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ABSTRACT

Herein, results of cerium oxide nano cubes (ncCeQ,)-reduced graphene oxide (RGO) based
nanocomposite were reported for detection of oral cancer biomarker, cytokeratin fragment-
21-1(Cyfra-21-1) using the electrochemical technique. A nanocomposite of ncCeO,-RGO
was prepared by in-situ reduction of graphene oxide (GO) in the presence of ncCeQO, using
hydrazine hydrate. A Raman spectrum has confirmed the presence of ncCeO, in the matrix of
RGO. The chemical composition of ncCeO,-RGO nanocomposite was determined by X-ray
photoelectron spectroscopy (XPS). X-ray diffraction (XRD) study has depicted the presence
of crystalline ncCeO, and amorphous nature of RGO. Thin film of ncCeO,-RGO composites
was spin coated on the indium tin oxide (ITO) coated glass surface and used for co-
immobilization of specific antibody Cyfra-21-1 by N-ethyl-N-(3-dimethyl aminopropyl)

carbodiimide hydrochloride, N-hydroxysuccinimide (EDC-NHS) chemistry. Electrochemical
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response studies were monitored by using differential pulse voltammetry technique in the
range of 0.625 pg mL™ — 15 ng mL™". The best linear response was observed in the range of
0.625 pg mL™ to 0.01 ng mL™ with lower detection limit of 0.625 pg mL™. The sensitivity
was found to be 14.5 pA ng” mL cm™ with R? 0.98 which was improved results as compared
to the previously reported work. This BSA/Anti-Cyfra-21-1/ncCeO,-RGO/ITO
immunosensor shows selectivity towards Cyfra-21-1 in presence of glucose, sodium chloride,
mucin 16, interleukin 8.

Keywords: Reduced graphene oxide; Cerium oxide Nanocubes; Cyfra-21-1, Oral cancer;

immunosensor
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1. Introduction

Cerium oxide (CeQ;) nanomaterial, rare earth metal oxide, has considerable attention for the
fabrication of point-of-care (POC) devices for global health and environment monitoring
since last two decades. Due to their extraordinary properties such as, chemical inertness,
nontoxic, large surface area, negligible swelling, electrical conductivity, wide band gap (3.4
eV), high isoelectric point (IEP 9.0), biocompatibility" > high oxygen transfer ability and
excellent catalytic property,” > grabbed the interest of researchers. However, due to high
surface area, NPs have tendency to aggregate that reduces its properties. Thus dispersibility
and conductivity is an issue that can be improved with supporting matrixes such as graphene
and reduced graphene oxide (RGO) like materials. It has been found that the RGO as a
suitable matrix for synthesis of nanocompsite with CeO, NPs.® CeO, NPs can be
distributed/anchor onto basal plane of RGO, resulted in enhanced dispersion due to
synergistic effect. Moreover, integration of CeO, NPs with RGO by a direct self-assemble
approach, Van-der-Waals interactions occurred between the oxygen moiety present on CeO,
NPs and basal plane or edges of RGO that provide 2-D structure with outstanding electron
transfer capacity and large surface area. Moreover, availability of abundant functional groups
on basal planes or on edges of RGO facilitates the binding of biomolecules for biosensor
application for POC devices.

This Ce0,-RGO nanocomposite proved a promising electrochemical platform
because it provide more exposed surface area and due to conducting nature of RGO resulted
in fast electron transfer between the electrode and electrolyte and hence enhanced the
catalytic efficiency.” ® Moreover, enhancement of oxygen moieties in CeO,-RGO composite
due to control of restacking of RGO sheet, which increase the stability of nanocomposite.®

Advantages of both (CeO, and RGO sheet) will be fully utilized in this composite as
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increased oxygen vacancy concentration of CeO, and conductivity of RGO via synergistic
effect. A ncCeO,-RGO composite was synthesized by hydrothermal route using in-
situ nucleation of CeO, nanostructures in the presence of GO at 180°C.” Recently, Verma et
al., modified the surface of GO by ceria using hydrothermal route at 220°C in the presence of
CTAB." In these methods higher temperature has been used which causes defects and
instability in the GO structure'' and do not reduce oxygen functionalities completely as
compared to chemical reduction. In the present work, ncCeO,-RGO composite was
synthesized using the wet chemical method at a very low-temperature range (80-90°C) and
comparatively it is very easy and fast method. CeO, embedded RGO matrix has been used for
energy storage'’, photocatalysis'®, electro-catalysis'®, high affinity’> and electrochemical
studies.'® Recently, Huang et al., reported the RGO-CeO, nano cubes composites show
enhanced photocatalytic activity for the degradation of methyleneblue (MB) under UV-light
irradiation as compared with pristine CeO, NCs.'” A highly uniform CeO, hollow
nanospheres decorated on RGO were reported for excellent photocatalytic activity for
methylene orange degradation.18 Wang et al., has reported the CeO, NPs incorporated in the

matrix of RGO/C;Ny for catalytic degradation of Rhodamine B! and stated that RGO serve

Published on 06 April 2018. Downloaded by Freie Universitaet Berlin on 06/04/2018 16:55:19.

as a conductive network for generation of an electron-hole pair. Cheng et al. synthesized
Fe;04@Si0,@mCeO, microspheres with a mesoporous CeO, shell and applied them to
rapidly identify phosphopeptides by combining their affinity and catalysis properties.’
Besides this, graphene oxide (GO)-Fe;04 and RGO-Fe;04 composites shows good water
dispersibility, high affinity and rapid magnetic response. They have used these
nanocomposites for the effective immobilization of proteins and the enrichment of peptides,
respectively.”® Zirconium oxide modified RGO composite was used for ochratoxin A
detection and achieved higher sensitivity.® They have reported that interface between metal

oxides and RGO offers a higher rate of charge transfer than the individual materials. The
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surface of graphene was functionalized by zinc oxide NPs and used as electrochemical
glucose sensor, simultaneously used for photocatalytic degradation of MB dye in ethanol
within the region of UV.2"?! Srivastava et al., reported that the CeO,-RGO nanocomposite
enhanced remarkable electrocatalytic activity due to synergistic effects between the RGO and
CeO; NPs created by uniform distribution of NPs on the plane of RGO.? Controlled structure
synthesis of RGO and CeO, NPs enhanced the optical and catalytic properties.” Most of
RGO-CeO; nanocomposites have been studied for the optical and catalytic properties. Thus,
there is a wide scope to explore the electrochemical properties of CeO,—RGO nanocomposite
for biosensor application and biomarkers detection.

Oral cancer is the fifth most widespread form of cancer in this world and it infects the
neck and head of a human.”* The survival rate of the patient is 30-35 %, when it diagnosed in
advanced stages and early detection can improve the survival rate. To identify the biomarker,
several techniques were used as capillary electrophoresis-mass spectrometry®, high-
performance  liquid  chromatography®, radio immune assays™, enzyme-linked
immunosorbent assay26 and reverse transcription polymerase chain reaction.”” However,
these techniques are time-consuming and require expensive devices and maintenance. Since
last few decades, electrochemical biosensors are found suitable devices for point-of-care
diagnosis especially for very low detection range of analytes®™ with the high sensitivity,
selectivity, cost-effectiveness, and rapid detection.”” **Among the various oral cancer
biomarkers, Cyfra-21-1 protein has significant importance due to its availability in high

concentration in the saliva sample.’" **

The cut-off level of the cyfra-21-1 biomarker of
cytokeratin 19 is 3.8 ng mL™ which can increase upto17.46 + 1.46 ng mL™" in case of an oral
cancer patient.” Researchers have reported different strategies for fabrication of

electrochemical biosensors for early detection of Cyfra-21-1 to achieve higher specificity,

selectivity, sensitivity and low detection limit. Kumar et al., had used hafnium nanostructure
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for detection of CYFRA 21-1 and found the detection range of 2-18 ng mL ™' 3-
Aminopropyl triethoxysilane (APTES) modified ZrO, NPs were reported for detection of
Cyfra-21-1 and sensitivity obtained as 2.2 mA mL™’ ng_l.34 Further, they have reported
APTES-ZrO; modified RGO substrate for Cyfra-21-1 detection and reported sensitivity of
0.756 pA mL ng 'with limit of detection as 0.122 ngmL "> In our previous report, L-
cysteine capped lanthanum hydroxide was used for the detection of Cyfra-21-1 and found the
linear range of 0.001-10.2 ng mL™', detection of limit 0.001 ng mL™" with sensitivity of
12.04 pA mL ng”' em®* Here, it is expected that use of ncCeO,-RGO nanocomposite will
improve the sensitivity and low detection limits.

In the present work, a novel nanocomposite comprising of cerium nanocubes
(ncCeO;) and in situ reduction of GO during the synthesis of nanocomposite at low
temperature was reported. It has been found that ncCeO, enhanced potential due to bound by
six active planes than other shapes.20 These ncCeO,, RGO and ncCeO,-RGO nanomaterials
were characterized using various techniques like UV-Visible spectroscopy, Raman

spectroscopy, Fourier transform infrared spectroscopy (FTIR), XPS, XRD and transmission

electron microscopy (TEM). A thin film of ncCeO,-RGO was prepared onto ITO surface

Published on 06 April 2018. Downloaded by Freie Universitaet Berlin on 06/04/2018 16:55:19.

using spin coater. This ncCeO,-RGO/ITO electrode was modified by the specific antibody
against Cyfra-21-1 (Anti-Cyfra-21-1) for electrochemical detection of oral cancer biomarker
Cyfra-21-1. This immunoelectrode showed the improved sensing parameters as wide
detection range from 0.625 pg mL™" to 15 ng mL™, the lower limit of detection 0.625 pg mL"
and sensitivity of 14.5 pA ng”' mL cm™ as compared to previously reported electrochemical
immunosensor for Cyfra-21-1 detection (Tablel). Results indicated that ncCeO,-RGO
nanocomposite consider as a promising matrix for electrochemical biosensors application. To
the best of our knowledge, this is the first report on ncCeO,-RGO nanocomposite for

immunosensor for biomarker detection.
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2. Experimental Section

2.1 Materials

Cerous nitrate hexahydrate (CeN3;0y.6H,0), sodium phosphate dibasic (Na,HPO,), sodium
phosphate monobasic (NaH,PO,) and sodium hydroxide (NaOH) procured from SRL.
Ammonia solution (NH3, 30%) and hydrazine hydrate (N,H4.H,O, 80%) were obtained from
Thomas Baker. Indium tin oxide (ITO) coated glass substrate with 1.1 mm thickness was
acquired from Blazers, UK. Graphite flakes, bovine serum albumin, N-ethyl-N-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS)
were procured from Sigma-Aldrich. Potassium ferricyanide, potassium ferrocyanide and
hydrogen chloride were acquired from Fisher Scientific. Potassium permanganate and
hydrogen peroxide were purchased from Merck. Monoclonal antibodies specific towards
Cyfra-21-1 (Anti-Cyfra-21-1) and Cyfra-21-1(antigen) were purchased from Raybiotech Inc.
and My BioSource USA, respectively.

2.2 Synthesis of ncCeO; and ncCeO,-RGO nanocomposite

Cubical CeO, was synthesized using some modification in the previously reported co-
precipitation method.*® 2.17 g of CeN3;09.6H,O (0.1M) was dissolved in 50 mL (25 mL
ethanol + 25 mL deionized water) and stirred (500 rpm) at 50°C. Further, 30 mL of 3M
ammonia was added dropwise into the mixture in 1 h and reaction kept for next 4 h at 50 °C.
After that, the solution was kept at room temperature for the cooling down. Precipitate was
washed with 0.1M HCI, ethanol (99.9%) and deionized water several times by centrifugation
and dry into oven at 60°C for 6 h.

GO was synthesized by the modified Hummers method.”” To synthesis ncCeO,-RGO
composites, 170 mg of GO was sonicated (Temperature; 30+5, Power; 100 W, Frequency; 40

kHz) for 2 h in 100 mL of deionized water using bath sonicator (OSCAR Ultrasonicator).
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After complete dispersion of GO, 70 mg of ncCeO, was added into previous GO solution and
again kept for sonication for 1 h. Further, in this mixture, 400 mL distilled water was added
and stirred for 30 minutes. Subsequently, 500 uL. of hydrazine hydrate was added drop-by-
drop, and the temperature was maintained between 80-90°C. This reaction kept for 24 h on
stirring for complete reduction of GO in the presence of CeO, cubes. After the completion of
the reaction, mixture was centrifuged (rpm; 7000-8000) and washed by HCI (0.5M), ethanol
(99.9%) and deionised water several times and kept at 50°C inside the oven to dry.

2.3 Preparation of ncCeQ,-RGO thin film onto ITO

For deposition, firstly, ITO (15%5 mmz) coated glass were cleaned sequentially by ethanol,
acetone and distilled water in the bath sonicator for 10 minutes at each step. Thin film of 1
mg mL" solution of ncCeO,-RGO on ITO was deposited using spin coater (Vb Ceramics
Consultants) by following two steps of the process. In the first step, 30 uL of the prepared
solution was poured onto the (3x5 mm??) area of ITO using spin of 150 rpm for 60 sec and in
second step 500 rpm for 60 sec. these, thin film coated electrodes, were kept overnight for
dry at room temperature for the further modification.

2.4 Fabrication of Anti-Cyfra-21-1/ncCeQ,-RGO/ITO

Published on 06 April 2018. Downloaded by Freie Universitaet Berlin on 06/04/2018 16:55:19.

Spin-coated ncCeO,-RGO/ITO electrodes were modified by Anti-Cyfra-21-1 using several
steps sequentially. In the first step each thin film was washed with distilled water. To activate
the functional groups of ncCeO,-RGO, mixture of EDC (0.4M, 5uL) and NHS (0.1M, 5uL)
was uniformly spread over the washed film of ncCeO,-RGO/ITO electrode surface and kept
for 40 minutes under the humid chamber at ambient temperature. After that film was washed
with PBS solution. Subsequently, 10 puL of Anti-Cyfra-21-1 (50 ug mL'l) was immobilized
over the activated surface of ncCeO,-RGO/ITO electrode and kept for 5 h under the humid
chamber at room temperature (25°C). Where, NH, groups of Anti-Cyfra-21-1 covalently

bound with activated COO™ of RGO by forming an amide (CO-NH) bond.*® After that, Anti-
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Cyfra-21-1/ncCe0,-RGO/ITO immunoelectrode was washed using PBS solution and
removed. In the next step, non-specific activated sites were blocked using 10 uL of bovine
serum albumin  (BSA, 50 pg mL").* BSA/Anti-Cyfra-21-1/ncCe0,-RGO/ITO
immunoelectrodes were stored at 4'C until further used. Fig. 1 shows the schematic
representation of BSA/Anti-Cyfra-21-1/ncCeO,-RGO/ITO immunoelectrode fabrication with
different steps.

2.5 Characterization Techniques

Absorbance spectra for all synthesized materials were obtained using T90 + UV/Vis
spectrometer of PG instruments PVT Ltd. X-ray crystallographic (XRD) study was carried
out using Rigaku D/Max 2200 diffractometer of CuKa radiation of A = 1.5418 A. Raman
spectra was recorded using 532 nm laser of Enspectr. High-resolution transmission electron
microscopy (HR-TEM, JEOLJEM-2200 FS, Japan) was used for the identification of the
morphology and diffraction pattern of all the nanomaterials at 200 kV. Fourier transform
infrared spectroscopy (FTIR) spectra were measured using Varian 7000 FTIR. X-ray
photoelectron spectroscopy (XPS) was done on Oxford Instrument, with AlKa radiation
(1486.7 eV), as an excitation source for the elemental analysis of ncCeO,-RGO
nanocomposite. A thin film of ncCe0,-RGO was deposited onto ITO coated glass substrate
using spin coater (VB Ceramic Consultants) instrument. Electrochemical studies were
performed by using Autolab (Auto86014) instrument in phosphate buffer saline (PBS)
containing SmM [Fe(CN)]*"™ as an electrolyte solution using three electrode system, where
Ag/AgCl and platinum were used as reference and counter electrode, respectively and
BSA/Anti-Cyfra-21-1/ncCeO,-RGO/ITO immunoelectrode as working electrode.

3. Results and discussion

3.1 Physicochemical Characterizations
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UV-Vis spectroscopy is used to study the optical properties of nanoparticles and carbon
based nanocomposites. Fig. 2(a) showing the absorbance spectrum of GO, ncCeO,, ncCeO,-
RGO dispersed in water. GO shows the two peaks at 226 and 303 nm of n-n* and n- w*
transition respectively.*® Fig.2(b) showing the absorbance of ncCeO, dispersed at 310 nm
peak previously reported.*! After reduction of GO by hydrazine hydrate the peak red shifted
showing the conversion to RGO.* The ncCe0,-RGO shows two peaks at 237 and 317 nm
confirms the presence of RGO and CeO, characteristics in the composite Fig.2(c).*

Raman spectroscopy is a useful technique to analysis carbonic material, metal oxide and
carbon-metal oxide composites.”™* Graphitic materials show two peaks in Raman spectrum
D (~1360 cm™) and G (~1590 cm™) band corresponding to defects characteristics and sp2
structure respectively.*” ** Fig.3A shows the Raman spectra of GO, RGO, ncCeO, and
ncCeO,- RGO nanocomposites. GO shows D and G band at 1357 and 1603 cm™ respectively
Fig.3A(a). ncCeO, have a single Raman peak at 463 cm’ corresponding F,, mode in
Fig.3A(b).* Fig. 3A(c) ncCeO,-RGO showing three different peaks, at 462 cm™ because of
ncCeO, and at 1345 and 1603 cm™ corresponding to the RGO.** * The D/G intensity of

ncCe0,-RGO nanocomposite was found higher (~1.01) than the GO (~0.85). Results suggest

Published on 06 April 2018. Downloaded by Freie Universitaet Berlin on 06/04/2018 16:55:19.

that decrease in average size of sp> domain after reduction of exfoliated GO. Raman spectra
confirm the successfully synthesis of GO, ncCeO; and ncCeO,-RGO nanocomposite.

Fig. 3(B) shows the XRD spectra of GO, ncCeO, and ncCeO,-RGO nanocomposite.
GO has a sharp peak at 10° which is corresponding to (002) plane with interlayer spacing of
0.88 nm which indicate the presence of oxygen moieties.”® XRD spectra of ncCeO, in Fig.
3B(b) are correspond to (111), (200), (220), (311), (222), (400), (331) and (420) planes which
were typically face-centered cubic (fcc) structure of CeQ,. It is confirmed from International
Centre for Diffraction Data (JCPDS 34-0394).ncCeO,-RGO nanocomposites also have same

planes which confirms the presence of ncCeO; in the matrix of RGO [Fig. 3B(c)].* Recently
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Verma et al. observed the boarder in width of (111) plane in CeO,-RGO composite compare

to pristine CeO,.*® But we did not observe any effect on spectra.

Fig. 4(A-D) shows TEM, and HR-TEM images of the ncCeO, and ncCeO,-RGO
nanocomposite to identify the shape and structural morphology. Image (A) clearly shows the
cubic structure of CeO, with some compact dispersion at 20nm scale. The cubic shape
structure of CeO; clearly visualized at 1nm scale (Image B) and HR-TEM image revealed the
crystallinity of ncCeQO; which is in good agreement with XRD data. An interplanar spacing
(d-value) was obtained as 0.27 nm, corresponds to XRD plane (200) ofncCe0,.** These
results indicate that the ncCeO, maintained the crystallinity within the ncCeO,-RGO
nanocomposite.*® The ncCeO, were decorated onto the surface of RGO sheets as marked by
arrow and some were entrapped inside the RGO sheets demonstrated in Image (C). The
image (D) revealed the edges of ncCeO; as well as RGO sheet as marked by an arrow,
indicated the intermingling of ncCeO, onto RGO flask sheet which confirms the
nanocomposite formation via synergistic effect.

FTIR was helped to confirm the stretching, vibrations and presence of the respective
functional groups. Fig. 5 shows the FTIR spectrum of ncCeO,-RGO/ITO, Anti-Cyfra-21-
1/mcCe0,-RGO/ITO and BSA/Anti-Cyfra-21-1/ncCe0,-RGO/ITO immunoelectrodes. In
case of ncCeO,-RGO/ITO, two essential peaks appeared at 1642 and 1538 cm™ corresponds
to the graphene material, which confirms the presence of RGO in the nanocomposite.” After
the immobilization of the Anti-Cyfra-21-1 (antibodies) over the ncCeO,-RGO/ITO electrode,
the peak intensified at 1642 ecm” due to the NH, amide bonding which proves that the
antibodies attached successfully over the surface. Finally, peak at 1538 cm™ almost
disappeared after applying BSA over the Anti-Cyfra-21-1/ncCeO,-RGO/ITO
immunoelectrode which authenticated that unbound sites were completely blocked. Most

dominant peaks were found after the Anti-Cyfra-21-1 immobilization at 2920 cm™ and 2853

10
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cm™ due to asymmetric and symmetric stretching vibrations of C-H bond in —CH, group.*
But after the BSA immobilization intensity of the peaks were decreased which may be due to
the extra layer formation over the Anti-Cyfra-21-1/ncCeO,-RGO/ITO immunoelectrode. The
peak at 3264 cm™ assigned to OH-stretching, became broad hump after the Anti-Cyfra-21-1
and BSA immobilization onto ncCeO,-RGO/ITO electrode, due to the availability of water
molecules.® These results confirm the successfully modified ncCeO,-RGO/ITO electrode
surface with the Anti-Cyfra-21-1 and BSA.

Figure 6(A) shows the complete survey spectrum of ncCeO,-RGO nanocomposite by XPS

measurements (at range 1000-0 eV). Fig. 6(A) shows the existence of C (C 1s), O (Ols), Ce

(Ce3d, Ce 4d) which confirm the chemical composition of ncCeO,-RGO nanocomposite. Fig.

6(B) shows deconvoluted XPS spectrum of C 1s where we identified the peaks at 284.5 eV,
285.5eV, 286.6 eV, 288.1 eV and 289.2¢V binding energy which are assigned to (C=C),(C-
C)/(C-H), (C-0X), (C=0)/(0-C-0) and C(=0)-0X.*"* The peak position at about~284.5 eV
is to responsible to (C-C)® and others are due to the oxygen-containing carbonaceous bands in

ncCe0,-RGO nanocomposi1:e.47’51 The O 1s spectrum [Fig. 6(C)] was deconvoluted into two

Published on 06 April 2018. Downloaded by Freie Universitaet Berlin on 06/04/2018 16:55:19.

peaks at about 529.5 eV and 531.7 eV which were assigned to Ce-O and Ce-O and OH,
respectively.”’ XPS spectra of Ce 3d were deconvoluted to evaluate the presence of oxygen
vacancy in ncCeO2-RGO composite in Fig.6(D). Observed peaks at 901.3 907.5, 916.9¢V
because of 3ds, of Ce™ cations and 882.6, 889.0 and 898.5 eV 3ds, of Ce™ cations. Two
more peaks of 903.6 and 884.6 eV shows 3ds, and of 3ds, of Ce™ cations.’® These
transformation of oxidation states from 4+ to 3+ in Ce was due to the formation of oxygen
vacancy and loss of lattice oxygen.*® >
3.2 Electrochemical Studies

The electrochemical sensor changes the nature of the response on the different type of pH

electrolytes.”® Thus, it was necessary to find the effect of pH on BSA/Anti-Cyfra-21-

11
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1/ncCe0,-RGO/ITO immunoelectrode in PBS containing [Fe(CN)e]*”* electrolyte solution.
DPV technique in the range of -0.3 V to 0.4 V at 50 mV s step potential was used to
monitored pH effect at different pH values (7.0, 7.2, 7.4, 7.6, 7.8, 7.9 and 8.1) of the
electrolyte. It was observed that the magnitude of current increased from 7.0 to 7.4 and then
decreased from 7.4 to 8.1 (Supplementary data; Fig. S1). Thus, the maximum ¢ 82 pA)
magnitude of current was obtained at pH 7.4 from the [Fig. 7(A)]. This change in current
response decreased because of excess of H™ and OH™ destroyed the characteristics of methyl
parathion.>® Thus, PBS (pH 7.4) was used for all electrochemical studies.

To optimize the required concentration of antibodies for sensor application, different
concentrations (15, 25, 50, 75 and 100 ug mL™") of Anti-Cyfra-21-1 was prepared, and DPV
studied performed under the same conditions (Supplementary data; Fig. S2). The change in
peak current increase from 15 to 50 pg mL™ then started decreasing, the maximum current
(83pA) response obtained at 50 ug mL™' [Fig. 7(B)]. Thus, the optimized concentration 50 pg
mL™" was used for all the electrochemical studies.

Electron transfer kinetics of the ncCeO,/ITO, ncCeO,-RGO/ITO, Anti-Cyfra-21-1/ncCeO,-
RGO/ITO and BSA/Anti-Cyfra-21-1/ncCe0,-RGO/ITO was done using CV technique [Fig.
7(C)]. The magnitude of anodic peak current was found highest of ncCeO,-RGO
nanocomposite (curve iii; 0.224 mA) as compared to ncCeO,/ITO (curve ii; 0.198 mA) and
bare ITO (curve i; 0.206 mA). The magnitude of current of ncCeO,/ITO is lower due to poor
conductance of ncCeO, However, the magnitude of current of ncCeO,-RGO nanocomposite
was enhanced due to electrical conductive nature of RGO.”” These results suggest the that the
synergistic effect occurred between the excellent conductivity of RGO and catalytical
behaviour of ncCeO,.* Kumar et al. also reported the reduction in DPV current after
deposition of ZrO, NPs on the ITO substrate and the enhancement in the current obtained

with RGO-ZrO, composite.3 > However, after the immobilization of Anti-Cyfra-21-1over the
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ncCe0,-RGO/ITO electrode, the magnitude of current increased as compared to ncCeO,-
RGO/ITO (curve iv; 0.267 mA). Due to the covalent binding between the NH, group of Anti-
cyfra-21-1 and carboxylic group (-COOH) of RGO which formed the penetrating path to
speed up the electron transfer between Anti-Cyfra-21-1 and electrode.’®’ Moreover,
electrostatic interaction occurred between the freely available sites of antibodies with redox
species [Fe(CN)6]3 "+ resulted in fast electron mobility towards the electrode surface.”®
Subsequently, the available unbound active sites over the Anti-Cyfra-21-1/ncCeO,-RGO/ITO
electrode surface were blocked by applying the BSA. So the electron transportation was
hampered resulting in a decrease in current value (curve v; 0.237 mA). All of these steps
confirm the modification of ncCeO,-RGO/ITO electrode with biomolecules.

Further, the electrochemical response of all electrodes (ncCeO,/ITO, ncCeO,-RGO/ITO,
Anti-Cyfra-21-1/ncCe0,-RGO/ITO and BSA/Anti-Cyfra-21-1/ncCeO,-RGO/ITO) was
monitored using EIS studies [Fig. 7(D)], between the frequency ranges of 0.1 - 10° Hz under
similar experimental conditions. It was found that all electrodes followed the similar trends in

a change in the resistance value as monitored in [Fig. 7(C)]. Here, different characteristics

including charge transfer resistance (R.), electrolyte resistance (Rs) and double layer

Published on 06 April 2018. Downloaded by Freie Universitaet Berlin on 06/04/2018 16:55:19.

capacitance (Cq) of all modified electrodes were obtained from Nyquist plot fitted by the
circuit as mentioned in graph [Fig. 7(D)] and obtained values were mentioned in Table 2,
where R reveals the insulating nature of the electrodes which confirms the stepwise
electrode modification. Further, the value of R of ncCeO,/ITO was obtained as 2.32 KQ
which was slightly higher than the bare ITO electrode (1.80 KQ) due to the decrease in
electrical conductivity of ncCeO,, that slow down the diffusion of redox species ([Fe(CN)s]>
) towards the electrode surface. Further, the value of R of ncCeO,-RGO/ITO electrode
decreased (1.42 KQ) as compared to ncCeO,/ITO and bare ITO electrode, which reveals the

higher electrical conductivity and fast ions diffusion towards the electrode surface due to the

13


http://dx.doi.org/10.1039/c8tb00653a

Published on 06 April 2018. Downloaded by Freie Universitaet Berlin on 06/04/2018 16:55:19.

Journal of Materials Chemistry B

Page 14 of 36

View Article Online
DOI: 10.1039/C8TB0O0653A

conductive nature of the RGO. However, Ry value of Anti-Cyfra-21-1/ncCeO,-RGO/ITO
immunoelectrode decreased (1.35 K€Q) which determined the spatial orientation of the Anti-
Cyfra-21-1 over the ncCeO,-RGO/ITO electrode surface which helps in increasing the charge
transfer between freely available NH; functional groups of anti-Cyfra-21-1and redox species
([Fe(CN)s]*'*).** After the BSA immobilization over the Anti-Cyfra-21-1/ncCeO,-RGO/ITO
immunoelectrode, the Ry value increased as 1.45 KQ, due to insulating nature of BSA and
macromolecular structure that decreased the charge transfer between redox species
[Fe(CN)e]? "+ and electrode surface by hindering.

The heterogeneous electron transfer rate constant (K.) and time constant (1) was calculated,
as mentioned in the Table 2. The value of K. was determined using equation Sl
(Supplementary data). The value of K. was obtained as 1.18 x 107 for the bare ITO that
decreased to 0.91 x 107 for the ncCeO,-RGO/ITO electrode due to the low electron transfer
rate between the interface of the electrolyte solution and electrode surface. Subsequently, K,
value increased to 1.49 x 107 due to higher electron transfer rate because of the RGO.
Similarly, after the Anti-Cyfra-21-1 immobilization over the ncCeO,-RGO/ITO, K. value
increased to 1.57x107 which reveals the fast electron flow rate between the redox species and
the immunoelectrode surface. However, value of K. decreased to 1.46 x 107, due to the
insulating nature of the BSA onto Anti-Cyfra-21-1/ncCe0,-RGO/ITO immunoelectrode,
Further, the time constant (t) for all electrodes (ncCeO,/ITO, ncCeO,-RGO/ITO, Anti-Cyfra-
21-1/ncCe0,-RGO/ITO and BSA/Anti-Cyfra-21-1/ncCeO,-RGO/ITO) was calculated using
equation S2 (Supplementary data). The value of T was determined as 2.82x 107 for the bare
ITO, and it increased for ncCeO,/ITO (3.64 x 107), and then decreased to 2.54x 10 for the
ncCe0,-RGO/ITO electrode due to the fluctuations in electron transfer rate between the
electrode surface and the redox species of the electrolyte. After the Anti-Cyfra-21-1

immobilization increased (3.05x 107) due to the fast diffusion of electrons generated from
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the redox species. However, the value of T again increased (3.90x 10”) due to the insulating
behaviour of BSA.* 3

The scan rate studies of ncCeO,-RGO/ITO as well as on BSA/Anti-Cyfra-21-1/ncCeQO,-
RGO/ITO were recorded by CV from 10 to 100 mV s scan rate at the potential range -0.5 —
0.5 V, to check the behaviour of redox species between the electrolyte and electrode surface
[Fig.8 (A&B)]. In both cases (ncCeO,-RGO/ITO and BSA/Anti-Cyfra-21-1/ncCeQO,-
RGO/ITO), a linear variation in the magnitude of anodic (I,,) and cathodic (I,.) peak current
occurred by increasing scan rate. These electrochemical reactions indicate diffusion control
process.”™ *° Fig. 8(A) and (B), insets show the linear curve fitting graph of (ncCeO,-
RGO/ITO) and BSA/Anti-Cyfra-21-1/ncCeO,-RGO/ITO observed the anodic and cathodic
peak current along with the square root of scan rate. The linear equations (S3-S6) are
mentioned in Supplementary data.

Randles-Sevcik equation (S7) was used for the determination of diffusion coefficient for
redox species w.r.t. ncCeO,-RGO/ITO and BSA/Anti-Cyfra-21-1/ncCeO,-RGO/ITO
immunoelectrode at the interface between electrolyte and electrode surface.”® The value of D

was calculated for (ncCeO,-RGO/ITO; 8.82 x 10" cm? s'l] and for BSA/Anti-Cyfra-21-

Published on 06 April 2018. Downloaded by Freie Universitaet Berlin on 06/04/2018 16:55:19.

1/ncCe0,-RGO/ITO immunoelectrode [9.93 x 102 cm? s7'].

3.2.1 Electrochemical Response Studies

The electrochemical response of Cyfra-21-1 antigen over the BSA/Anti-Cyfra-21-1/ncCeQO,-
RGO/ITO immunoelectrode was recorded using DPV with different analyte concentration
varying from 0.625 pg mL" to 15 ng mL". During the electrochemical response studies,
BSA/Anti-Cyfra-21-1/ncCe0,-RGO/ITO immunoelectrode was treated with different
concentration of Cyfra-21-1 and kept for 10 minutes for incubation. The electrochemical
response current decreased with increase in the concentration of Cyfra-21-1 due to the

formation of immunocomplex [Fig. 9(A)]. The immunocomplex created an electron transfer
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blocking layer that slowed down the electron communication. Moreover, immunoelectrode
started to become insulating in nature hindering the access of redox probe towards the
electrode surface.’ The mechanism behind the improved sensing performance of
immunosensor that the incorporation of ncCeO, into RGO matrix provides a larger exposed
surface area for electrochemical reaction of Cyfra-21-1. RGO is responsible for the
enhancement of electrical conductivity result in fast mobility of electrons generated by redox
species [Fe(CN)6]3'/4' at the interface of electrode/electrolyte [Fig.9(D)].

In the present work the synthesis of composite with RGO solved the issues of dispercivity,
electrical conductivity enhancement and biomolecules attachment. Moreover, the similar
energy of 4f and 5d with low potential energy barrier makes the cerium for the possibility of
change the oxidation states. This change in oxidation states is closely linked with the oxygen
vacancies concentrations that make the CeO, for potential applicability in electrochemical
application as sensor.

Fig. 9(B) shows a calibration plot between the peak current and concentrations of Cyfra21-1,
shows two linear ranges as 0.625 pgmL™ to 0.01 ngmL™" and 0.01 to 15 ngmL™" as marked in
the plot. Initially, the magnitude of current decreases linearly with increase of Cyfra21-1
concentrations varies from 0.625 pg mL™" to 0.01 ng mL™". Results indicate that the Cyfra21-1
molecules rapidly interact with adequate anti-Cyfra-21-1 onto electrode surface. Moreover,
fast response or immediate interaction occurred between the Cyfra-21-1 and BSA/Anti-
Cyfra-21-1/ncCeO,-RGO/ITO immunoelectrode. However, best linear range obtained from
0.625 pg mL™ to 0.01 ng mL", as low detection limit of 0.625 pg mL™ and sensitivity as
14.54 uA ng”' mL cm™ with linear regression constant of 0.98. However, the magnitude of
current was decrease slightly with an increase of Cyfra-21-1 concentration above 0.01 ng mL~
! due to limited availability of free anti-Cyfra-21-1sites onto electrode surface and linear

range obtained as 0.01 to 15 ng mL™" and sensitivity of 2.6 pA ng'mL cm™.'The limit of
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detection (LOD) was calculated by using formula LOD= 36/m; where o is standard deviation
of intercept and m is slop value in calibration curve.

These results confirm that the ncCeO,-RGO based immunoelectrode exhibited the improved
biosensing properties with detection range from the 0.625 pg mL™ to -15 ng mL™' as
compared to our previous reported paper (1 pg mL™ to 10 ng mL™")**. Besides this, sensitivity
is higher (14.54 pA mL ng'1 cm™) than the others reported in literature such as BSA/anti-
Cyfra-21-1/L-Cys-La(OH);/ITO  (12.04 pA mL ng' cm™)”; BSA/anti-CYFRA-21-
1/APTES/ZrO,/ITO (0.756 pA mL ng')*; BSA/anti-Cyfra-21-1/APTES/nHfO,/ITO (9.28
pA mL ng' em?)®. However, the lower detection limit is quite lower 0.625 pg mL™" as
compared to others 0.001 ng mL™’ (BSA/anti-Cyfra-21-1/L-Cys-La(OH)s/ITO)**; 0.122
ngmL" (BSA/anti-CYFRA-21-1/APTES/ZrO,-RGO/ITO)*; 0.21 ng mL" (BSA/anti-Cyfra-
21-1/APTES/nHfO,/ITO)*; 0.08 ng mL™' (BSA/anti-CYFRA-21-1/APTES/ZrO,/ITO)*.
These results confirmed that the BSA/Anti-Cyfra-21-1/ncCeO,-RGO/ITO immunoelectrode
is highly sensitive towards the lower detection range. It means, this immunosensor is most
suitable for the early detection of cancer biomarkers.

To check the utility of this immunosensor for real samples application, the BSA/Anti-Cyfra-

Published on 06 April 2018. Downloaded by Freie Universitaet Berlin on 06/04/2018 16:55:19.

21-1/ncCe0,-RGO/ITO immunoelectrode was tested with the commercially available Cyfra-
21-1 (standard) and spiked samples of fresh saliva of normal human’s [Fig. 9(C)]. Spiked
samples were prepared by collecting fresh normal human saliva where total volume 10 pL (5
uL of saliva + 5 pL varying concentration of Cyfra-21-10) from 0.625 pg mL'to 15 ng mL™.
DPV response was monitored in the potential step range of -0.3 — 0.4 V at 50 mV s™. It was
observed that the current decreased with increasing the concentration of spiked samples, but
at the 15 ng mL™' concentration it was near to standard Cyfra-21-1 samples. Results exhibited
the good correlation between the current value of standard Cyfra-21-1 and spiked samples,

with the relative standard deviation (RSD %) from 0.18-2.10%, which is the acceptable limit.
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These results concluded that this BSA/Anti-Cyfra-21-1/ncCeO,-RGO/ITO immunoelectrode
are highly specific for Cyfra-21-1. Table 3 shows the values of RSD obtained with different
concentrations of both standard and spiked samples.

3.2.2 Control Study, Selectivity and Reproducibility

The control experiment was conducted to monitor the effect of Cyfra-21-1 antigen on the
ncCe0,-RGO/ITO electrode (without antibodies). DPV response was monitored using
concentrations range from 0.625 pg mL™" to 0.1 ng mL™ at same experimental conditions.
Further, the magnitude of maximum peak current was found constant as ~80 pA with all
concentrations of Cyfra-21-1 [Fig. 10(A)]. The magnitude of current does not change with
varying concentrations of Cyfra-21-1 that confirms the no any types of interaction with the
Cyfra-21-1 resulting in a specificity of Cyfra-21-1 towards the Anti-Cyfra-21-1.

Further, the selectivity of BSA/Anti-Cyfra-21-1/ncCe0,-RGO/ITO immunoelectrode with
specific Cyfra-21-1 was determined by monitoring the change in response with different
interferents present in saliva samples such as NaCl (20 mM), glucose (7 mg mL'l), MUC-16
(2 pg mL™), IL-8 (5 pg mL™") and cyfra-21-1 (0.01 ng mL™")using DPV [Supplementary data;
S3]. There were not much changes obtained with all interferents. However, small change in
current value with cyfra-21-1 compared with other interferents depicted that the
immunoelectrode is selectively fabricated for the cyfra-21-1 antigen [Fig. 10(B)].
Reproducibility of the BSA/Anti-Cyfra-21-1/ncCeO,-RGO/ITO immunoelectrodes were
monitored with a change in magnitude of current value using DPV with potential range -0.3-
0.4 V at 50 mV s step potential. Fig. 10 (C) shows the DPV curve of five electrodes and
found a stable response with the 1.14% RSD which depicts the highest reproducibility of
immunoelectrode.

The shelf-life of BSA/Anti-Cyfra-21-1/ncCeO,-RGO/ITO immunoelectrode was monitored

by DPV at the potential range -0.3 - 0.4 V. These electrodes were stored at 4°C till 5 weeks
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[Supplementary data; S4]. There was no change in current till 3 weeks after that negligible
change was found till another two weeks. Thus, 82.14% stability response of the
immunoelectrode was found till 5 weeks [Fig. 10(D)].

4. Conclusions

Here, a label-free, highly selective, very specific, sensitive and non-invasive
immunoelectrode was reported for the early detection of oral cancer biomarker Cyfra-21-1
using ncCe0,-RGO nanocomposite. TEM images confirm the cubic shaped CeO,
nanomaterial’s planted onto RGO substrate and maintained the crystallinity. Elemental
analysis of ncCeO,-RGO nanocomposite also confirms the successful formation of
nanocomposite as analysed by XPS data. This nanocomposite proves an ideal material for
electrochemical sensing platform because RGO provides the fast transfer of electron due to
higher conductivity of RGO and ncCeO, provide a high surface to volume ratio for further
surface modification by Anti-Cyfra-21-1 and enhanced catalytic properties. This
immunosensor exhibits the specific detection of Cyfra-21-1 from 0.625pg mL™" to 15 ng mL
! lowest detection limit 0.625 pg mL™"' with the increased sensitivity 14.54 pA ng” mL cm™.

Moreover, this immunosensor can check the Cyfra-21-1 in saliva samples as observed by the

Published on 06 April 2018. Downloaded by Freie Universitaet Berlin on 06/04/2018 16:55:19.

good response with the spiked sample. The immunoelectrode does not exhibit any
interferent’s effect and found reproducible. The biosensing properties were found improved
as compared to the previously reported in the literature.
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Fig. 1: Schematic represents the fabrication of BSA/Anti-Cyfra-21-1/ncCeO,-RGO/ITO
immunosensor with an electrochemical response.
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Fig. 2: UV-vis spectrum of (a) GO, (b) ncCeO, and (c) ncCeO,-RGO.
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Fig. 3: (A) Raman shifts and (B) XRD pattern; GO, ncCeO, and ncCeO,-RGO.
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Fig. 4: TEM images (A) and (B) ncCeO, at 20 nm and 1 nm scale, (C) and (D) ncCeO,-RGO
nanocomposite at 20 nm and 1 nm scale.
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Fig. 5: FTIR graph of ncCeO,-RGO/ITO, Anti-Cyfra-21-1/ncCeO,-RGO/ITO and BSA/Anti-
Cyfra-21-1/ ncCeO,-RGO/ITO immunoelectrodes.
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Fig. 6: (A) Complete survey of XPS spectra of ncCeO -RGO nanocomposite having the
2
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Fig. 7: (A) pH optimization on BSA/Anti-Cyfra-21-1/ncCe0O,-RGO/ITO; (B) Different
Concentration Antibodies optimization on ncCeO,-RGO/ITO; (C) Comparative CV of Bare-
ITO, CeOyITO, ncCeO,-RGO/ITO, Anti-Cyfra-21-1/ncCe0,-RGO/ITO and BSA/Anti-
Cyfra-21-1/ ncCeO,-RGO/ITO; (D) EIS studies.
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Table 1: Characteristics of previously reported literature on Cyfra-21-1 oral cancer
biomarker detection over the different immunoelectrodes with present work.

Matrix Detection Range  Technique Limit of Detection Sensitivity Reference
BSA/anti-CYFRA-21-  2-16 ngmL" Cv 0.08 2.2 mA mL 34
1/APTES/ZrO,/ITO ngmL"' ng '
BSA/anti-Cyfra-21- 2-18 ngmL™ Cv 0.21 ngmL" 9.28 pA mL 3
1/APTES/nHfO,/ITO ng" cm’
BSA/anti-CYFRA-21-  2-22 ngmL" DPV 0.122 ngmL™" 0.756 pnA mL 3
1/APTES/ZtO,- ng’
RGO/ITO
BSA/anti-Cyfra-21-1/L-  0.001-10.2 ng DPV 0.001 12.04 pA mL 33
Cys-La(OH)5/ITO mL™" ng mL"! ng! cm™
BSA/Anti-Cyfra-21- 0.625pg mL"'- DPV 0.625 14.54 pA mL Present
1/mcCe0,-RGO/ITO 15 ng mL™ pg mL™ ng” cm? Work
Table 2: EIS analytical performance of different electrodes.
Electrodes R R Ca K. T ()
Q) (KQ) (uF) (constant)
Bare-ITO 100 1.80 1.57 1.18 x 107 2.82x 107
ncCeO,/ITO 115 2.32 1.57 0.91 x 107 3.64x 107
ncCe0,-RGO/ITO 116 1.42 1.79 1.49 x 107 2.54x 107
Anti-Cyfra-21-1/ncCeO,- 84.6 1.35 2.26 1.57 x 107 3.05% 107
RGO/ITO
BSA/Anti-Cyfra-21-1/ncCeO,- 58.4 1.45 2.69 1.46 x 107 3.90x 107

RGO/ITO
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Table 3: Electrochemical response of immunoelectrode for standard Cyfra-21-1 and spiked

Published on 06 April 2018. Downloaded by Freie Universitaet Berlin on 06/04/2018 16:55:19.

sample
Concentration of Highest current for Highest current for Relative standard

Cyfra-21-1 standard Cyfra-21-1 spiked sample deviation
(ng mL™) (nA) (nA) (RSD %)

0.000625 80.1086 78.6133 1.33

0.00125 79.1626 76.8738 2.07

0.0025 78.3386 76.0498 2.10

0.005 76.7822 75.3479 1.33

0.01 75.8362 74.585 1.18

0.1 74.9512 73.8525 1.04

2.5 74.4934 72.6929 1.73

5 73.822 72.3572 1.42

10 73.6084 71.6553 1.90

15 73.7 73.8831 0.18
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