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ABSTRACT 

The efficient electrochemical transducer matrix for biosensing devices requires specific 

characteristics of fast electron transfer, stability, high surface area, biocompatibility and presence 

of specific functional groups facilitating for biomolecule attachment. We demonstrate the 

fabrication of an electrochemical immunosensor based on highly stable gold nanoparticles-

reduced graphene oxide (AuNPs-rGO) composite material as transducer matrix for label-free and 

non-invasive detection of salivary oral cancer biomarker interleukin-8 (IL8). The synergy 

between rGO and AuNPs allowed the immunosensor to exhibit fast response and high sensitivity 

due to the improved electron transfer behavior of the composite. The immunosensor shows very 

fast detection (9 min) of IL8 and high sensitivity with experimental linear dynamic range of 500 

fg mL-1 to 4 ng mL-1 and detection limit of 72.73±0.18 pg mL-1. The fabricated immunosensor 

exhibits excellent specificity towards detection of IL8 in the human saliva samples. Furthermore, 

the reusability and stability up to three months of the immunosensor demonstrates the 

commercial potential of this nanoplatform for the detection of other biomarkers of clinical 

relevance. 

1. INTRODUCTION 

Head and neck cancer is a broad term that encompasses epithelial malignancies that arise in the 

mucosal surfaces of paranasal sinuses, nasal cavity, oral cavity, oropharynx, and larynx, with 

more than 90% occurring on the last three sites, which can be classified as oral cancer.1,2 Due to 

its high global pervasiveness, oral cancer has been identified to be a major global health 

concern.3-5 The American Cancer Society estimates 49,670 new cases and 9,700 deaths due to 

oral cancer during 2017 in the United States.6 Despite of excellent developments in diagnostic 
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and therapeutic modalities for oral cancer the survival rate is still low. One of the major causes 

for the failure of treatment modalities is late diagnosis of the disease. Existing diagnostic 

techniques (e.g. brush biopsy, cytopathology, visualization adjuncts etc.) are not able to detect 

the disease until it reaches the advanced stage.7,8 The development of sensitive point-of-care 

screening techniques for early stage diagnosis of oral cancer can largely contribute to increased 

therapeutic efficiency, resulting in a decrease in mortality rate from this dreadful disease. 

Cancer biomarkers are specific class of biological substances (such as DNA, mRNA, proteins, 

enzymes) whose expression in body fluids, cells or tissues correlate with the malignant 

condition.9 Real-time quantitative monitoring of these biomarkers is essential for early detection 

of the disease, directing personalized treatments and analysis of treatment efficacy.10 Interleukin-

8 (IL8), is a cytokine, associated with the angiogenic and mitotic processes in various types of 

cancers.11,12 Researchers have discovered elevated expression levels of IL8 in saliva of oral 

cancer patients (i.e. 720 pg mL-1) compared to those found in control group (i.e. 250 pg mL-1).13  

Monitoring IL8 in saliva of patients with suspected oral cancer can therefore pave the way for 

early detection of oral cancer through non-invasive sampling, making it an important diagnostic 

tool of clinical value. Conventional methods used for measurement of biomarkers include 

enzyme-linked immunosorbent assay (ELISA), gel electrophoresis, mass spectrometry, 

fluorescence assay and surface enhanced Raman spectroscopy. Although these technologies 

provide accurate and reliable results, limitations such as, detection time, sample amount, 

sensitivity, equipment cost and requirement of highly trained user, make them poor alternatives 

for clinical applications.14,15  

The use of electrochemical immunosensing for quantifying biomarkers has proven to be a 

simple, speedy, cost-effective and portable monitoring method for clinical diagnosis.16-17 
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However, development of sensitive and accurate electrochemical biosensing systems relies on 

choosing of bioreceptor and transducer matrices that are robust, biocompatible, provide high 

surface-to-volume ratio, are electrochemically active, and have a high electron transfer rate.  

Recently, many reports have shown application of nanomaterials like CNTs, metal nanoparticles, 

polymeric nanomaterials, magnetic nanoparticles and nano-hybrids in electrode fabrication 

which greatly enhance the electrochemical performance of the immunosensors.18-20 Graphene 

oxide (GO) has emerged as an attractive matrix material for biosensing applications due to its 

two-dimensional structure, mechanical stability, biocompatibility and with electronic properties 

that can be easily tuned.21. Moreover, GO with oxygen containing functional groups, specifically 

–COOH allows for simple covalent binding of biomolecules (e.g. antibodies) at the surface 

without introduction of a linker molecule. Furthermore, metal nanoparticles can be incorporated 

onto GO to form a composite, which allows the modulation of the electronic and electrochemical 

properties of the composite to improve signal amplification and measurement time, to optimize 

biosensing applications.22  

In the present work, a customized AuNPs-rGO nanocomposite based bioelectrode has been 

fabricated for the sensitive and label-free point-of-care detection of oral cancer biomarker IL8 

from saliva. The immunosensor has been designed using the well characterized AuNPs-rGO 

nanocomposites as thin films on Indium tin oxide (ITO) coated glass followed by immobilization 

of anti-IL8 antibodies (as receptors) through covalent bonding between the amine group of 

antibodies and carboxylic group of rGO on the electrode surface. Successful immobilization was 

confirmed by techniques like Fourier Transform Infrared Spectroscopy (FTIR), X-ray 

photoelectron spectroscopy (XPS), Atomic Force Microscopy (AFM) and Cyclic Voltammetry 

(CV). The standardization of the immunosensor was done by measuring different concentrations 
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of IL8 antigen by Differential Pulse Voltammetry (DPV). Moreover, the immunosensor was 

successfully tested for detection of IL8 in spiked saliva samples. The immunosensor showed 

enhanced sensitivity and specificity within a wide linearity range. The improved electrochemical 

activity of the immunosensor is attributable to the efficient charge transfer mechanism provided 

by the AuNPs-rGO nanocomposite transducer matrix. 

 

2. EXPERIMENTAL SECTION 

2.1 Chemicals and Materials. All the chemicals were used as received. Graphite was bought 

from Acros Organics. Sodium nitrate (NaNO3), hydrogen peroxide (H2O2), potassium 

permanganate (KMnO4), potassium chloride (KCl), sodium chloride (NaCl), trisodium citrate 

(Na3C6H5O7) were purchased from Merck. Sulfuric acid (H2SO4), Gold(III) chloride hydrate 

(HAuCl4), N-Ethyl-N′-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-

hydroxysuccinimide (NHS), sodium phosphate dibasic dehydrate (Na2HPO4.2H2O), potassium 

phosphate monobasic (KH2PO4), potassium hexacyanoferrate(II) trihydrate (K4Fe(CN)6.3H2O), 

potassium hexacyanoferrate(III) (K3Fe(CN)6) and ethanolamine (HOCH2CH2NH2) were 

purchased from Sigma-Aldrich. ITO glass substrates (glass thickness: 1mm, coating thickness: 

1500Å, resistivity: 15-20 Ω.cm) were obtained from Macwin India. IL8 antigen and IL8 rabbit 

polyclonal antibodies were procured from Bioss USA. Milli-Q water with resistivity of 18 

MΩ.cm was used to prepare or dilute the buffers and various reagents used in the experiment. 

2.2 Synthesis of Graphene Oxide. Graphene oxide was synthesized (Scheme 1a) using 

modified Hummer’s method.23 Briefly, 0.5 g of graphite and 0.5 g of NaNO3 in 23 mL H2SO4 

(98%) were kept at continuous stirring in ice bath (0-5 ºC). Finely powdered KMnO4 (1.5 g) was 
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 6

then slowly added to the reaction mixture under stirring, until it turned to dark green color. After 

1 h the solution was transferred to water bath maintained at 35-40 ºC and stirred for another 

hour. Thereafter, 100 mL of deionized water was added through a funnel along the sides of the 

flask, yielding a dark brown solution. This solution was then sonicated for 30 min followed by 

the addition of 1 mL H2O2 (30%) upon which the solution turned yellow indicating the 

termination of reaction. The solution was then centrifuged and washed with deionized water 

several times until the pH of the GO solution became neutral. The neutral GO solution was 

finally lyophilized to attain a highly exfoliated, yellow colored, dry, fluffy GO powder. 

2.3 Synthesis of AuNPs-rGO nanocomposite. AuNPs-rGO nanocomposite was prepared 

(Scheme 1b) using the method given by J. Song et al.24 with slight modifications in the precursor 

concentrations and reaction conditions. The optimized process involves addition of 1 mL of a 25 

mM HAuCl4 solution to 50 mL of a well dispersed 0.1 mg mL-1 solution of GO in deionized 

water (0.1 mg mL-1) under stirring. The uniform dispersion and fastening of Au3+ ions on the GO 

sheets was achieved by initially stirring the solution for 15 min and then keeping it undisturbed 

for 30 min. Then, 5 mL of 44 mM trisodium citrate was added and then refluxed for 30 min. The 

reddish-brown solution that formed was removed from heating, cooled and then centrifuged at 

7000 rpm for 30 min to remove any unbound precursors. The pellet obtained was re-dispersed in 

2 mL deionized water and lyophilized. 
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Scheme 1. Schematics of (a) formation of GO from graphite (b) in-situ synthesis of AuNPs-rGO 

nanocomposites. 

2.4 Fabrication of Anti-IL8/AuNPs-rGO/ITO immunoelectrode. ITO coated glass of 10×5 

mm2 was used for surface modification towards immunoelectrode fabrication. Prior to use, ITO 

was sequentially cleaned by sonication in detergent, acetone, ethanol and deionized water. Thin 

films of 0.5 mg/mL solutions of GO and AuNPs-rGO on ITO were made using a programmable 

spin coater (Laurel 650). The films were annealed at 100 ºC for 3 h. These films were then 

treated with 40 µL of 1:1 mixture of 0.5 M EDC and 0.1 M NHS for 30 minutes for –COOH 

group activation. Then 20 µL of anti-IL8 antibodies were immobilized onto the activated film 

surface for 3 h. Unbound antibodies were removed by washing the films with 10 mM phosphate 

buffered saline (PBS). A 1 M ethanolamine solution was used to block the remaining active sites 

and the resulting immunoelectrode was then washed with 10 mM PBS. Scheme 2 represents the 

procedure for the fabrication of the immunoelectrode. The prepared GO/ITO and AuNPs-

rGO/ITO electrodes were characterized using different spectroscopic techniques and their 
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 8

electrochemical activities were studied using CV. The CV was performed using a three-

electrode-system in 3 mM Zobell’s solution against Ag/AgCl as reference electrode and platinum 

as counter electrode. 

 

Scheme 2. Schematic of fabrication of AuNPs-rGO based immunoelectrode for immunosensing 

application. 

2.5 Analyte (IL8) Sample Preparation. Different concentrations of IL8 (ranging from 500 

fg/mL to 50 ng/mL) were prepared in 10 mM PBS (pH 7.4) and applied on the surface of the 

immunoelectrodes for 9 min. The resulting immunoreactions were studied using DPV technique 

in 1:1 v/v ratio of 10 mM PBS and 3 mM Zobell’s solution at scan rate of 0.02 Vs-1 with pulse 

potential and pulse time values of 0.02 V and 0.07 s, respectively. 

This fabricated immunosensor was tested for real sample analysis by spiking IL8 in control 

saliva. The control saliva sample was centrifuged at 8000 rpm for 15 min to remove any food 
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 9

particles or residues and the clear supernatant was collected for further use. This saliva sample 

(without any dilution) was spiked with different concentrations of IL8 and the binding on Anti-

IL8/AuNPs-rGO/ITO immunoelectrodes was studied using DPV. 

2.6 Physical Characterizations. FTIR spectra of the compounds were obtained on Agilent 

Cary 360 FTIR in the range of 3600 to 400 cm-1 in ATR mode. UV-Visible spectra were 

recorded in the range 200 to 800 nm using Agilent Cary 5000 UV-Vis-NIR. Raman spectra were 

taken using Ranishaw win-via reflex spectrometer in the range of 200 to 2000 cm-1 with 

excitation source of Nd:Yag laser having 514 nm wavelength. XRD patterns were measured on 

Rigaku miniflex 300 bench top X-Ray Diffractometer consisting of Cu α radiation (λ = 1.541 Å). 

TEM images were acquired using Tecnai G2 F30 STWIN in conjunction with field emission 

electron source working at the electron accelerating voltage of 300 kV. The samples were 

dropcasted on carbon-coated copper grid (200 mesh) and kept for drying at room temperature. 

Solutions of GO and AuNPs-rGO were deposited on ITO coated glass plates (10 × 5 mm2) using 

spin coater at (model: WS-650MZ-23NPP) 3000 rpm with acceleration 500 for 2 min. AFM 

images were taken in tapping mode using a Veeco V Atomic Force Microscope Nanoscope. XPS 

measurements were performed in an ultra-high vacuum multi chamber system using 

monochromatic Al Kα x-ray source and high resolution electron energy analyzer from Omicron 

GmbH. All the core level data were acquired using 20 eV pass energy and overall energy 

resolution of the spectrometer is estimated to be 0.4 eV. Binding energies are referenced to the 

Fermi edge of clean Ag foil. Shirley background subtraction was performed for all the core level 

data. Electrochemical studies were conducted using PalmSens3 instrument assisted with a three 

electrode cell system comprising of a Ag/AgCl reference electrode, Pt mesh counter electrode 

and GO or AuNPs-rGO deposited ITO coated glass plates as working electrode. Electrochemical 
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Impedance Spectroscopy (EIS) measurements were recorded at potential of 0.2 V in the 

frequency range of 0.1 Hz to 100 kHz using Metrohm Autolab. 

 

3. RESULTS AND DISCUSSION 

The structural and optical properties of the synthesized GO and AuNPs-rGO, observed by 

various techniques show the formation of both materials. X-ray diffraction patterns of graphite, 

GO and AuNPs-rGO are shown in Figure 1a.  The diffraction pattern of graphite shows a very 

sharp diffraction peak at 2θ value of 26.4º with the interplanar distance of 3.38 Å.25,26 The XRD 

of GO exhibits a distinct high intensity peak at 2θ value of 9.9º corresponding to (002) plane 

with interplanar spacing of 8.96 Å.25,27,28 XRD of AuNPs-rGO revealed the presence of 

diffraction peaks at 2θ = 38.4, 44.4, 64.7 and 77.3º corresponding to (111), (200), (220) and 

(311) diffraction planes of fcc metallic gold (JCPDS no. 4-0784)26,28 and a broad peak for (002) 

plane of disordered structure of rGO at 2θ = 22.6º.25,29 FTIR spectroscopy has been used to 

corroborate the conversion of graphite to GO (Figure 1b). A broad band related to O-H 

stretching of various hydroxyl groups in GO was seen at 3247 cm-1. C=O stretch was observed at 

1720 cm-1 confirming the presence of carboxylic groups while C=C stretch corresponding to the 

sp2 carbon network was observed at 1623 cm-1. Peaks related to C-O stretching of carboxyl, 

epoxy and alkoxy group of GO were found at 1413, 1227 and 1057 cm-1 wavenumbers.27,30 The 

FTIR spectrum of AuNPs-rGO (Figure 1b) also shows all the characteristic peaks related to GO, 

but the intensities of O-H stretch and epoxy C-O stretch have decreased significantly as 

compared to that in GO and the intensity of C=C stretch has increased with a minor shift of 

wavenumber. The variation in IR intensities is attributed to the partial reformation of C=C 
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network in AuNPs-rGO composite due to the reduction of GO during the synthesis process. The 

optical properties of GO and AuNPs-rGO were explored using UV-visible spectroscopy as can 

be seen in Figure 1c. The UV-visible spectrum of GO displayed the characteristic bands of π-π* 

(229 nm) and n-π* (300 nm) transitions.31,32 Comparatively, weaker absorptions for similar 

transitions (i.e. π-π* transition at 236 nm and n-π* transition at 302 nm) were observed in the 

UV-visible spectrum of AuNPs-rGO, indicating removal of some of the functional groups in the 

composite. This spectrum also exhibited a broad surface plasmon resonance band at 530 nm 

pertaining to the formation of gold nanoparticles onto GO sheets.33 Figure 1d, shows the Raman 

spectra of GO and AuNPs-rGO. The presence of D-band related to defects induced breathing 

mode of κ-point photons of A1g symmetry at 1357 cm-1 and the G-band arising due to the E2g 

symmetry of sp2 carbon at 1587 cm-1 confirms the formation of GO.33,34 The D- and G-bands in 

AuNPs-rGO nanocomposite were observed at 1353 and 1594 cm-1. The ID/IG ratios for GO and 

AuNPs-rGO were found to be 0.88 and 0.92 respectively. The higher value of this ratio for 

AuNPs-rGO suggests that overall defects in AuNPs-rGO have increased. This could be attributed 

to the fact that even though there is partial reformation of C=C network in AuNPs-rGO, the 

disruptions of sp2 domains due to loss of carbon as CO2 and interaction of gold with GO induces 

more defects in the GO structure.24,26 Also the 2D band in AuNPs-rGO at 2940 cm-1 has a greater 

intensity than that of GO, pointing towards layered structure.,26,34,35 Furthermore, the structural 

integrity of the materials in their film forms was confirmed using FTIR and UV-visible 

spectroscopy (see details in the supporting information and Figure S1). 
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Figure 1. (a) Powder X-Ray diffraction spectra of graphite, GO and AuNPs-rGO samples. (b) 

FTIR spectra of as synthesized GO and AuNPs-rGO nanocomposite. (c) UV-Visible spectra of 

GO and AuNPs-rGO dispersion in water. (d) Raman spectra of GO and AuNPs-rGO powder 

samples.  

The morphology of GO sheets and AuNPs-rGO is viewed by HR-TEM as shown in Figure 2. 

The TEM micrograph for GO reveals the formation of single or few layered two-dimensional 

sheets as evident by wrinkles and folds in the micrograph. On the other hand, TEM images of 

AuNPs-rGO composite shows monodispersed spherical Au nanoparticles uniformly distributed 
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on rGO sheets with very little aggregation.  The average size of the nanoparticles is in the range 

of 16-18 nm with lattice spacing similar to what was obtained using XRD for AuNPs. 

Furthermore, to fabricate high performance electrodes, the loading and size of AuNPs on rGO 

sheets was optimized by varying the precursor compositions and verified using TEM 

measurements for other compositions (Figure S4a and S5a in supporting information). 

 

Figure 2. HR-TEM images of GO sheets (a and b) and AuNPs-rGO composite (c and d) at 

different scales. 

The covalent immobilization of anti-IL8 on AuNPs-rGO/ITO electrode was corroborated by 

FTIR, AFM, XPS and electrochemical techniques. The FTIR spectra and AFM of AuNPs-

rGO/ITO before and after anti-IL8 immobilization are shown in Figure S2 of supporting 

information. XPS survey spectra exhibiting the characteristic features for GO, AuNPs-rGO and 

Anti-IL8/AuNPs-rGO films (on Si wafer) over a wide binding energy (BE) range have been 

shown in the supporting information (Figure S3). As expected, only the carbon and oxygen 

related features are seen in GO sample, along with substrate-related Si peaks, Au 4f-related 
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features are seen for AuNPs-rGO sample.  The appearance of Na signal for AuNPs-rGO is 

attributed to the adsorption of Na+ from trisodium citrate that was used to reduce Au3+ to Au 

nanoparticles. The tiny feature of Au 4f is shown by the zoomed region within inset for clarity. 

For Anti-IL8/AuNPs-rGO, a N 1s peak appears along with all other features seen for AuNPs-

rGO due to the presence of amide bonds in the protein. We also acquired high resolution spectra 

of Au 4f core levels for AuNPs, AuNPs-rGO and Anti-IL8/AuNPs-rGO as shown in Figure 3a. 

For AuNPs, spin orbit splitted components Au 4f7/2 and Au 4f5/2 appear at 83.95 and 87.6 eV, 

respectively and it confirms that AuNPs are in Au0 valence state.35,36 No significant change in the 

BE position of Au 4f peaks between pure AuNPs, AuNPs-rGO and Anti-IL8/AuNPs-rGO was 

observed, indicating that the AuNPs are loosely bonded to the rGO surface in AuNPs-rGO and 

Anti-IL8/AuNPs-rGO. This suggested that no charge transfer takes place between AuNPs and 

rGO as well as between AuNPs and IL8 antibodies. Figure 3b contains the C 1s core levels for 

GO, AuNPs-rGO and Anti-IL8/AuNPs-rGO along with fitting components. Five gaussian peaks 

were used for each C 1s core level to achieve satisfactory fitting of the data. The main peak is 

related to sp2 bonded carbon atoms (C=C) and it appears at 284.5 eV BE for GO and other 

components can be assigned to C–OH (285.9 eV), C-O (286.8 eV), C=O (287.5 eV) and –COOH 

(288.4 eV),37-39 corroborating the FTIR results. For AuNPs-rGO, a significant reduction in the C-

O component is clearly seen when compared to GO (Table 1) and relative increase in the 

abundance of C=C in the AuNPs-rGO which is again in agreement with FTIR data. Even though 

relative contribution of other functional groups remain almost similar, interestingly we see clear 

increase in intensity around the BE region assigned to C-OH component for Anti-IL8/AuNPs-

rGO (Table 1). This BE position is very close to what is expected for C-N bonds and we can 

ascribe this extra intensity as evidence of attachment of anti-IL8 antibodies to the AuNPs-rGO 
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composite. We see a clear N 1s signal from Anti-IL8/AuNPs-rGO sample (Figure 3c). The BE 

position of N 1s is found to be at 399.65 eV close to the BE value for amide (NH-C=O).40,41 This 

is shows direct evidence of the attachment of the anti-IL8 antibodies to the AuNPs-rGO 

composite. 

 

Figure 3: XPS studies (a) Au 4f core levels for pure AuNPs, AuNPs-rGO and Anti-IL8/AuNPs-

rGO samples. Dashed line indicates peak positions. All the spectra have been normalized to have 

same peak height at the highest peak for convenience of comparison. Spectra have been 

staggered vertically for clarity of presentation; (b) C 1s core level spectra (open circles) for GO, 

AuNPs-rGO and Anti-IL8/AuNPs-rGO samples. Fitted data (solid line) and deconvoluted fitting 

components (shaded and patterned regions) are also shown here. (c) N 1s core level spectrum 

from Anti-IL8/AuNPs-rGO sample. 

Table 1. Summary of fitting parameters for the C 1s core-level spectra (Fig. 2(b)) for GO, 

AuNPs-rGO, and Anti-IL8/AuNPs-rGO samples. Uncertainty in determining the BE position and 

Page 15 of 40

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 16

full width at half maximum (FWHM) is estimated to be ±0.05 eV. Uncertainty in determining 

relative percentage is estimated to be ±5% of the base value. 

GO AuNPs-rGO Anti-IL8/AuNPs-rGO 

Peak BE 

(eV) 

FWH

M 

(eV) 

Relati

ve 

% 

BE 

(eV) 

FWH

M 

(eV) 

Relati

ve 

% 

BE 

(eV) 

FWH

M 

(eV) 

Relati

ve 

% 

C=C 284.5 1.35 56.8 284.5 1.3 62.8 284.4 1.3 56.4 

C-OH 285.9 1.4 14.9 285.9 1.35 20.9 285.7 1.3 24.6 

C-O 286.8 1.0 20.3 286.6 0.9 6.8 286.4 1.0 7.6 

C=O 287.5 0.9 4.0 287.2 1.1 4.7 287.4 1.2 6.2 

-COOH 288.4 1.5 4.0 288.2 1.6 4.8 288.3 1.6 5.2 

 

The electron transfer mechanism of the [Fe(CN)6]
3-/4- redox process at GO/ITO and optimized 

AuNPs-rGO/ITO electrodes (Figure S4b, S4c and S5b in supporting information) was studied 

comprehensively using CV. The CV of both the electrodes were recorded at different scan rates 

(0.01 – 0.15 Vs-1) in 3 mM Zobell’s solution showing an increase in redox peak current (Ip) with 

increasing scan rate in both cases (Figures 4a and 4b). The forward-to-backward peak current 

ratios (Ipa/Ipc) in the range of 1.06 – 1.10 indicate the quasi-reversibility of both systems.42 The 

insets in Figures 4a and 4b show the plot of anodic and cathodic peak currents vs square root of 

scan rate for GO/ITO and AuNPs-rGO/ITO systems, respectively. The linear variations of peak 

current with square root of scan rate for AuNPs-rGO/ITO electrode with regression coefficient 

(R2) values of 0.99945 and 0.99921 for Ipa and Ipc respectively, indicate diffusion controlled 

processes at the electrode. The GO/ITO electrode also exhibited almost linear variation in peak 
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current vs square root of scan rate but the broader redox peaks indicate slow diffusion controlled 

processes compared to AuNPs-rGO/ITO electrode. 

 

Figure 4. Cyclic Voltammetry curves of 3 mM Zobell’s solution measured at different scan rates 

(0.01 – 0.15 Vs-1) at (a) GO/ITO and (b) AuNPs-rGO/ITO electrodes. Inset: Plots of peak 

currents vs square root of scan rates for (a) GO/ITO and (b) AuNPs-rGO/ITO electrodes. 

Further, the diffusion coefficients of the redox processes at the two electrodes were calculated 

using Randles-Sevcik equation.42,43 

�� � �2.69	 
 10
���/�	����/���/�                   (1) 

where, Ip is the peak current in amperes, n is the number of electrons transferred in the 

oxidation/reduction process (here n = 1), A is the area of electrode in cm2 (active surface area, A, 

in our case is 0.25 cm2), C is the concentration of  electroactive species in mol/cm3 (here it is 

3×10-6 mol/cm3 of Zobell’s solution), D is the diffusion coefficient in cm2/s and v is the scan rate 

in Vs-1. Using this equation, the diffusion coefficient for GO/ITO was found to be 1.2107×10-6 

cm2 s-1 whereas, for AuNPs-rGO/ITO it was 1.0816×10-5 cm2 s-1. The higher diffusion 
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coefficient for AuNPs-rGO/ITO indicates better electron transfer rate compared to GO/ITO 

matrix which is a crucial parameter in defining the sensitivity of a biosensing electrode. 

The variation of anodic and cathodic peak potential separation (∆Ep) with scan rate tells the 

reversible or irreversible nature of any electrochemical process. For reversible processes, ∆Ep 

remains constant at all scan rates, but it starts increasing as the system goes towards 

irreversibility. The greater ∆Ep values along with broadness of redox peaks for GO/ITO signifies 

slower diffusion rate where mass transfer dominates the charge transfer process at electrode 

surface.44 The standard heterogeneous electron-transfer rate constant, kº, for two electrode 

systems were evaluated using Nicholson’s method,45 using the following equation: 

Ψ �	k�	[πDn�F RT⁄ ]$�/�                                (2) 

where Ψ is the Nicholson’s kinetic parameter as a function of ∆Ep, while the other symbols are 

same as in equation 1. Values of Ψ were determined using the following empirical equations 

given by Lavagnini et al.46 and were plotted against [πDn�F RT⁄ ]$�/� (see Figure S6 in 

supporting information). 

Ψ � %−0.6288 + 0.0021	�	ΔE�+ �1 − 0.017	�	ΔE��-    for ΔE� < 200 mV                         (3) 

Ψ � 2.18	[. /]⁄ �/� exp[−�.�3 45⁄ ��	ΔE�]  for ΔE� > 200 mV (where β = 0.5)              (4) 

The slope obtained from the linear fitting of this curve gave the heterogeneous rate constant kº 

which was found to be 1.14×10-3 cm s-1 for GO/ITO and 2.19×10-3 cm s-1 for AuNPs-rGO/ITO. 

Further, the electron transfer kinetics for AuNPs-rGO/ITO electrode along with GO/ITO, 

rGO/ITO and AuNPs/ITO electrodes were studied using EIS by monitoring the change in real 
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part of electrode impedance on Nyquist plot.42,47 The charge transfer resistance (RCT) values were 

found to be 730.78, 400.69, 252.75 and 152.20 Ω for GO/ITO, rGO/ITO, AuNPs/ITO and 

AuNPs-rGO/ITO electrodes, respectively, as shown in Figure 5a. The lower RCT value for 

AuNPs-rGO/ITO compared to other electrodes reveals the rapid electron transfer kinetics at the 

electrode/electrolyte interface, corroborating the results obtained from cyclic voltammetry 

(Figure 5b) and suggesting the suitability of the AuNPs-rGO/ITO matrix for immunosensor 

fabrication.

 

Figure 5. (a) Nyquist plot for GO/ITO, rGO/ITO, AuNPs/ITO and AuNPs-rGO/ITO obtained in 

3 mM Zobell’s solution at potential of 0.2 V in the frequency range of 0.1 Hz to 100 kHz. (b) 

Cyclic voltammetry curves at 0.05 Vs-1 scan rate in 3 mM Zobell’s solution at various fabricated 

electrodes. 

The enhanced electron transfer kinetics for the AuNPs-rGO/ITO electrode is attributed to the 

presence of AuNPs on rGO which act as small conduction pockets for the diffusion of charge 

from solution to the electrode surface.48 Furthermore, the enhanced π-conjugated network of rGO 

in the composite as compared to GO, helps in channeling the electron flow more efficiently. 
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Henceforth, the AuNPs-rGO/ITO electrode is modified with anti-IL8 antibodies for the 

fabrication of the immunosensor. The stepwise surface modifications of ITO (i.e. GO/ITO, 

rGO/ITO, AuNPs/ITO, AuNPs-rGO/ITO, Anti-IL8/AuNPs-rGO/ITO and IL8/Anti-IL8/AuNPs-

rGO/ITO) electrode were characterized by recording CV in 3 mM Zobell’s solution at the scan 

rate of 0.05 Vs-1 as shown in Figure 5b. The higher redox current for AuNPs-rGO/ITO electrode 

compared to AuNPs/ITO, rGO/ITO and GO/ITO electrodes indicates the synergistic role of rGO 

and AuNPs in electron transfer process in AuNPs-rGO composite. The increase in redox peak 

current for Anti-IL8/AuNPs-rGO/ITO electrode compared to bare AuNPs-rGO/ITO electrode is 

attributed to the presence of protonated amine groups49 on anti-IL8 (at pH 7.4) which facilitate 

the diffusion of negatively charged [Fe(CN)6]3-/4- on to the electrode surface through 

electrostatic interactions. Consequently, the high adsorption of these species on the electrode 

surface, contributes to an increase in the redox peak current.50 The increase in redox current 

indicates successful immobilization of antibody molecules. On the other hand, a significant 

decrease in redox peak current was observed upon binding of the IL8 analyte to the Anti-

IL8/AuNPs-rGO/ITO immunoelectrode. The decrease in current is ascribed to the antigen-

antibody binding through noncovalent interactions (i.e., van der Waals, hydrophobic, 

electrostatic, hydrogen-bonding etc.), and the formation of a slightly non-conductive layer on the 

electrode surface that restricts electron mobility.51 The variation in values of Ipa, Ipc , ∆Ep and 

surface concentration (6) of electro-active species at electrode surface (which is calculated using 

Brown-Anson model52) after each surface modification step, are shown in Table 2. 

Table 2. Variation in Ipa, Ipc, ∆Ep and γ after each surface modification step of the electrode. 
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Electrode 789 (µA) 78: (µA) ;<8 (V) = (mol cm
-2

) 

789 �	
>?@?=AB
CDE

         

Bare ITO 217 -211 0.131 1.848×10-8 

GO/ITO 80 -73 0.309 6.813×10-9 

rGO/ITO 105 -89 0.205 8.942×10-9 

AuNPs/ITO 140 -117 0.180 1.192×10-8 

AuNPs-rGO/ITO 157 -144 0.147 1.337×10-8 

Anti-IL8/AuNPs-rGO/ITO 193 -172 0.167 1.643×10-8 

IL8/Anti-IL8/AuNPs-rGO/ITO 153 -133 0.167 1.303×10-8 

 

The antibody concentration to be immobilized on electrode surface, immuno-reaction time and 

pH were optimized for the fabrication of the immunosensor. The maximum concentration used 

for immobilization was optimized by measuring the analytical signal for antibodies in the 

concentration range of 100 ng mL-1 to 5µg mL-1. It has been observed that the current increases 

with increase in antibody concentration, attaining the highest value at 1µg mL-1, after which it 

decreases slightly and becomes almost constant (Figure 6a), due to full occupancy of the active 

sites. Therefore, 1µg mL-1 antibody concentration was selected for immobilization onto the 

AuNPs-rGO/ITO electrode for the fabrication of immunosensor. The minimum incubation time 

required for effective analyte interaction was determined by varying the duration of incubation 

time of antibody-antigen interaction from 3 to 18 min. Figure 6b shows that the response current 

decreases initially, reaching the lowest current limit at 9 min after which no significant change is 

observed in the analytical signal. Hence, the response time of the immunoelectrode for analyte 

detection is selected to be 9 min. The effect of pH values on the immunoreaction was determined 

by measuring the current signal at different pH ranging from 5.8 to 8.0 (Figure 6c). The current 
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decreases from 5.8 to higher pH values, stabilizing after pH 7.2.  Based on these observations an 

intermediate value of pH 7.4 was used for subsequent experiments. 

 

Figure 6. Experiments for the optimization of (a) concentration of anti-IL8 for immobilization 

(b) antigen i.e. IL8 incubation time and (c) working buffer (10 mM PBS) pH on the 

immunoreaction. 

In contrast to the standard CV technique, DPV is a highly sensitive technique as it gives peak 

corresponding to only faradaic current, and was therefore used to measure the response studies of 

the fabricated immunoelectrode. Figure 7a shows the analytical performance of the Anti-

IL8/AuNPs-rGO/ITO immunoelectrode using DPV for different concentrations of the IL8 

antigen ranging from 500 fg/mL to 50 ng/mL. The DPV scans reveal the binding of antigen in 

the form of a decrease in response current with increasing antigen concentration. The decrease in 

current is attributed to hindered electron transfer due to the formation of an insulating layer as a 

result of increased antigen binding. The fabricated immunosensor exhibits a linear response in 

the analyte concentration range of 500 fg mL-1 - 4 ng mL-1 as shown in Figure 7b. The linear 

regression coefficient is calculated using following equation. 

�� 	� 	−0.00731	[IL8	conc. ] 	+ 	39.24457, R� 	� 	0.99758      (5) 
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Further, the limit of detection (LOD) of the Anti-IL8/AuNPs-rGO/ITO immunosensor was 

determined using the following equation.21 

NO� � P	 
 	Q/R                                                                             (6) 

Where k is the confidence level parameter (k = 3 with statistical confidence of 99.6%), σ is the 

standard deviation of blank measurements (RSD for 5 measurements is taken here) and S is the 

sensitivity of the electrode which is equal to the slope (∆I/∆C) of current vs concentration plot. 

Taking into account all the above parameters, the LOD of the fabricated electrode was calculated 

as 72.73±0.18 pg mL-1. 
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Figure 7. (a) DPV curves showing response studies of the immunosensor towards different 

concentrations (500 fg mL-1 - 50 ng mL-1) of IL8. (b) Calibration curve of IL8 in the linearity 

range of 500 fg mL-1 - 4 ng mL-1. (c) DPV curves showing specificity of the immunosensor and 

(d) Bar graph showing regeneration of the immunoelectrode. 

The selectivity of the fabricated oral cancer immunosensor was investigated by exposing it to 

other cancer biomarkers like MAGE-A11, MAGE-A2, CD59 and hTERT. A 1 ng mL-1 

concentration of each of these interferants was used for binding with Anti-IL8/AuNPs-rGO/ITO 

and their detection was measured using DPV. The immunosensor showed exceptionally high 

specificity for IL8 compared to the other biomarkers. Furthermore, a mixture of above 

mentioned biomarkers along with IL8 was allowed to bind with Anti-IL8/AuNPs-rGO/ITO 

immunoelectrode. The immunoelectrode exhibited the analytical signal corresponding to IL8 

only, as shown in Figure 7c. The other antigens showed negligible change in current compared 

to blank (i.e. Anti-IL8/AuNPs-rGO/ITO) indicating that there is no interaction between the 

antibody and non-specific antigen molecules. 

The immunosensor was further analyzed for its reproducibility by using a set of five 

immunoelectrodes for detecting IL8 (1 ng mL-1). The RSD of 2.7 % in the analytical signal from 

all the five immunoelectrodes indicate the reproducible fabrication of the immunosensor. 

Regeneration of the immunosensor could be assessed by subjecting the antigen bound 

immunoelectrodes to either highly acidic or highly basic pH to release the antigen. In our case 

the immunoelectrode was dipped for 80 s in 30 mM NaOH solution (pH = 12.4) followed by 

washing with 10 mM PBS and tested using DPV. Figure 7d shows six subsequent regeneration 

cycles of the immunoelectrode recorded in triplicate. The immunosensor showed a maximum 

deflection of 1.4 % after 3 regeneration cycles and an increase to 2.9 % after 4th regeneration 
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cycle. After the 5th regeneration cycle however, it retained only 86.3 % of the signal which 

further decreased to 72.3 % after 6th cycle suggesting that the immunosensor could be reused 

efficiently for four times. 

Furthermore, the biochemical activity of the immunosensor was examined over a period of 

time to determine its stability. The sensor was stored at 4 ºC and its DPV was measured every 

week by treating it with 700 pg mL-1 IL8. The sensor retained 97.9 % activity after one month, 

95.6 % activity after two months and 94.3 % of activity after the end of third month, after which 

the activity dropped to 91.8 % in the fourth month, and then declined significantly afterwards. 

Hence, it could be concluded that the biosensor works reliably for up to three months. 

To investigate the performance of the fabricated immunosensor in real biological samples, 

saliva of healthy human was spiked with five different concentrations (500, 700, 1000, 2000 and 

3000 pg mL-1) of IL8 and detected using DPV (Figure 8a). The incubation time (9 min) for 

antibody-antigen interaction was the same as in previous experiment. A similar trend of showing 

a decrease in response current signal with increasing concentration was observed for the spiked 

saliva samples. The response signals for the five concentrations fit in the following linear 

regression equation: 

�� �	−0.00698	[IL8	conc. ] 	+ 	37.76711, R� � 	0.98758               (7) 
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Figure 8. (a) DPV curves showing response of the immunoelectrode towards different 

concentrations of spiked saliva samples. Inset: Calibration curve of the saliva samples. (b) Bar 

graph for selectivity of the immunoelectrode in salivary environment. 

The % recovery values of IL8 in the saliva samples were evaluated using equation 8 and are 

shown in Table 3. 

%	4TUV�TWX � 	 YZ$Y[
Y\


 100                                                           (8) 

where xi and xo respectively, are the estimated concentrations of analyte in spiked and unspiked 

samples as determined from the calibration plot of standard samples, respectively, and xs is the 

actual concentration of spiked IL8. The oral cancer immunosensor exhibited an average recovery 

value of 94.15 % for IL8 in spiked saliva samples. 

Table 3. Estimation of IL8 in spiked saliva samples. 

Actual Conc. 

 (]^) (pg mL
-1

) 

Estimated conc. 

(]_) (pg mL
-1

) 

Calculated conc. 

(]_ − ]`) (pg mL
-1

) 

]`= 214.65 pg mL
-1

 

Recovery 

(%) 
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500 653.67 439.02 87.80 

700 925.26 710.61 101.51 

1000 1177.56 962.91 96.29 

2000 1957.70 1743.05 87.15 

3000 3156.00 2941.35 98.04 

 

The specificity of the immunosensor was explored in saliva as well by using saliva samples 

spiked with the other non-specific biomarkers (MAGE-A11, CD-59, MAGE-A2, h-TERT) and 

testing using DPV (Figure 8b). The results obtained were in close agreement with that of the 

standard samples. Only IL8 sample showed a decrease in peak current, while the other antigens 

showed peaks similar to the control.  Anti-IL8/AuNPs-rGO/ITO immunoelectrodes could sense 

very low levels of IL8 in saliva showing their potential for oral cancer detection. A comparison 

of the already developed oral cancer biosensors with the present work is shown in Table 4. 

Table 4. List of the matrix systems and response techniques used in earlier reported oral cancer 

biosensors. 

S. 
No. 

Matrix Label Analyte Detection 
range 

Limit of 
Detection 

Time Technique Reference 

1. Anti-IL8 IgG1 
(MAB208)/CM5 
Sensor chip 

 

 

 

IL8 9.5-191 
pM 

2.5 pM 
(in buffer) 

184 pM 
(in saliva) 

13 min Surface Plasmon 
Resonance 

53 

2. IL8 specific 
capture probe/ 
Streptavidin 
coated coverslips 

Flourescent 
probes 

IL8 6 fM-12 
pM 

4 fM (in 
buffer) 

30 min Optical 
Microscope 

54 
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3. Anti-
IL6/SWNTs/Grap
hite 

Horseradis
h 
Peroxidase 
(HRP) 

IL6 0.5-30 pg 
mL-1 

0.5 pg 
mL-1 (in 
calf 
serum) 

60 min Amperometry 55 

4. Gold/MCH/Signal
ling probe 
T1electrode 

Label-free DNA 
(Oral 
cancer 
overexpre
ssed 1) 

0.08-8.0 
fM 

0.02 fM 
(for 
compleme
ntary 
target 
DNA) 

60 min Amperometry 56 

5. Anti-IL8/GSH-
AuNP/Pyrolytic 
graphite 

Superpara
magnetic 
beads with 
HRP 

IL8 1-500 fg 
mL-1 

1 fg mL-1 
(in serum) 

-- Amperometry 57 

6. Capture probe-
modified 
magnetic 
beads/magneticall
y controllable 
gold electrode 

streptavidin
-HRP 

RNA 1 aM-10 
fM 

0.22 aM 
(for 
compleme
ntary 
target 
miRNA) 

120 min Amperometry 58 

7. ITO combined 
with nicking 
endonuclease 
signal 
amplification 
(NESA) 

Label-free DNA 
(Oral 
cancer 
overexpre
ssed 1) 

1-10 pM 0.35 pM 
(for target 
DNA) 

90 min Differential 
Pulse 
Voltammetry 

59 

8. Anti-CYFRA-21–
1/APTES/ 
ZrO2/ITO 

Label-free CYFRA-
21-1 

2-16 ng 
mL-1 

0.08 ng 
mL-1 (in 
buffer) 

20 min Cyclic 
Voltammetry 

50 

9. Anti-
CD59/Cystein/Au 

Label-free CD59 1-1000 fg 
mL-1 

0.84 fg 
mL-1 (in 
spiked 
saliva) 

10 min Electrochemical 
Impedance 
Spectroscopy 

60 

10. Magnetic 
beads/Screen 
printed electrodes 

HRP IL8 -- 72.4 pg 
mL-1 (in 
saliva) 

-- Amperometry 61 

11. Anti-IL8/AuNPs-
rGO/ITO 

Label-free IL8 500 fg 
mL-1 -50 
ng mL-1 

72.73 pg 
mL-1 (in 
buffer) 

9 min Differential 
Pulse 
Voltammetry 

Our 

Study 
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4. CONCLUSION 

A highly selective, label-free and non-invasive immunosensing platform based on AuNPs-rGO 

nanocomposite thin films, for early level detection of salivary oral cancer biomarker IL8 has 

been developed. The synergy in electronic and electrochemical properties of rGO and AuNPs in 

the AuNPs-rGO composite enhances the electron transfer rate, which in turn leads to the fast and 

efficient detection of IL8 with a response time of only 9 min. The LOD of 72.73±0.18 pg mL-1 

exhibited by the immunosensor is well below the clinical salivary expression level of IL8 (720 

pg mL-1) in an average oral cancer patient. The immunosensor showed excellent performance in 

saliva with a 94.15 % average recovery of IL8 in spiked saliva. The high specificity, precision 

and stability exhibited by the fabricated immunosensor makes it a promising platform for early 

stage oral cancer detection, which can be easily modified for detecting other cancer types, and 

only requires samples from body fluids such as saliva, blood and urine for detection of cancer-

specific biomarkers. 

 

ASSOCIATED CONTENT 

Supporting Information. FTIR and UV-Vis spectra of GO/ITO and AuNPs-rGO/ITO 

electrodes (Figure S1). FTIR spectra and AFM images of AuNPs-rGO film before and after 

immobilization (Figure S2). XPS survey spectra for GO, AuNPs-rGO and IL8-AuNPs-rGO 

samples (Figure S3). Optimization of AuNPs-rGO composite electrode in terms of AuNPs size 

and loading density onto rGO (Figure S4 and S5). Plot of Nicholson’s kinetic parameter (Ψ) vs 

[πDn�F RT⁄ ]$�/� for GO/ITO and AuNPs-rGO/ITO electrodes (Figure S6). DPV and 
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regeneration graphs showing optimization of antibody immobilization method (Figure S7). 
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AuNPs-rGO, Gold nanoparticles-reduced graphene oxide; IL8, Interleukin 8; EDC,  N-Ethyl-N′-

(3-dimethylaminopropyl) carbodiimide hydrochloride; NHS, N-Hydroxysuccinimide; ITO, 

Indium tin oxide. 
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