2. Where Ip is the
peak current, C is the molar concentration of [Fe(CN)6]

3−/4−

(mol·cm−3), n is the electrons per molecule oxidized or re-
duced, D is the diffusion coefficient, and υ is the scan rate.
The effective surface area (A) of the rGO@TiO2/ITO elec-
trode (D = 1.31 × 10−5 cm2·s−1) is found to be 0.075 cm2.
The A calculated for rGO/ITO electrode and ITO electrode is
found to be 0.086 cm2 (D = 0.89 × 10−5 cm2·s−1) and 0.10 cm2

(D = 0.53 × 10−5 cm2·s−1), respectively.

Ipa μAð Þ rGO@TiO2=ITO½ � ¼ 631:4 μAþ 367:0 μA s �mV−1� �

� scan rate mV � s−1� �
;R2 ¼ 0:999

ð5Þ
Ipc μAð Þ rGO@TiO2=ITO½ � ¼ −110:2μA�246:8μA s⋅mV−1� �

� scanrate mV � s−1ð Þ;R2 ¼ 0:996

ð6Þ
Ipa μAð Þ rGO=ITO½ � ¼ 63:1μA�345:1μA s �mV−1� �

� scanrate mV⋅s−1ð Þ;R2 ¼ 0:998

ð7Þ

Ipc μAð Þ rGO=ITO½ � ¼ −626:8μA��241:7μA s⋅mV−1� �

� scanrate mV � s−1ð Þ;R2 ¼ 0:987

ð8Þ

Optimization of biosensing parameters

The concentration of anti-EpCAM required for binding onto the
surface of rGO@TiO2/ITO electrode using EDC-NHS chemis-
try was also optimized using DPV and is found to be 50 μg·
mL−1 (Fig. S4A). The maximum binding time of EpCAM
(1 ng·mL−1) antigen with the anti-EpCAM/rGO@TiO2/ITO
electrode has been achieved in 10 min (Fig. S4B).

Electrochemical biosensing studies

DPV studies were carried out for ITO electrode, rGO/ITO
electrode, rGO@TiO2/ITO electrode, and anti-EpCAM/

rGO@TiO2/ITO electrode to study the effect of electrode
modification at a various step (the respective data and figures
are given in the Electronic Supporting Materials (Fig. S5)). To
examine the efficacy of the biosensor, electrochemical studies
of the anti-EpCAM/rGO@TiO2/ITO electrode were carried
out as a function of EpCAM concentration (0.01–60 ng·
mL−1) in PBS containing 5 mM [Fe (CN)6]

3−/4− using DPV.
A continuous decrease in the anodic peak current has been
observed when the anti-EpCAM/rGO@TiO2/ITO electrode
was treated with an increasing concentration of EpCAM
(Fig. 4a). This decrease in the response current is due to the
interaction of EpCAM with anti-EpCAM at the transducer
surface that results in the formation of an insulating layer
(antigen-antibody complex) on the electrode surface that re-
tards the electron transfer from the bulk solution to the elec-
trode. Figure 4b shows the calibration plot for the change in
the magnitude of the peak current of anti-EpCAM/
rGO@TiO2/ITO electrode as a function of EpCAM concen-
tration (0.01–60 ng·mL−1) and follows Eq. (9):

Ip ¼ 0:025 μAð Þ�0:814 μA �mL � ng−1� �

� EpCAM concentration ng �mL−1� �
ð9Þ

The sensitivity (slope/surface area) calculated for anti-
EpCAM/rGO@TiO2/ITO electrode is 3.24 μA·mL·ng−1·
cm−2 with a correlation coefficient of 0.997. The limit of de-
tection (LOD) calculated (3σ/sensitivity), for the fabricated
biosensor is 0.0065 ng·mL−1 or 240 fM (S/N = 3), where σ
is the standard deviation of the blank electrode. For all the
sensing experiments, anti-EpCAM/rGO@TiO2/ITO electrode
with PBS solution was taken as a control signal, and the im-
precision of the data (Fig. 4b) is found to be < 3%. The bio-
sensing performance of the fabricated anti-EpCAM/
rGO@TiO2/ITO electrode has been compared with other
methods for EpCAM detection (Table 1). The fabricated bio-
sensor achieved a LOD of 0.0065 ng·mL−1 that is comparable
with the other reported biosensors [11–13, 33]. The enhanced
electrochemical performance of anti-EpCAM/rGO@TiO2/
ITO electrode can be attributed to the good conductivity of
rGO@TiO2 that improves the local topographic interactions
with the anti-EpCAM [34]. The fabricated biosensor was also
compared with other reported TiO2-based biosensors for can-
cer biomarker determination, and it has been observed that the
proposed method shows significant results (Table S1). To de-
termine the affinity of EpCAM toward anti-EpCAM/

  275 Page 6 of 9 Microchim Acta         (2020) 187:275 



rGO@TiO2/ITO electrode, the association constant (Ka) has
been calculated using the Hanes–Wolf plot [35] and the higher
is the value of Ka, the stronger is the affinity of EpCAM

toward anti-EpCAM/rGO@TiO2/ITO electrode. The Ka esti-
mated (plot between substrate concentrations versus substrate
concentration/current) is found to be 4.86 × 10−15 M−1.

Table 1 Biosensing characteristics of anti-EpCAM/rGO@TiO2/ITO electrode along with those reported in the literature

S.
no.

Immobilization
matrix

Biomolecule Detection
technique

Linear detection range Detection limit Labeling Sensitivity Ref.

1. GQDs-MoS2 Aptamer Fluorescence 3–54 nM 450 pM Yes – [11]
2. LC-SPDP/Au Antibody CVand

Fluorescen-
ce

1 × 105–1 × 108 cells mL−1 1 × 105 cells mL−1 Yes – [12]

3. Rubpy core-shell
Silica

Antibody Fluorescence
and FCM

– – Yes – [33]

4. GRs-QDs Antibody ASV 100 fg·mL−1 - 7.5 μg·mL−1 100 fg·mL−1 Yes – [13]
5. AgNPs-PVA Antibody EM 2–2000 pg·mL−1 0.8 pg·mL−1 No – [36]
6. MCH/Hp1/AuE Aptamer SWV 0.1–20 ng·mL−1 20 pg·mL−1 Yes – [37]
7. rGO-TiO2/ITO Antibody DPV 0.01–60 ng·mL−1 6.5 pg·mL−1

or 240 fM
No 3.24 μA·mL·ng−1 ·cm−2 Present

work

GQDs, graphene quantum dots; MoS2, molybdenum disulphide; LC-SPDP, succinimidyl 6-(3-[2-pyridyldithio]-propionamido) hexanoate; Au, gold;
Rubpy, tris(bipyridine)ruthenium(II)chloride; GRs, graphene oxide nanosheets; QDs, quantum dots; AgNPs-PVA, silver nanoparticles covered with
polyvinyl alcohol; MCH/Hp1/AuE, 6-mercapto-1-hexanol/hairpin probe 1/gold electrode; FCM, flow cytometer; ASV, anodic stripping voltammetry;
EM, electrochemical microfluidic; SWV, square wave voltammetry
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Fig. 4 Electrochemical response of the anti-EpCAM/rGO@TiO2/ITO
electrode (a) as a function of EpCAM concentration (from top to
bottom, 0 to 60 ng·mL−1) using DPV; inset is the magnified view of
oxidation peak current. (b) Calibration plot between the magnitudes of
current recorded and EpCAM concentration (0.01–60 ng·mL−1). Error
bars represent the standard deviations of repeated determinations (n =
3). (c) Control experiment showing the DPV response of (i) anti-

EpCAM/rGO@TiO2/ITO electrode and (ii) rGO@TiO2/ITO electrode
against EpCAM. (d) Specificity testing of anti-EpCAM/rGO@TiO2/
ITO-based biosensor with glucose and IgG proteins as control groups.
The measurements were conducted by scanning the potential from − 0.4
to 0.8 V with an amplitude of 50 mV in PBS solution (pH 7.4) containing
5 mM [Fe(CN)6]

3−/4-. Error bars: SD, n = 3
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Electrochemical studies were also conducted to evaluate the
current response of bare rGO@TiO2/ITO electrode toward
different concentrations of EpCAM (Fig. 4c). The obtained
results indicate that there is no significant change in the peak
current, revealing no false signal is generated, and the electro-
chemical response is completely due to the interaction be-
tween EpCAM and anti-EpCAM/rGO@TiO2/ITO electrode.

Stability and regenerability of the biosensor

The stability and reusability of the biosensor have also been
tested. It was observed that after 35 days, the current response
of the immunosensor remains 93.7% of the initial value (Fig.
S6A). Furthermore, the bioelectrode can be regenerated and
reused, for at least 5 times with a relative standard deviation of
6.6% (Fig. S6B).

Specificity and serum sample analysis

The specificity of the fabricated immunosensor for
EpCAM detection was carried out by incubating the anti-
EpCAM/rGO@TiO2/ITO electrode with glucose, immuno-
globulin G (IgG), sodium chloride (NaCl), and EpCAM
with the same concentration (15 ng·mL−1). These analytes
are typical interfering species that exist in human plasma.
The bar diagram (Fig. 4d) clearly shows that no false signal
has been generated when the electrode was treated with
glucose, IgG, and NaCl showing good specificity of the
biosensor for EpCAM detection.

To validate the performance of the fabricated biosensor,
the electrochemical response studies of the anti-EpCAM/
rGO@TiO2/ITO electrode with spiked human serum sam-
ples at 5, 10, 15, and 20 ng·mL−1 were performed
(Table S2). The spiked serum samples have been prepared
by adding 20 μL of EpCAM into 100 μL of serum. The
observed results exhibited acceptable recoveries (98–
101%) with relative standard deviation of 1.8–4.7% (n =
3) of EpCAM in serum samples. This suggests that the
fabricated immunosensor can be an alternative technique
for the determination of EpCAM in human serum.

Conclusion

A highly sensitive electrochemical biosensor has been fabri-
cated for the determination of cancer biomarker using
rGO@TiO2 nanocomposite. The environment-friendly route
was used for the synthesis of the nanocomposite, which shows
excellent electrochemical properties, selectivity and performs
as an appropriate sensing layer. The GO-based substrate pro-
vides an excellent platform for the growth of TiO2 nanoparti-
cles and with covalent conjugation of anti-EpCAM, it shows a
much lower detection limit. This fabricated biosensor was

validated with spiked serum samples and it shows a promising
result for the efficient detection of cancer biomarkers in the
serum sample. It is believed that the fabricated platform has
the potential to be used for the monitoring of other cancer
biomarkers, which would be transformative in the diagnosis
of cancer. Besides this, more efforts are needed to develop
straight forward methods for the determination of the
EpCAM profile for circulating tumor cells.
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