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ABSTRACT: We report results of studies relating to development of an
ultrasensitive, rapid, and label-free biosensor based on molybdenum
trioxide (MoO,) anchored onto the reduced graphene oxide (RGO) for
breast cancer detection. The human epidermal growth factor receptor-2
(HER-2) secreted in the serum of breast cancer patients was used as an
analyte for the detection. The in situ growth of 1D MoO; onto reduced
graphene oxide (RGO), a 2D carbon substrate, was carried out via one-pot
low-temperature hydrothermal synthesis. Subsequently, the surface
conjugation of the monoclonal antibodies (anti-HER-2) onto the
APTES/MoO;@RGO/ITO electrode was conducted via EDC-NHS
covalent chemistry. The structural and morphological properties of the
MoO;@RGO nanohybrid were investigated using electron microscopy, X-
ray diffraction, scanning electron microscopy, transmission electron
microscopy and X-ray photoelectron spectroscopic techniques. The surface

area of the MoO;@RGO nanohybrid determined via Brauner—Emmett—Teller analysis was found to be 14 times greater than
that of the pristine MoOj. The binding kinetics and the electrochemical activity of the developed platform were determined by
cyclic voltammetry, differential pulse voltammetry, and impedance spectroscopic techniques. This nanohybrid based
immunosensor exhibited improved sensitivity (13 uA mLng 'cm™) in a broad concentration range (0.001—500 ng mL™") with
a correlation coefficient of 0.98. The limit of detection of this MoO;@RGO nanohybrid based immunosensor was found to be
0.001 ng mL™". The results obtained via the developed immunosensor for the quantification of serum HER-2 were validated

using ELISA.
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B INTRODUCTION

Transition metal oxides (TMOs)' have recently gained
enormous interest because of their high surface activity, better
catalytic efficiency, remarkable electrochemical properties, and
variable oxidation states.” TMOs are composed of oxygen atoms
bound to the transition metals leading to different physiochem-
ical characteristics and polymorphism.” Among the various
TMOs, molybdenum trioxide (M0O;)* is a promising semi-
conductor material with a versatile stoichiometry, variable
oxidation states (+2 to +6),* good catalytic activity, wide
bandgap (>2.7 eV),” excellent electrical and surface charge
properties,6 and better biocompatibility.7 Because of these
unique characteristics, MoOj; is being used for numerous
applications including energy storage units, thermal materials,
superconductors, electrochromic systems, and gas and bio-
medical sensors. In recent years, extensive efforts have been
made toward the use of one-dimensional® (1D) MoQ, because
of their large surface- to-volume ratio, structural anisotropy,”
and high electron mobility, improved surface scattering of
electrons compared to that obtained in film and bulk form. In
case of biosensing, the 1D morphology of MoOj; is known to
play a significant role by providing enhanced conjugation of
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desired biomolecules'’ due to the increased exposed surface
area as compared to its nanoflakes, nanospheres, nanosheets, etc.
Moreover, the polar nature and variable oxidation states
facilitate improved binding of biomolecules and faster electron
transfer, leading to better sensitivity. Enhanced loading of
desired biomolecules onto a nanohybrid is crucial to obtain
improved sensitivity of a biosensor. For instance, the
incorporation of 1D MoOj onto a carbonaceous material results
in increased electron and ionic mobility with enhanced kinetics.

Reduced graphene oxide (RGO) has emerged as an attractive
two-dimensional (2D) carbonaceous material'' because of its
large specific surface area, high conductance, and high carrier
mobility. Moreover, the ultrastability, and ease of functionaliza-
tion with biomolecules'” due to the reduced chemical groups
makes it a potential material for biosensing. Many groups have
reported the use of RGO and its nanocomposites with TMOs for
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improved sensor characteristics. Zhou et al. synthesized the ZnO
nanorods/RGO and used it for the fabrication of glucose
biosensor and obtained a wide linear range.” In another study,
OH et al. explored the role of nickel/RGO nanocomposite and
found improved electrochemical performance of the designed
electrode.'* Verma et al. reported the application of Au@RGO
matrix for oral cancer detection using IL-8."° Kumar et al.
developed the ZrO,@RGO based noninvasive immunosensor
for oral cancer detection with improved sensitivity and limit of
detection.'® Chen et. al utilized Au@Ti loaded onto graphene
nanosheets for immobilization of the given molecule for
fabrication of the sandwich immunosensor. These reports
revealed that hybrids with carbonaceous material'” resulted in a
sensitive and stable platform for biomedical sensing.'>"”
Anchoring of MoO; (1D) onto the RGO (2D) is an effective
strategy leading to better charge transfer ability, increased
mechanical stability, and efficient heterogeneous electron
activity20 with improved surface area. RGO is an electroactive
material with various active sites wherein the nucleation of
MoQ; results in the formation of nanorods'® under hydro-
thermal conditions. MoO; perhaps prevents restacking of the
RGO sheets, providing room for enhanced electron mobility by
shuttling mechanism. Moreover, the abundant surface area of
RGO aids in enhanced biomolecule loading”' and the 1D
morphology of MoO; with variable oxygen states facilitates
better electron shuttling resulting in improved sensitivity and
enhanced detection limit of the biosensor. Though some reports
are available on the application of MoO;@ RGO hybrid mainly
in the area of supercapacitors, the potential of this hybrid
remains unexplored in biosensing. In this study, we have tried to
explore the potential of this nanohybrid in terms of electro-
chemical activity, conductivity, and the resulting biosensing
performance. The timely detection of breast cancer biomarker is
useful for both diagnostics and therapeutics, as it might reveal
the presence of the disease.”” " Human epidermal growth
factor receptor-2 (HER-2) has been considered as an important
analyte for the diagnosis and prognosis of the disease.”””> HER-
2 is a transmembrane protein comprising of tyrosine kinase
receptor of 185 kDa and is cleaved into serum leading to the
fluctuation in its level.”® The normal level of HER-2 in serum”’
has been determined to be around ~15 ng mL ™" and it rises to
~75 ng mL™" in the advanced cancer stage.”**” The current
FDA approved technique for breast cancer detection includes
immunohistochemistry (IHC) for analysis of HER-2 over-
expression and fluorescence in situ hybridization (FISH)
determining HER-2 gene amplification.”® However, these
techniques are largely laborious, require skilled personnel
along with the need of advanced and sophisticated instrumenta-
tion with complex protocols, and are highly invasive (tissue
samples).’* Thus, the development of an ultrasensitive
electrochemical immunosensor based on MoO;@RGO nano-
hybrid is a new approach for quantifying the HER-2 levels in
serum. This technique may perhaps overcome the current
limitations, with numerous advantages such as ease of use, faster
response, and minimal invasion, and holds potential for
miniaturization. Numerous studies have been reported on the
development of biosensors toward the detection of breast cancer
(Table 2) that demonstrate the usefulness of HER-2.*>~%°
However, these works suffer from being complex and have poor
linear range, lower detection limit, and reduced sensitivity.
This paper deals with the development of an ultrasensitive
label-free, rapid biosensor based on a new hybrid matrix
(MoO;@RGO) for the detection of HER-2 antigen secreted in

the serums of breast cancer patients. The synthesized nano-
hybrid was characterized using XRD, SEM, TEM, BET, and
XPS. The MoO;@RGO nanohybrid was immobilized with a
simple and effective strategy, i.e.,, monoclonal anti-HER-2 via
covalent coupling reaction mechanism. This nanohybrid based
immunosensor was used to estimate HER-2 in samples of
patients.

B EXPERIMENTAL SECTION

Chemicals. Sodium monophosphate [NaH,PO,], sodium diphos-
phatedihydrate [Na,HPO,-2H,0], potassium ferricyanide (K;[Fe-
(CN)4]), potassium ferrocyanide (K,[Fe(CN)4]3H,0), and N-
hydroxysuccinimide (NHS) [C, Hs NO;] were procured from Fisher
Scientific. L-Cysteine (C;H,NO,S) and sodium chloride [NaCl], were
purchased from Himedia. Sodium molybdenum oxide dihydrate
(Na,M00,.2H,0) and 3-aminopropyltriethoxysilane (APTES) were
from Alfa-Aesar. All of the analytical-grade chemicals were used without
purification. Phosphate buffered saline (PBS) solution of pH 7.0 using
Na,HPO,-2H,0 (0.05 mol L) and NaH,PO, (0.05 mol L") was
freshly prepared in Milli-Q water (18 MQ cm™") and stored at 4 °C for
desired experiments.

Instrumentation. The crystallinity and phase analysis were
undertaken using X-ray diffractometer [Bruker D-8 Advance] with
Cu—Ka radiation (4 = 1.5406 A). The structural and morphological
studies were observed through scanning electron microscope (SEM,
Hitachi SN-3700) and transmission electron microscope (TEM, JEOL-
JEM-2100F). The X-ray photoemission spectroscopy (XPS) inves-
tigations were conducted via K Alpha X-ray photoelectron
spectrometer (Thermo Scientific) consisting of a monochromatized
Al—Ka line centered at 1486.7 eV, operating with a base pressure of
3.75 % 107° Torr at 300 K. The instrument had an X-ray spot size of 400
um with resolution of >25 meV and a constant analyzer energy (CAE)
with lens in standard mode was also used. The wide survey scan and
high-resolution core level spectra were fixed at 200 and 50 eV with step
size of 0.1 eV. The Fourier transform infrared spectrometer (FT-IR)
[PerkinElmer, Spectrum BX II was utilized to investigate the functional
groups and bonds present in APTES/MoO;@RGO/ITO and anti-
HER-2/APTES/MoO;@RGO/ITO. All the electrochemical studies
were performed via a PGSTAT 302 N (Auto lab, Potentiostat
Netherlands). All the electrochemical characterization experiments
were performed via a three-electrode system consisting of working
electrode (modified ITO-coated glass electrode), Ag/AgCl as a
reference electrode and platinum (Pt) as a counter electrode.
Phosphate buffer solution (PBS) (50 mM, 0.9% NaCl) of pH 7.0 was
used as an electrolyte, consisting of S mM of ferro-ferri cyanide [Fe
(CN)¢*~/#7] as a redox couple. The HER-2 concentration in the serum
sample (breast cancer patients) was determined using ELISA plate
reader [Bio-Rad, Model 680]. To calculate the error bars, all
measurements were performed in triplicate, and the error bars indicated
one standard deviation about the mean value.

In Situ Synthesis of MoO;@RGO Nanohybrid via the
Hydrothermal Method. A facile in situ synthesis was introduced
for the formation of 1D MoOj onto a 2D carbon substrate, i.e., reduced
GO (graphene oxide) nanohybrid using one low pot temperature
hydrothermal method. The solution A was prepared by dispersing a
certain amount of GO in (20 mL) of deionized water (DI) followed by
ultrasonication for 3 h to exfoliate the stacked GO sheets.
Simultaneously, the aqueous solution B was prepared by mixing 1.4 g
of Na,Mo0O,-2H,0 in 20 mL of DI. Solutions A and B were mixed and
gently stirred for 30 min at 250 rpm to get a stable suspension.
Subsequently, 3 mL of HCI (6 M) was added to the above mixture to
adjust the pH of resultant solution. The final solution mixture was then
transferred to an autoclaved vessel (100 mL) and kept at 160 °C for 3 h.
Finally, the subsequent homogeneous dispersion was centrifuged at
10 000 rpm and washed with Milli-Q water dried at 60 °C for 12 h. The
obtained greyish black product was collected and stored at room
temperature (RT-2S °C) until further use. The same procedure was
followed for the synthesis of pristine MoOj in the absence of GO.
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Scheme 1. Pictorial Representation of Development of Immunoelectrode for Breast Cancer Biomarker Detection
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Amine Functionalization of MoO;@RGO Nanohybrid with a
Linker Molecule. The bioconjugation of a protein biomolecule to the
nanocomposite was facilitated using a linker molecule for the
fabrication of efficient biosensing platform. The silane coupling agent
such as (3-aminopropyl) triethoxysilane (APTES) possesses inorganic
and an organic end. The primary amine group at one end and silane
reactive hydrolyzable group on another end that gets attached to the
matrix surface, making APTES a potential linker agent.*® In the present
study, the surface treatment of as-synthesized MoO;@RGO nano-
hybrids was performed using APTES. For this, a homogeneous mixture
of MoO3@RGO nanohybrid was prepared (200 mg in 10 mL of
isopropyl alcohol (IPA)) and stirred at 300 rpm for 2 h at 40 °C. Two
hundred microliters of APTES was introduced to the above solution
dropwise under continuous stirring for the next 1 h. Subsequently, DI
(5 mL) water was added to the above solution for complete hydrolysis
of APTES. The whole mixture was left for 48 h at constant stirring (300
rpm). During the salinization process, the APTES molecules underwent
chemical modification, wherein the triethoxyl groups ((OC,H;);-Si-
(CH,);NH,) got converted into trihydroxyl groups ((OH);-Si-
(CH,);NH,) followed by polycondensation of the hydroxyl group
with the hydroxyl group onto the MoO;@RGO nanohybrid surface.
This free amine terminal of APTES was further utilized for covalent
attachment of biomolecules to the nanohybrid surface. The function-
alized nanohybrid was centrifugated (10 000 rpm, 20 min) and washed
with DI followed by drying at 65 °C in a hot air oven.

Electrode Fabrication. The electrophoretic deposition (EPD)
technique was used to deposit the amine functionalized (APTES/
MoO;@RGO) nanohybrid onto a conductive glass substrate coated
with indium tin oxide (ITO). Initially, a homogeneous colloidal
suspension of APTES/MoO;@RGO nanohybrids (1 mgmL™) in
acetonitrile was prepared by ultra- sonication (40W, 0.25 A) for about 2
h. Prior to this, the ITO was hydrolyzed with NH;:H,0,: H,O in a
1:1:5 ratio to introduce the hydroxyl group onto its surface. For EPD,
10 mL of this stock solution was introduced into a two-electrode glass
cell consisting of working electrode (ITO) and platinum (Pt) as a
counter electrode. Charger salt (1 X 107> to 1 X 107* mol of Mg
(NO,),:6H,0) was introduced in the electrolyte to introduce a surface
charge on APTES/MoO;@RGO nanohybrids and fabricate a uniform

thin film on the ITO electrode. On applying the external electric field
(50 V DC for 2 min), a uniform thin film was obtained at the ITO
surface (size, 0.25 cm?). The Mg** ions were absorbed by the
nanohybrid, providing a sufficient positive charge and resulting in an
enriched deposition at the anode (ITO). Subsequently, the fabricated
electrodes (APTES/MoO;@RGO/ITO) were removed and stored at
RT (25 °C) until further usage.

Fabrication of MoO;@RGO Nanohybrid-Based Immunosen-
sor. For immunosensor fabrication, a stock solution of antibodies (anti-
HER-2, 50 ug mL™") prepared in PBS (pH 7.0) was used. Prior to the
biomolecule immobilization, EDC-NHS coupling chemistry was
utilized to activate the —COOH groups of antibodies. A mixture of
the solution in a 2:1:1 ration of anti-HER-2, EDC, and NHS was
prepared wherein NHS (0.05 M) was employed as an activator and
EDC (0.2 M) as a coupling agent kept at RT (25 °C) for 30 min.
Further, the activated antibody solution (30 yL) was drop cast onto the
surface of APTES/MoO;@RGO/ITO electrode. These electrodes
were kept in a humid environment for about 5 h and stored at 4 °C.

Scheme 1 represents the tentative binding of anti-HER-2 onto the
proposed immunoelectrode. To remove any unbound antibody
molecules, these anti-HER-2/APTES/MoO;@RGO/ITO electrodes
were washed thoroughly with PBS (pH 7.0). It should be noted that the
amine groups (—NH,) of functionalized nanohybrids got covalently
attached to the activated carboxylic group (—COOH) of anti- HER-2
resulting in amide bond (C—N) formation. Finally, the bovine serum
albumin (20 uL, 1 mgdL™') was spread on the surface of
immunoelectrode (anti-HER-2/APTES/MoO;@RGO/ITO) to
block the nonspecific active sites of the prepared bio electrode. The
as-prepared immunoelectrode (BSA/anti-HER-2/APTES/MoO,@
RGO/ITO) was washed with PBS (pH 7.0) and stored at 4 °C until
further use.

Bl RESULTS AND DISCUSSION

XRD Studies. Figure 1 depicts the XRD (copper K,
radiation) pattern of the as-prepared MoO;@ RGO nanohybrid
and pristine MoOj in the range, 10—80° at a scan rate of 0.2°
min. The peaks found at 20 = 12.8, 23.5, 25.8, 27.4, 35.2, and
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Figure 1. X-ray diffraction of MoOj;and MoO;@RGO nanohybrid.

Nanorods

o =>

Figure 2. (a, b) SEM, (c) TEM, and (d) SAED pattern of MoO;@RGO nanohybrid.
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Figure 3. SEM images of (a) APTES/MoO;@RGO/ITO and (b, c) anti-HER-2 attached to the APTES/MoO;@RGO/ITO electrode.
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Figure 4. BET analysis of MoO;@ RGO nanohybrid.

39.1° were indexed to the characteristic hkl planes of MoOj at
(001), (100), (002), (011), (012), and (003) (Figure 1),
corresponding to the orthogonal structure of MoOj; with the
lattice parameters (a = 3.95, b =3.68,and c = 7.09) (JCPDS card
No. 15—1621). The highest intensity observed at 20 = 25.83° at
the plane (002) revealed that MoOj; crystallites grew more
orderly along the (002) plane. Further, in the nanohybrid, lower
intensity broad peak observed at 43.0° indicated the presence of
RGO in the (001) plane, suggesting disordered stacking and
reduced agglomeration of the sheets in the composite.”” The
highly crystalline behavior observed in the XRD pattern of
pristine MoO; and MoO;@RGO nanohybrids suggested that

the MoO; nanorods were densely grown on the RGO sheet with
reduced interlayer stacking in the composite.”’

Microscopic Studies. The structural and morphological
studies were performed via SEM and TEM techniques. Figure
2a, b depicts the SEM image in low magnification of the
synthesized MoO;@RGO nanohybrid. In Figure 2a, the
randomly anchored MoOj; nanorods on the rough textured
RGO sheets can be seen. The growth of nanorods onto the
electro-active sites of 2D RGO sheet in a random manner was
perhaps due to availability of the oxygen groups on the RGO
surface that were found to form a network structure (Figure 2b)
highlighted by a yellow circle. Figure 2c shows TEM images of
the synthesized nanohybrid, prepared ultrasonically by dispers-
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Figure S. Deconvoluted spectra of (a—c) C 1s, Mo 3d, and O 1sin MoO;@RGO/ITO; (d—g) N 1s, Mo 3d, Si 2p, and O 1sin APTES/MoO;@RGO/

ITO; (h—i) C 1s and N 1s in anti-HER-2/APTES/MoO;@RGO/ITO.

ing in ethanol and subsequently placing it on a copper grid via
drop cast and air-drying. The morphology and structure of the
MoO;@RGO nanohybrid (Figure 2c) were in agreement with
the results of SEM studies. The thin sheet structure of RGO
acted as the hydrophilic base for growing nanorods of MoOj; in
bundles. The width of the MoO; nanorod was estimated to be
40—50 nm. The light, thin sheet structure was ascribed to the
presence of RGO, whereas the rod like structures confirmed the
presence of MoQ; intertwined with RGO. The selected area
electron diffraction (SAED) pattern of the MoO;@RGO
nanohybrid (Figure 2d) corresponded to the planes of MoO,
depicting the orthorhombic phase as shown by the XRD data.
The SEM image of the APTES/MoO;@RGO/ITO electrode
pre- and post-immobilization of anti-HER-2 is shown in Figure
3a—c. The modification in the surface morphology after the
antibody immobilization is clearly visible in Figure 3b, c because
the rough surface of the APTES-modified electrode was perhaps
transformed to a smoother surface. The globular morphology

seen in Figure 3c demonstrated the presence of antibodies
attached to the APTES/MoO;@RGO/ITO electrode.
Brauner—Emmett—Teller Measurements. The porosity
of synthesized MoO;@ RGO and MoO; was investigated via
Brauner—Emmett—Teller (BET) measurements.”® The specific
surface area was sampled by degassing the nanomaterial in
vacuum at 200 °C for 8 h followed by the nitrogen adsorption,
and desorption isotherms measurements. (Figure 4). The
Barrett—Joyner—Halenda (BJH) method was used for analyzing
the specific surface area and pore size distribution. The total
BET surface area and average pore diameter for MoO;@RGO
(Figure 4 (inset)) were found to be 2.58 X 10> m* g™* and 8.4
nm. The surface area in this hybrid was found to be 14 times
greater than that of pristine MoO; (17.19 m* g”') and the pore
size was enhanced 4 times.’® The estimated pore volume from
the adsorbed nitrogen gas at a relative pressure (P/P,) of 0.994
at temperature of 77.35 K was found to be 8.78 X 107" cc g™".
The results of this study revealed that anchoring of MoO;
nanorods onto a 2D RGO substrate resulted in the improved
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Figure 6. (a) Effect of pH, (b) incubation time study of BSA/anti-HER-2/APTES/MoO;@RGO/ITO immunoelectrode.

surface area, leading to mesoporous structure. This enhance-
ment in the surface area resulted in the mesoporic behavior of
this nanohybrid accelerated the charge transfer and increased
the loading of the biomolecules."

FT-IR Studies. The Fourier transform infrared spectra (FT-
IR) of APTES/MoO;@RGO/ITO and anti-HER-2/APTES/
MoO;@ RGO were obtained in the range, 400—4000 cm™'
(Figure S1). The peak present in curves a and b seen at around
1110 cm™" was attributed to the Si—O bonding of the APTES
with the synthesized MoO;@RGO. The peaks present at 780
and 990 cm™ for the as-prepared APTES/MoO;@RGO were
assigned to asymmetric and symmetric stretching of Mo—O of
MoO,.*” The peak found at 990 cm™ was due to the terminal
Mo=0 bond in the orthorhombic phase, indicating good
correlation with XRD data.” The peak seen at 870 cm™ was due
to the Mo—O—Mo vibrations of Mo%, indicating good
agreement with XPS studies. Further, in curve b, —OH and
—N—H stretching vibrations of water molecules are depicted by
the band present at 3300 cm™". The peak seen at 1527 cm™
corresponded to the amide II band and —C=O stretching
formed between the NH, present on the APTES/MoO;@ RGO
and the —COOH group of the anti-HER-2, confirming the
attachment of antibodies to the functionalized nanohybrid."®"”

XPS Studies. The XPS studies were conducted to investigate
the composition and valence states of the elements present in
the MoO;@RGO, APTES/MoO;@RGO/ITO, and anti-HER-
2/APTES/MoO;@RGO/ITO. The survey scan spectrum
(Figure S4) confirmed the presence of C 1s (284.5), N 1s(399.6
eV), 0 15 (530.5eV), Si2p (102.0 eV), and Mo 3d (232.0eV) at
their respective binding energies. All the obtained spectra were
adjusted to C 1s peak at 284.5 eV. The XPS spectra of the
elements Mo 3d, O 1s, C 1s, N 1s, and Si 2p were deconvoluted
to their corresponding binding energies, as shown in Figure Sa—
h. The C 1s spectra of RGO in MoO;@RGO/ITO was
deconvoluted to four distinct peaks (Figure Sa), each
corresponding to the presence of functional groups ie. at
284.5 €V (C=C) of carbon sp?, C—C at 285.3 eV, —C—0 at
286.1 eV of epoxy/hydroxyl, and —O—C=0 at 288.1 eV of
carboxylates.”” The Mo 3d spectrum (Figure 5b) exhibited two
spin—orbit peaks at 232.5 and 235.6 eV relating to Mo 3d;, and
Mo 3d;, in the +6 state with the spin—orbital splitting at 3.1
eV.>? After functionalization with the APTES, the peaks were
found to shift to 231.7 and 234.8 eV, corresponding to the Mo
3ds/, and Mo 3d;), in the +5-state attributed to the surface
oxidation (Figure Se). Figure Sc shows the presence of O 1s
before salinization with APTES. The deconvoluted peaks at

530.1 and 531.4 eV corresponded to oxygen linked to
molybdenum (—O—Mo—) and oxygen double bonded to
carbon (—O=C), respectively.*' In the case of the APTES/
MoO;@RGO/ITO (Figure Sd—f), the presence of Si 2p and N
1s confirmed the salinization. The N 1s peaks observed after
APTES treatment were deconvoluted into two peaks at 398.6
and 401.9 eV corresponding to —N—CH and —NH",
respectively (Figure Sd). Further, the spectra of Si 2p (Figure
5f) was deconvoluted to their respective binding energies. The
peaks seen at 101.3, 102.1, and 103.2 eV corresponded to —Si—
C—, Si—(0)—Mo, and —Si—O—."* The contribution of these
peaks confirmed amine functionalization of the synthesized
MoO;@RGO nanohybrid with APTES. Further, the deconvo-
luted peak of O 1s in the range 529—531 eV was observed post-
APTES functionalization at 529.4, 530.9, and 531.9 eV.* The
highest peak found at 529.4 eV was assigned to the formation of
—Si—O—Mo bond in the (Figure Sg) MoO;@RGO nano-
hybrid. Figure Sh, I shows the deconvoluted peaks of C 1sand N
Is post immobilization with anti-HER-2 immobilized onto
APTES/MoO;@RGO/ITO electrode. The C 1s peaks were
deconvoluted to three peaks at 283.4, 285.0, and 287.1 eV. The
peak at 287.1 corresponded to carbon linked to the amide bond
formation (—N—C=O0). Further, the deconvoluted peaks of N
1s appearing at 398.0, 399, and 400.7 eV corresponded to the
nitro§en of the amide bond formed between —N=C—0 (400.7
V)" and primary amine (—NH,) of antibody (399.0 eV). The
results of these XPS studies confirmed the modification of
electrodes at every step.

Electrochemical Studies. Electrochemical characteristics
were determined via cyclic voltammetry (CV), differential pulse
voltammetry (DPV) and electron impedance spectroscopy
(EIS) during the fabrication of HER-2 immunosensor. The PBS
(50 mM, pH 7.0) consisting of S mM Fe (CN)4*~
(ferrocyanide), S mM of Fe (CN)g *~ (ferricyanide) and 0.9%
NaCl as a redox mediator was used throughout the experiments,
for monitoring electron transfer between the fabricated
electrodes and the electrolyte. The electrons generated during
the electrochemical reaction were facilitated via the Fe (III)/Fe
(IV) redox agent resulting in a current signal revealing the
unique role of the fabricated electrode. This redox couple
exhibited a heterogeneous one-electron transfer (n = 1). DPV
was utilized for measuring the response of the immunosensor
because it generated a peak about the faradic current only.

Effect of pH. Extreme pH is known to induce conforma-
tional changes in the biomolecule leading to the hindered
antibody and antigen interaction.** Thus, prior to the
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electrochemical experiments effect of pH was determined to
explore the electrochemical response of the anti-HER-2 present
in the fabricated immunoelectrode. Here, the PBS (50 mM,
0.9% NaCl) of different pH (6.0—8.0) containing S mM of [(Fe
(CN)4)] *7/* ions using DPV. These results showed that with
increasing pH, the magnitude of current response of the
immunosensor increased and the maximum peak current
response was obtained at pH 7.0 (Figure 6a). This increase in
current was due to the fact that, at neutral pH, the anti-HER-2
existed in its natural form and exhibited the highest activity.
Nevertheless, in case of an increase or decrease beyond pH 7.0
the biomolecules tended to denature and lose their natural
activity because of interaction between H* or OH™ ions present
in the buffer.*> Thus, pH 7.0 was used throughout the
electrochemical experiments.

Incubation Studies. The duration of the time of interaction
of antigen and antibody was investigated via the DPV technique.
Here, the interaction time between the HER-2 antigen and anti-
HER-2 present in BSA/anti-HER-2/APTES/nMoQ;/ITO
electrode was recorded via the DPV technique at regular
intervals of 25 min with a fixed antigen concentration (1
ngmL™"). The obtained results (Figure 6b) clearly showed that
15 min was the maximum time required for complete
interaction, after which the current response abruptly changed.

Scan Rate Studies. The cyclic voltammetry studies were
performed to investigate the interfacial kinetics and the redox
property of the modified electrodes. Figures S2 and S3 shows the
cyclic voltammograms recorded for APTES/MoO;@RGO/
ITO and BSA/anti-HER-2/APTES/MoO;@RGO/ITO elec-
trodes at varying scan rate from 40 to 160 mVs™". In both the
electrodes, with the increasing scan rate, a positive shift of the
oxidation peak and a negative shift of the reduction peak was
observed.*® Moreover, the peak-to-peak separation voltage of
electrodes increased and shifted toward the higher potential side
at increasing scan rates, resulting in reversible electron transfer
kinetics of the electrode.”” According to the Randle—Sevick
equation, a linear relation was observed with the magnitude of
peak currents of both the electrodes vs square root of scan rate
(v"/2) (inset i of Figures S2 and S3). This result indicated that
the reaction was governed by diffusion assisted electron
transfer’® mechanism and calculated using the linear curve
fitting given by (eqs 1—4)

s
L (APTES /Mo03 @RGO/1TO)) = [6 X 107°(s/mV)

+ 1.4 X 10 *(scan rate[mV/s])"/*] R* = 0.996
,SD=16x10"° (1)

I (APTES/Mo03@RGO/1TO)) = [—4:13 X 107(s/mV)
— 1.5 X 10*(scan rate[mV/s])"/*] R* = 0.996
,SD=58x10"* (2)

Ipa((BSA/anti—HER—Z/APTES/M003@RGO/ITO)
=[52 % 107(s/mV) + 7.7 x 107’

(scan rate[mV/s])"/?] R? = 0.996, SD = 7.3 X 10°°
(3)

Lc(BSA anti—HER—2/APTES/MoO3 @RGO ITO)
= [—4.14 X 10 °(s/mV) — 1.34
X 10~*(scan rate[mV/s])"/?] R* = 0.997, SD
=34x107" (4)

The value of AEp was found to be linear with increasing scan
rate indicating that the kinetics showed quasi-reversible
behavior suggesting that the rate of mass transport was almost
eqligl to the rate of electron transfer (Figures S2 and S3, inset
ii).

Electrode Studies. Electrode studies were performed to
monitor the effect of modification of the electrode at the various
steps. Figure 7 shows the DPV response of (i) ITO, (ii) APTES/

R2/APTES/MoO3@RGO/ITO

=]
-
o
1
1003@RGO/NITO
APTES/MoO3@RGO/ITO
ES/MoO31TO

Current (mA)
°
N

Il

o

©

1
APTES/RGOATO

-0.02 T T T T
"% otentlal (v)’2

Figure 7. Electrochemical peak response obtained via DPV at each step
of electrode modification.

MoO,/ITO, (iii) APTES/RGO/ITO, (iv) APTES/MoO,@
RGO/ITO, (v) anti-HER-2/APTES/MoO;@RGO/ITO, and
(vi) BSA/anti-HER-2/APTES/MoO;@RGO/ITO electrodes
at a scan rate of 50 mVs ™ in the potential range —0.2 to +0.6 V.
The magnitude of electrochemical current for the bare
hydrolyzed ITO was found to be ~0.13 mA. The magnitude
of the peak current obtained for the APTES/MoO;/ITO and
APTES/RGO/ITO electrode was found to be 0.11 and 0.12
mA, respectively. After electrophoretic deposition of the
APTES/MoO;@RGO onto the hydrolyzed ITO electrode,
the magnitude of electrochemical current was found to increase
by about 1.6 times ~0.22 mA, with respect to MoO; and RGO
respectively. It could be due to grafting of 1D MoO; nanorods
onto the 2D RGO sheets leading to better electron conduction
pathway for transfer from bulk electrolyte solution toward the
ITO electrode.” In addition to this, the presence of edgelike
defective sites in RGO nanosheets accelerated the charge
transfer process at the electrode solution interface.” In an earlier
study, Huang et al. demonstrated the synthesis of NiO/RGO
composite toward the high-performance glucose biosensing.>”
Here the incorporation of NiO into the RGO matrix resulted in
the enhancement of electrochemical current. Kumar et al
observed that the incorporation of the zirconium oxide onto
reduced graphene oxide, led to its enhanced electrochemical
properties and faster and reversible redox reactivity.'® As
anticipated, after the modification of APTES/MoO;@RGO/
ITO surface with anti-HER-2, the peak current (0.19 mA)
slightly decreased . The presence of the macromolecular layer of
antibodies on the nanohybrid matrix exhibited insulating
characteristics and acted as a hindrance to the fast electron
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transfer kinectics.”® These studies also confirmed the attach-
ment of antibodies on this mesoporous composite, leading to
reduced electron transfer.”* The peak current (0.145 mA)
further decreased after BSA immobilization onto the anti-HER-
2/APTES/MoO;@RGO/ITO, confirming the blocking of the
non-specific binding site at the electrode surface.

The variation in diffusion coefficient (D) determined using
Randle—Sevick at each modification step (ITO, APTES/
MoO,/ITO, APTES/RGO/ITO, APTES/MoO;@RGO/
ITO, anti-HER-2/APTES/MoO;@RGO/ITO, and BSA/anti-
HER-2/APTES/MoO;@RGO/ITO electrodes) at the inter-
face of the redox species [(Fe (CN) ¢)] 37 followed eq 5:

I, = (2.69 x 10°)n*?AD' > Cu!? 5)

Where I, is the peak current of immunoelectrode, D is the
diffusion coefficient, n is the number of electrons (1) transferred,
C is the concentration of redox species (5X 107 mol cm™), A is
the active surface area of the electrode (0.25 cm?), and v is the
scan rate (50 mV/s). The D value (Table 1) is found to be

Table 1. Diffusion Coeflicient of the Modified Electrodes

diffusion coefficient

electrode (em? s71)*
ITO 3.06 X 1072
APTES/Mo0O,/ITO 1.96 X 10712
APTES/RGO/ITO 2.56 x 1072
APTES/MoO;@RGO/ITO 8.06 X 107!
anti-HER-2/APTES/MoO;@RGO/ITO 5.9 x 10712
BSA/anti-HER-2/APTES/MoO;@RGO/ 43 x 107"

ITO
“I, = (2.69 X 10°)n*?AD">Cu'>,

highest in the case of APTES/MoO;@RGO/ITO, i.e., 8.06 X
107"* cm?® 57!, depicting the mesoporous behavior of MoO;@
RGO, due to the high aspect ratio of one-dimensional MoO; and
the RGO substrate that promoted better electron conduction
path from the electrolyte. However, after anti-HER-2 immobi-
lization onto APTES/MoO;@RGO surface, the D value
decreased to 5.9 X 1072 cm® s and 4.3 X 107" cm* 57" for
BSA/anti-HER-2/APTES/MoO;@RGO/ITO indicated the
presence of anti-HER-2 and BSA that exhibited the insulating
behavior which further slowed the diffusion process.”” Further,
the HET rate was determined from the EIS studies (Figure 8a).
The HET was found to be the highest (3 X 107" cm s™") in case
of the APTES/MoO;@RGO/ITO with respect to APTES/
MoO;/ITO (1.9x 10 7 cm s™") and APTES/RGO/ITO (2.3 X
10 7 cm s7") (see the Supporting Information).

Detection of Breast Cancer Biomarker. Under optimal
conditions, BSA/anti-HER-2/APTES/MoO;@RGO/ITO im-
munoelectrode was employed to detect the different levels of
HER-2 using a three-electrode setup with PBS buffer (50 mM,
0.9% NaCl) containing [Fe (CN)*7* (5 mM) (Figure 8b). It
was observed that the observed anodic peak current decreased
linearly with increasing concentration of HER-2 at a potential of
0.19 V. This decrease in current was attributed to the formation
of the antigen—antibody complex layer at the APTES/MoO,;@
RGO/ITO surface. At each concentration, the formed layer
blocked the movement of electrons in and out of the surface
leading to the hindered transport of generated electrons from
the redox couple toward the electrode.

A calibration plot of the current values (mA) and the
logarithm of HER-2 concentration (ng mL™") is shown in Figure

8c. All the experiments were repeated in triplicates at each
concentration (n = 3). An excellent linear relation was obtained
in the detection range (0.001—500 ng mL™") with the linear
equation (eq 6)

I=1321uAmLng 'em™ 4 1.30 x 10°*
log[concentration of HER — 2(ng mL )] (6)

Further, the sensitivity of the fabricated immunoelectrode
evaluated from the slope/surface area was found as 13 uA mL
ng 'cm™ with a regression coefficient of 0.98. The limit of
detection of this immunosensor was calculated to be 0.00 1 ng
mL™"in solution using the standard equation (eq S3 in the
Supporting Information). The magnitude of sensitivity
improved and enhanced linear range was attributed to the
mesoporic behavior due to the high surface area, as confirmed by
BET studies) of the nanohybrid resulting in enhanced electronic
and electrochemical properties. Here, the 2D substrate (RGO)
that acted as efficient electron promoter (and 1D MoOj further
increased the loading capacity of biomolecules that enhanced
the chances of a greater antigen and antibody interactions.*® The
characteristic parameters of the MoO;@RGO nanohybrid based
HER-2 biosensor were compared with the other HER-2 based
sensors’” (Table 2). It may be noted that the MoO,@RGO
nanohybrid, when used as an immobilization matrix, exhibited a
wider linear range and better LOD when compared with results
reported in literature for other HER-2 biosensors including
immunosensors, aptasensors, and sandwich assays.

Control and Selectivity Studies. The electrochemical
response of the APTES/MoO;@RGO/ITO electrode toward
HER-2 as a control study was performed in the same range
(0.001—500 ngmL™") under similar conditions (Figure 9a). The
results revealed that no significant changes in the magnitude of
the peak current were found toward increasing concentration of
HER-2 suggesting that the sensor response was entirely due to
the immunoreactions between antigens and antibodies only.®”
Further to investigate the cross-reactivity of the immunosensor,
the sensor response toward the potential serum interferents such
as CEA (4—16 ngmL™"), glucose (10 mg mL™"), CYFRA-21—1
(4 ng mL™"), and cTnl (0.19 ng mL™") was determined
considering their levels in serum (Figure 9b). The fabricated
immunoelectrode was examined initially in the presence of 1 ng
mL™" of HER-2 (30 pL). Gradually, we introduced 30 uL each
of glucose, cTnl, CYFRA-21—1and CEA one by one in the same
solution and recorded the current response. The variation in the
current response was found to be less than 5% in the presence of
the potential interferents indicating good selectivity of the
sensor. The selectivity coeflicient coeflicient for each interferent
was determined to be ~1 calculated using eq 9:

L+
L. )

Where Ic,; is the current value of immunosensor in the presence
of the interference and Ic in the absence exhibiting negligible
change in the response.

Regeneration, Reproducibility, and Stability Studies.
Regeneration of the fabricated immunosensor was evaluated
after complete anti-HER-2 and HER-2 interaction (Figure SSa).
This immunosensor was exposed to the drastic acidic/alkaline
environment (p 2.5, DI and HCl for 90 s) followed by washing
with PBS. The DPV peak response obtained after and before the
regeneration (triplicates) exhibited a maximum change of 2.5%
after fourth regeneration cycle and to 3.5% after the fifth cycle.

SC
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Figure 8. (a) EIS studies of APTES/RGO/ITO, APTES/MoO,/ITO, and APTES/MoO;@RGO/ITO (b) HER-2 sensing via DPV in the range
(0.001—500 ng mL™"), (c) calibration plot of log of HER-2 concentration vs current.

Table 2. Comparison of the Fabricated Immunosensor for Breast Cancer Detection with Existing Literature

anlzill;te detection techniques
HER-2 surface acoustic wave
electrochemical
field effect transistor based
immunosensor.
electrochemical

sandwich immunoassay
electrochemical

Non-Faradic impedance
spectroscopy

Capacitive Aptasensor
electrochemical aptasensor
electrochemical
impedimetric
electrochemical sandwich
immunoassay

electrochemical aptasensor —
sandwich assay

electrochemical immunosensor

label
no

yes
no

no
yes
no

no

no
no
no

no

yes

no

no

linear detection range

limit of detection (ng

response time

(ng mL™") mL™!) sensitivity (min) refs
13—-20 57
0-15 6 ng mL™' 60 58
6.86—68.6 X 1073 12X 107%(% change/ 0.1 ng mL™" 40 5

mol
0.1 pgmL ' to 10 1.117 # 0.008 yA mL ng™* 20 o0
15-150 44 ol
10-110 74 52
0.2-2 6.0 x 107 7
0.2-2 0.2 o3
0.5—2/2-75 0.22 0.14 yA mL ng™' 60 33
2.5-110 247 0.904 4A mL™' ng cm™ 20 »
0.01-200 0.01 493.63 Qng™' mL™! cm™ 15 ot
(5-20)/ (20-200) 4 s
1-100 1 60 o
0.001-500 0.001 13 pA mL™" ng cm™> 15 this
work

However, after the sixth cycle, only 85% of the current was
retained. Thus, the developed immunosensor could be reutilized
efficiently for 4 times only. Further,reproducibility was
investigated by detecting HER-2 (1 ng mL ') using five

different electrodes under similar conditions with the same
surface area (Figure SS5b). The relative standard deviation (%
RSD) was calculated to be less than 10% stating a good precision
and high reproducibility.
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Figure 9. (a) Effect of HER-2 concentration on APTES/MoO;@RGO/ITO (control study). (b) Effect of different interferents on BSA/anti-HER-2/

APTES/MoO;@RGO/ITO immunosensor.

Storage stability of the immunosesnors is a key factor for its
commercial and clinical adaptability.The stability of the
fabricated immunoelectrode was determined by DPV (BSA/
anti-HER-2/APTES/MoO;@RGO/ITO) at regular intervals
for 10 weeks followed by storing at 4 °C when not in use (Figure
S6). The results revealed that the immunosensor retained 98.5%
of the biomolecular current response up to first 4 weeks, 94.8%
of the activity until 9 weeks.Thereafter, the response degraded
(~90%), indicating that immunosesnsor was stable for 9 weeks
only, when kept at 4 °C.

Real Sample Analysis. The electrochemical response of the
fabricated immunosensor (BSA/anti-HER-2/APTES/MoO3@
RGO/ITO) toward the different concentration of serum (n=5)
samples was recorded (Figure S7) and correlated with those
obtained using ELISA. A reasonable correlation was determined
between the current obtained in both samples (standard and
real) with an acceptable % RSD (Table S1). The results revealed
that the developed immunosensor could significantly and
accurately detect HER-2 in the clinical samples.

B CONCLUSIONS

We have fabricated an efficient, rapid, label-free, sensitive
immunosensor using a (MoO;@RGO) nanohybrid platform for
breast cancer detection. The 1D MoOj has been anchored on to
the 2D substrate (RGO) via one-pot low-temperature hydro-
thermal synthesis and further functionalized using APTES. The
specific surface area of this nanohybrid has been determined
from BET analysis to be 2.58 X 10> m* g™ with a pore size (8.4
nm) indicating the presence of mesoporous behavior with 14
folds enhancement of the surface area. The mesoporic behavior
and increased functional groups (APTES/MoO;@RGO) in this
biosensor have resulted in excellent stability and reusability. This
nanohybrid based sensor has shown improved parameters i.e
higher diffusion coeflicient; enhanced heterogeneous electron
transfers and improved biomolecular loading resulting in
broader linear detection range (0.001—500 ng mL™"), better
sensitivity (13 uA mL ng”'cm™) and high selectivity. The
remarkable lower limit of detection 0.001 ng mL™" has revealed
that this sensor can detect even minute concentration of HER-2
biomolecules. in the physiological range. This immunosensor
may work as a diagnostic tool for monitoring of HER-2 with
accuracy. Efforts should be made toward the application of this

immune-electrode for detection of other potential biomarkers
relating to diagnosis of the other diseases.
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