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ABSTRACT 

A biocompatible, cost-effective, and scalable reduced graphene oxide (rGO) film was obtained from 

shellac using thermal treatment and its structural, chemical, and electrical properties were 

investigated. This thermally-decomposed rGO (TrGO) film exhibited good crystallinity, low sheet 

resistance, and high carbon content. TrGO flakes obtained from the film were dispersed and drop 

cast onto indium tin oxide/glass electrodes to fabricate label-free electrochemical immunosensors for 

the quantitative detection of the influenza virus H1N1 via electrochemical impedance spectroscopy. 
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These sensors exhibited high stability and reproducibility, both possibly ascribable to the high 

adhesion of TrGO due to its phenolic-OH moiety; the limits of detection were 26 and 33 plaque-

forming units, respectively, in phosphate-buffered saline and diluted saliva. These cost-effective 

TrGO-based sensors showed great potential as reliable and robust nanomaterial-based biosensors for 

widespread clinical applications. 

 

1. Introduction 

     Influenza is a significant threat worldwide [1-3]; among its three types (A, B, and C), influenza A 

virus can infect various warm-blooded animals, including birds, swine, humans, and other mammals 

[4]. In particular, the H1N1 subtype is currently the main cause of epidemics and pandemics, causing 

serious socio-economic losses worldwide [5, 6]. Various biosensors including quartz crystal 

microbalances [7, 8], interferometry [9], imaging ellipsometry [10], surface plasmon resonance [11] 

and ELISA test [12] have been developed for the detection of influenza virus. The application of the 

most common virus detection methods, such as the enzyme-linked immunosorbent assay, the nucleic 

acid-based assay via a polymerase chain reaction, and viral isolation and growth techniques, is 

limited by the multistep processing of samples, long diagnostic times, high costs, and trained 

personnel. On the contrary, electrochemical detection methods usually present several advantages 

such as simple instrumentation, compatibility with miniaturized and portable systems, fast response 

time [13], and ability to perform quantitative analysis with low detection limit [14, 15].  

     Various nanomaterials have been incorporated into electrochemical sensors for the detection of 

different biomolecules [16-18] to enhance their sensitivity. In particular, the large surface area, high 

charge carrier mobility, and high electrical conductivity [19-22] make reduced graphene oxide (rGO) 

an excellent electrochemical biosensor material. A common rGO synthesis pathway relies on the 

chemical oxidation of high-quality graphite to produce soluble graphene oxide (GO) which 
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undergoes chemical reduction to yield desirable electrical properties. Although this chemical 

approach is suitable for the large-scale and inexpensive production of thin rGO sheets [23, 24], its 

oxidation and reduction steps require toxic reagents, leading to a significant amount of structural 

disorder or defect, which reduces its electrical conductivity and the sensitivity of the sensors [25].  

     Shellac, an inexpensive (<2 USD/kg) natural biopolymer secreted by a female lac bug, has 

excellent biocompatibility, as recently shown in biomedical organic devices [26]. It consists of a 

long aliphatic carbon chain which facilitates cyclization at a much lower temperature than that for 

synthetic polymers [27] such as polystyrene and poly (methyl methacrylate) and, thereby, can allow 

the formation of high-quality graphene-like sheets without any chemical reduction process. Few 

studies have introduced a single-step synthesis of rGOs from shellac by thermal annealing (900 
◦
C in 

an inert atmosphere), achieving excellent corrosion resistance, giant magnetoresistance, and 

antimicrobial properties [28-30]. However, to the best of our knowledge, the bio-sensing capability 

of rGO films synthesized from shellac has not been demonstrated, yet. 

     Here, we propose the fabrication of a label-free electrochemical biosensor by using rGO films 

obtained from shellac for detecting the influenza virus H1N1. Shellac was subjected to a simple 

thermal treatment to produce high quality reduced graphene oxide (TrGO) films at 700 
◦
C, which is 

lower than that of the previous thermal decomposition processes. The resultant films were 

characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Raman 

spectroscopy, Fourier transform infrared (FTIR) spectroscopy, and four-point probe measurements, 

suggesting the presence of high-quality rGO, and several characteristics of the fabricated sensors 

such as sensitivity, selectivity, limit of detection, and reproducibility were also assessed.  

 

2. Experiments 

2.1 Materials 
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     The following materials were used: shellac flakes (PH-541-332-8003; Shellac Shack, USA); 

ethanolamine (≥98%, E9508; Sigma-Aldrich, USA); dimethylformamide (DMF) (D1021; 

Biosesang, Republic of Korea); PBSE (P130; Thermo Scientific, USA); PBS (pH 7.4, 10×; Life 

Technologies, Republic of Korea); glass wafers (6 inches, Pyrex 7740; iNexus, Inc., Republic of 

Korea); H1N1 antibodies (AB1074; Merck Millipore, USA); MS2 bacteriophage (ATCC® 15597-

B1™; Koram Biogen Corp., Republic of Korea). Influenza B virus (KBPV-VR-34), influenza A 

virus H1N1 (KBPV-VR-76), and adenovirus (KBPV-VR-4) were obtained from the South Korean 

Bank of Pathogenic Viruses. Deionized (DI) water (18.2 MΩ) prepared using the Millipore water 

purification system was used for all the experiments. 

 

 

Scheme 1: Schematic illustration to display the synthesis route of TrGO using Shellac biopolymer. 

 

2.2. Synthesis of homogenous TrGO solution 

     The shellac flakes were crushed into fine powders and put in a quartz petri dish, which was 

covered with a silicon wafer coated with a 100 nm thick silicon dioxide layer. This petri dish was 
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placed in a vacuum (0.06 mbar) furnace for thermal decomposition. The temperature was increased 

to 700 °C with a ramping rate of 3 °C/min and holding time for 15 min, to deposit a TrGO film on 

the wafer. The TrGO film was scraped off using a blade to obtain free-standing TrGO flakes. The 

resulting flakes (2 mg) were dispersed into DMF (2 mL) by ultrasonication for 1 h to form a stable 

solution, which was diluted with additional DMF to prepare a homogeneous solution (10 µg/ml) 

through further ultra-sonication for 1 h, followed by centrifugation at 6000 rpm for 30 min. The 

supernatant was collected for the experiments, as shown in Scheme 1.  

 

2.3. Bio-functionalization of the TrGO/ITO/glass electrodes 

     A glass wafer was cleaned with a piranha solution (H2SO4: H2O2 = 3:1) for 10 min followed by 

rinsing with DI water and drying with N2 gas. An ITO layer (100 nm) was deposited on the wafer by 

radiofrequency sputtering and successively annealed at 400 °C for 1h. The as-coated wafer was 

diced into strips (1.5 cm × 0.5 cm) and were sequentially cleaned in acetone, methanol, and DI water 

and, then, dried with N2 gas, to be used as working electrodes. The resulting ITO/glass electrodes 

were immersed into a solution consisting of H2O, NH4OH, and H2O2 (5:1:1 (v/v)) in an oven at 

60 °C for 30 min for hydrolysis and the solution was then quickly quenched with DI water for 2 min. 

Next, these electrodes were thoroughly flushed with DI water several times and dried with N2 gas. 

After hydrolysis, the wetting properties of the ITO surface is changed, which played a pivotal role in 

obtaining highly continuous and homogeneous TrGO films on the ITO/glass substrate. Furthermore, 

the presence of phenolic (-OH) groups in TrGO enabled the formation of covalent bonds at the 

interface. 
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Scheme 2: Schematic of the proposed thermally-decomposed reduced graphene oxide (TrGO)-based 

immunosensor for the detection of the influenza virus H1N1. The electrochemical impedance 

spectroscopy was used in the study as the final signal for the detection of influenza H1N1 viruses. 

 

The previously collected TrGO suspension (5 µL) dropped cast onto these cleaned strips and 

dried at 60 °C for 1 h; after the formation of a homogeneous TrGO film, the electrodes were washed 

with DI water and dried with N2 gas. The resulting TrGO/ITO/glass electrodes were functionalized 

with 5 mM PBSE (linker) in DMF at room temperature for 1 h and, then, treated with DMF and DI 

water. PBSE makes stable noncovalent interactions via π-electron-donating and accepting and offers 

covalent attachment of biomolecules through their amine groups. The electrodes were incubated 

with H1N1 antibodies (20 µg/mL) in 1× PBS at 37 °C for 2 h, washed with 1× PBS, and air-dried at 

room temperature. Then, the Ab/TrGO/ITO/glass electrodes were incubated with 100 mM 

ethanolamine (EA), a blocking buffer, at room temperature for 30 min to prevent non-specific 

binding and, successively, washed with 1× PBS. The electrochemical measurements were performed 

on the target influenza virus (10–10000 PFU/mL) in 1× PBS and 80% saliva (v/v)–1× PBS solutions 

(Scheme 2). 
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2.4. Characterization  

     The XRD measurements were performed on a Bruker D8 Advance diffractometer with Cu Kα 

radiation (30 KV, 30 mA), a diffracted beam monochromator, and a step-scan mode with a step of 

0.04°
 
(2θ) and 4 s per step. The Raman spectra of the TrGO flakes were measured in a back-

scattering geometry by using an ultra-high throughput spectrometer (WiTec alpha300r, λ = 632nm). 

The XPS measurements were conducted with a K-alpha XPS system (Thermo Fisher Scientific, UK) 

equipped with a double-focusing hemispherical analyzer and a monochromatic Al Kα source (1486.6 

eV); the spectra were acquired in the constant analyzer energy mode for narrow regions, with a pass 

energy of 25 eV. The sample charging was compensated with the system flood gun having low-

energy electrons. The vacuum of the main chamber was maintained at 1 × 10
–9 

mbar
 
during the entire 

process. The Thermo Scientific Avantage software was used for digital acquisition and data 

processing; the spectral calibration was performed by using the automated calibration routine and the 

internal Au, Ag, and Cu standards supplied with the XPS system. The FTIR spectra were collected 

using an FTIR spectrometer (model 670, Agilent, USA) with pure KBr as the background. The 

surface resistance of the TrGO films was measured with a four-point probe system (CMT-2000N, 

Advanced Instrument Technology). The thickness of the film was measured using atomic force 

microscopy (Multimode V, Bruker, USA) in tapping mode. The morphological studies were 

conducted using an HRTEM microscope (JEM-2100F); for this analysis, well-suspended TrGO was 

prepared and drop cast onto a copper TEM grid. 

The TrGO/ITO/glass electrodes with surface functionalization were characterized via cyclic 

voltammetry (CV), differential pulse voltammetry (DPV), and electrochemical impedance 

spectroscopy (EIS) measurements in PBS containing 5 mM [Fe(CN)6]
3−/4−

 and 0.5 M KCl. All the 

electrochemical data were recorded with the working electrode (ITO/glass, 0.2 cm × 0.5 cm), the 

reference electrode (Ag/AgCl), and the counter electrode (Pt) by using an Autolab System 
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(PGSTAT204, Metrohm, Netherlands) controlled by the NOVA 1.10 software. Two biosafety level 2 

(BSL2) cabinets were used in this study for handling the influenza viruses.  

 

3. Results and discussion 

3.1. Analytical characterization of TrGO 

 

Fig 1. Characteristics of the thermally-decomposed reduced graphene oxide (TrGO) films 

synthesized from shellac: (a) X-ray diffraction spectra revealing its crystalline nature; (b) high-

resolution C 1s X-ray photoelectron spectra; (c) Raman spectra showing the G and D bands along 

with (inset) the 2D band; (d) Fourier transform infrared (FTIR) spectra showing its highly graphitic 
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nature. 

 

     XRD spectra were taken for both shellac and the synthesized TrGO films to evaluate their bulk 

structural properties (Figure 1a). The absence of peaks in the case of shellac, like for other synthetic 

polymers, confirmed its amorphous nature, whereas the TrGO films exhibited a diffraction peak at 

25.2°
 
((002) plane), indicating that it comprised largely free nanosheets [8]; regarding this peak, we 

estimated an interlayer spacing of 0.35 nm via the Bragg equation and its full width half maximum 

was smaller than the values reported [31] for conventional rGO, suggesting that the synthesized 

TrGO consisted of well-ordered two-dimensional sheets. Another peak at 42.5° was also observed in 

the TrGO spectrum, probably due to incomplete oxidation.  

     The transmission electron microscopy (TEM) images of TrGO revealed slightly transparent 

sheets with multiple layers overlapped with each other, as shown in Figure 2a. Furthermore, the high 

resolution (HRTEM) micrographs showed (Figure 2b) that the samples contained few-layer thick 

crystalline nanosheets. The observed average lattice spacing of ~0.34 nm, as shown in Figure 2c, 

corresponds to the distance between two neighboring (002) planes in graphitic materials, confirming 

the XRD results. The fast Fourier transform pattern (Figure 2d) revealed a hexagonal crystal pattern 

quite similar to that observed for graphene in previous studies [28, 29]. The topography and the 

thickness of the TrGO films have been investigated using atomic force microscopy, in tapping mode 

and the results are displayed in Figure S3. The results display a few TrGO sheets with a size of more 

than 3µm. The average thickness of the sheet was estimated to be around 18nm, which is slightly 

larger than what has been observed using HRTEM (~15nm). The surface also displays a lot of 

wrinkles and partially folded edges on the surface of TrGO nanosheets due to its high surface tension 

[32].   
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Figure 2. Microcrystalline structural analysis of thermally reduced graphene oxide| (a) 

Transmission electron microscope images of few-layered thermally-decomposed reduced graphene 

oxide (TrGO) obtained from shellac. (b) High-resolution TEM (HRTEM) image taken at the edge of 

the TrGO flake showing few-layered features. (c) Zoomed-in image of HRTEM (square box) 

showing the crystalline nature of TrGO. (d) Selective area diffraction pattern of TrGO showing the 

hexagonal structure of TrGO. 

 

     X-ray photoemission spectroscopy was used to identify the chemical structure and elemental 

composition. Figure S1 shows the XPS survey spectrum of Shellac and TRGO film processed at 700 

◦
C. The survey spectrum clearly shows the presence of carbon and oxygen, as the main constituents 

of the biopolymer. It can be clearly seen that, after thermal reduction, the intensity of oxygen has 
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been reduced dramatically. The atomic weight percentage for carbon and oxygen, for Shellac, was 

60% and 40%, respectively. However, for TRGO film treated at 700 
◦
C, carbon content has been 

increased to 97% whereas the oxygen content has been dramatically reduced to 3%. This high 

carbon/oxygen ratio is favorable to electrical conductivity and much higher than in conventionally 

derived rGO-based materials (e.g., hydrazine-reduced GO has a ~5% oxygen content [25])
 
(Table 

S1). Figure 1b shows the high-resolution C-1s spectra of shellac and after heat treatment at 700 
◦
C. 

The shellac peak is deconvoluted into three main features at 284.8eV, 286.4 eV and 288.1 eV which 

can be assigned to C-C, C-OH and -COOH functional groups, respectively.  However, after thermal 

reduction at 700 
◦
C, the feature at 284.8 eV shifts towards low binding energy, i.e. at 284.4 eV, 

confirms the transition of sp
3 
to sp

2
 hybridized carbon networks [33]. At this reduction temperature, 

the TrGO exhibits a similar XPS spectrum to that of natural graphite, dominated by C=C bonds with 

a small tail at high binding energy.  This reveals a significant loss of several oxygen functional 

groups during the thermal treatment, results in better graphitization.   

     Given the small difference in the binding energy between sp
2
 and sp

3 
bonded carbon atoms in the 

C 1s peak, the Raman spectra were also acquired to obtain more detailed information on the sp
2
 ones 

(Figure 1c). The Raman spectra for shellac displays a broad hump, as shown in Figure S2, suggests 

that vibration modes of shellac are Raman inactive. However, for TrGO, the D (~1352 cm
–1

) and G 

(~1598 cm
–1

) peaks observed were due to, respectively, the in-plane breathing mode of the A1g 

symmetry, assigned to the structural disorder [34], and the E2g phonons of the sp
2
-hybridized carbon 

atoms [34]. The small peak at ~1250 cm
–1

 was attributed to the presence of hydroxyl groups [35], 

also shown in the XPS data (Figure 1b). The 2D band is usually associated to the number of layers of 

graphene sheets and their relative orientations [36, 37]; the inset in Figure 1c shows a broad 2D peak 

that was deconvoluted into four peaks and might be due to the random orientation of different planes 

of the TrGO nanosheets [37]. The estimated intensity ratios of the D and G peaks (ID/IG) and the G 
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and 2D ones (I2D/IG) were 36% and 19%, respectively, demonstrating the low defect concentration 

and superior graphitization of the current TrGO than those for GO and rGO to previous reports [38] 

(Table S1). 

     FTIR spectroscopy was performed to investigate the evolution of the functional groups during the 

thermal treatment of shellac (Figure 1d). The FTIR spectrum of shellac was consistent with previous 

studies [39, 40], while that of TrGO clearly showed the elimination of most oxygen-containing 

groups. The peak at ~1075 cm
–1 

was attributed to the C–O stretching vibrations, whereas that at 

~1590 cm
–1 

was assigned to the C=C skeletal vibrations of the graphitic domains, similarly to 

conventional rGO [41]. The FTIR results well agreed with the XPS, Raman, and XRD data, 

confirming that the oxygen functional groups of shellac were effectively eliminated (except the 

phenolic OH groups) during the thermal treatment, which resulted in high-quality TrGO flakes.  

     Sheet resistance (Rs) is an indicator of the structural integrity of the long-range π-conjugation. 

Shellac, an insulating polymer with Rs > 100 MΩ/sq (instrument limit), contains long aliphatic 

chains along with with cyclic five- and six-membered carbon rings attached to several oxygen 

functional groups. As the temperature increased up to 700 °C, these carbon units began to dissociate 

into carbon atoms to form sp
2-

hybridized carbon networks [42]; such sp
2
-hybridized carbon chains 

are susceptible to cyclization, which leads to graphitization. The decomposition of shellac at a lower 

temperature compared to other synthetic polymers can be attributed to these long aliphatic chains 

[27]. In the synthesized TrGO, Rs was reduced to ~200 Ω/sq, which is the smallest value achieved in 

solution-processed rGO to date [25]. This result is consistent with the highest degrees of de-

oxygenation and graphitization, as shown earlier in this study. Inspired by all these superior 

properties revealed by the proposed TrGO (Table S1), we fabricated a label-free electrochemical 

sensor for detecting the influenza virus H1N1.  
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3.2. Electrochemical characteristics of TrGO/indium tin oxide (ITO)/glass electrodes 

     Figure 3a shows the cyclic voltammograms (CVs) of the following electrodes: ITO/glass, 

GO/ITO/glass, hydrazine-treated rGO/ITO/glass, and TrGO/ITO/glass. The peak current of the 

GO/ITO/glass electrode (98.77 µA), where the GO was synthesized via the modified Hummers 

method, was lower than that of the bare ITO/glass one (158.71 µA) due to the electron transfer 

blocking by GO. In the TrGO/ITO/glass electrode, it increased up to 251.18 µA, above the values for 

both the hydrazine-treated rGO/ITO/glass (219.67 µA) and GO/ITO/glass ones; such a large peak 

current can be ascribed to the high conductivity, large surface area, and unique electron transfer 

property of TrGO, which could further enhance the redox conversion. DPV and EIS were also 

performed and the results well agreed with the CV data (Figure S4 and Figure 3b). The higher peak 

current of the TrGO/ITO/glass electrode also indicates that the proposed TrGO was highly 

conductive compared to both GO and hydrazine-treated rGO. The charge transfer resistance (Rct) for 

the ITO/glass and rGO/ITO/glass electrodes was 220 and 138.92 Ω respectively, but only 98.7 Ω for 

the TrGO/ITO/glass one, further confirming this highly conductive nature.  

     Figure 3c shows the CVs of ITO/glass electrodes with and without successive functionalization 

(TrGO/ITO/glass, antibody (Ab)/TrGO/ITO/glass, and ethanolamine (EA)/Ab/TrGO/ITO/glass). The 

peak current increased after the TrGO deposition due to its high electron transfer characteristics and 

decreased down to 142.7 µA after the immobilization of the H1N1 antibodies via 1-pyrenebutanoic 

acid succinimidyl ester (PBSE) linker because of their insulating behavior. It decreased down to 

138.2 µA after EA immobilization, further blocking the electron transfer. Moreover, the DPV and 

EIS results exhibited the same trends as the CV data (Figure S5a and Figure 3d).  
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Figure 3. Electrochemical properties of thermally reduced graphene oxide| (a) Cyclic 

voltammograms (CVs) at a scan rate of 50 mV/s, and (b) Nyquist plots of indium tin oxide 

(ITO)/glass, graphene oxide (GO)/ITO/glass, hydrazine-treated reduced GO (rGO)/ITO/glass, and 

thermally-decomposed rGO (TrGO)/ITO/glass electrodes in the presence of 1× phosphate-buffered 

saline (PBS) solution containing 5 mM [Fe(CN)6]
3−/4−

 and 0.5 M KCl as redox mediator. (c) CVs and 

(d) EIS (Nyquist plots) of ITO/glass, TrGO/ITO/glass, antibody (Ab)/TrGO/ITO/glass, and 

ethanolamine (EA)/Ab/TrGO/ITO/glass in the presence of 1× PBS containing 5 mM 

[Fe(CN)6]
3−/4−

 and 0.5 M KCl as redox mediator.  

 

     The optimal concentrations of TrGO suspension (1 µg/mL to 500 µg/mL) and H1N1 antibody (1 

µg/mL to 50 µg/mL) were also estimated using DPV (Figure 4). During the optimization for the 
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TrGO concentration (Figure 4a), the current increased with increasing concentration and reached a 

maximum at 100 µg/mL. However, a further increase in the concentration of TrGO showed a 

decrease in current, which motivated us to use 100 µg/mL as the optimum concentration during the 

entire experiment. Furthermore, for the optimal H1NI antibody concentration (Figure 4b), a 

maximum decrease in the current was observed at an antibody concentration of 20 µg/mL, following 

which saturation was observed. Thus, we used 20 µg/mL as the optimum condition, and sufficient 

change in current showed the efficient attachment of antibody on the TrGO surface. The scan rate 

effects on the EA/Ab/TrGO/ITO/glass electrode are shown in Figure S6. 

 

Figure 4. Optimization of TrGO and H1N1 antibody concentrations| (a) Optimization of TrGO 

concentration (1 µg/mL to 500 µg/mL) on ITO/glass electrodes. (b) The changes in current with 

H1N1 antibody concentrations (1 µg/mL to 50 µg/mL) on the TrGO/ITO/glass electrodes (the inset 

showing DPV response) in the presence of 1× PBS containing 5 mM [Fe (CN)6]
3−/4−

 and 0.5 M KCl 

as redox mediator. The error bars represent the standard deviations based on four independent 

measurements. 

 

3.3. Electrochemical detection of the influenza virus H1N1 
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     Standard sample solutions (10–10000 PFU/mL) were prepared from a stock solution of influenza 

virus H1N1 in 1× phosphate-buffered saline (PBS) and saliva samples. Fresh saliva was obtained 

after rinsing of the mouth with drinking water and hold saliva in the mouth without or minimize 

swallowing, and collected into Eppendorf tube, followed by centrifugation at 12000 rpm for 10 min. 

The upper part of the saliva sample was collected carefully and make dilution 80% (v/v) with the 

working buffer (1× PBS) to prepare various concentrations influenza virus (10–10000 PFU/mL) 

prior to electrochemical measurements.  

     To evaluate the selectivity of the sensors, influenza B virus, adenovirus, and MS2 bacteriophage 

were also prepared likewise. The virus concentrations in both 1× PBS and saliva samples were 

measured via EIS in the 0.1–100 kHz frequency range at a potential of 0.1 V and an amplitude of 10 

mV. At this optimized potential (0.1V), we observed the information about the charge transfer 

reaction and diffusion process, and able to calculate the Charge transfer resistance (Rct) from the 

diameter of the semicircle and diffusion coefficient as well.  

     The resulting Rct calibration curves are shown in Figure 5 along with the Nyquist plots of the 

immunosensors, where the diameters of the semi-circles represent the Rct values; the Rct increased 

with the virus concentration in both the sample types. The electrochemical immunosensors exhibited 

linearity (R
2
 = 0.95 and 0.90 for the 1× PBS and saliva samples, respectively) with respect to the 

logarithm of the virus concentrations. According to the abovementioned calibration curves and a 

signal-to-noise ratio of 3, the detection limits determined for the H1N1 subtype in 1× PBS and the 

saliva samples were 26 and 33 PFU/mL, respectively. Since the concentration of the influenza 

viruses in saliva and nasal samples usually ranges between 10
3
 and 10

5 
TCID50/mL, the proposed 

TrGO-based electrochemical sensor can be considered sufficiently sensitive for clinical applications 

[43]. A detailed comparison with previously reported biosensors is also shown in Table 1. 
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Figure 5. Responses to the TrGO-based biosensors with logarithmic fits. Calibration curves 

based on electrochemical impedance spectra for the quantitative detection of H1N1 virus 

concentrations between 0 and 10000 (10, 100, 500 1000, 2500, 5000, and 10000) plaque-forming 

units/mL in (a) phosphate-buffered saline (PBS, pH 7.4, 1×) and (b) spiked saliva samples in PBS. 

The insets show the Nyquist plots in the presence of 1× PBS containing 5 mM [Fe (CN)6]
3−/4−

 and 

0.5 M KCl as a redox mediator. The error bars represent the standard deviations based on four 

independent measurements. 

 

 

Table 1. Comparison table of electrochemical immunosensors for the detection of influenza A 

viruses. Ab: antibody, Au: gold, BDD: boron-doped diamond, CA: chronoamperometric, CA: 

cystamine, CPE: carbon paste electrode, DPV: differential pulse voltammetry, EIS: electrochemical 

impedance spectroscopy, GCE: glassy carbon electrode, GO: graphene oxide, MB: methylene blue, 
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PEDOT-OH: poly(3,4- ethylene dioxythiophene), PFU: plaque-forming units, RGO: reduced 

graphene oxide, Si: silicon, SPCE/PVC: screen-printed carbon electrode/polyvinylchloride 

membrane, TsO/TOPAS: tosylate. 

 

 

 

 

 

Sensor type Substrate Bio receptors Antigen Detection References 
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     To assess the reproducibility of the devices, five different sensors were tested in 1× PBS at a virus 

concentration of 1000 PFU/mL (Figure 6a); a significantly small relative standard deviation (2.06 %) 

was observed, demonstrating high reproducibility. The specificity of the proposed sensors was 

limit 

Amperometric 
SPCE/PVC 

membrane 

(4,7di-OMe)Sa2,3Gal or 

(4,7di-OMe)Sa2,6Gal 

Influenza 

virus 
100 PFU/mL [1] 

EIS 

PEDOT-OH:TsO 

electrode/TOPAS 

polymer 

Aptamer H1N1 10 PFU/mL [2] 

EIS Au electrode Anti-H5N1 antibody H5N1 0.7×10
3

PFU/mL [44] 

EIS Au electrode 

Anti-M1 ab/colloidal 

gold particles/Au 

electrode 

M1 

protein of 

H1N1 

virus 

80-100 

virions/µL or 20 

pg/mL 

[15] 

EIS BDD electrode/Si 
Sialic acid-mimic penta-

peptide 

H1N1, 

H3N2 
400 PFU/mL [45] 

CA 
SPCE/PVC 

membrane 

Anti HA 

Ab/MB/GO/SPCE/PVC 

membrane 

HA 

protein 
8.3 pM/mL [46] 

CA Au electrode/Si Antibody/RGO/CA/Au H1N1 0.5 PFU/mL [47] 

EIS Au electrode/Si 

α-2,6-sialyltransferase 

enzyme, α-2,3-

sialyltransferase enzyme 

H1N1 
0.05 μg /mL or 

2×10
5  

 virus/µL 
[48] 

Amperometric 

GCE and 

SPCE/PVC 

membrane 

Sialic acid derivative 
H1N1, 

H3N2 
100 PFU/mL [49] 

DPV CPE/Paper 
Anti-influenza A 

antibody 
H1N1 113 PFU/mL [47] 

EIS 
shellac-derived 

TrGO/ITO/glass 

Anti-influenza A 

antibody 
H1N1 

26.04 PFU/mL 

(PBS) 

33.11 PFU/mL 

(Saliva) 

 

Present study 
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evaluated using adenovirus, influenza B virus, and MS2 bacteriophage, whose concentrations were 

all 1000 PFU/mL in 1× PBS (Figure 6b). The resistance of the sensors increased to 617.94 Ω after 

the H1N1 virus immobilization while the resistances exhibited negligible changes relative to the 

EA/Ab/TrGO/ITO/glass electrodes for the other viruses, confirming the specificity for the influenza 

virus H1N1. Figure 6c shows the stability of the sensors, evaluated at a virus concentration of 1000 

PFU/mL in 1× PBS; following a first measurement of the Rct values, the sensors were stored at 4 °C 

for two weeks, after which approximately 90% of the initial values were retained. This high stability 

and reproducibility, compared to those achieved via other fabrication methods [47, 50-52], can be 

ascribed to the high adhesion of TrGO due to the presence of phenolic OH [28].  
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Figure 6. Reproducibility, selectivity, and stability analysis of electrochemical biosensor| (a) 

Reproducibility of the immunosensors evaluated using an H1N1 virus concentration of 1000 plaque-

forming units (PFU)/mL and five different electrodes. (b) The selectivity of the immunosensors 

evaluated against influenza B virus, adenovirus, and MS2 bacteriophages; the inset shows the 

respective Nyquist plots. (c) Stability of the immunosensors for two weeks. The error bars represent 

the standard deviations based on four independent measurements. 
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4. Conclusion 

In conclusion, we have presented the low-cost synthesis of TrGO films from shellac using thermal 

decomposition technique and their use for fabricating label-free electrochemical biosensors to 

quantitatively detect the influenza virus H1N1. The TrGO flakes were easily synthesized from 

Shellac and showed excellent structural, electrical, and electrochemical properties. These cost-

effective TrGO-based sensors also showed high stability and reproducibility. The limits of detection 

for the target virus in PBS and saliva samples were estimated to be 26 and 33 PFU/mL, respectively. 

The proposed shellac-derived TrGO is expected to be used to fabricate a wide variety of 

immunosensors and has the potential for large-scale production of functionalized graphene. 
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Appendix A. Supplementary Data 

Supplementary data to this article can be found online. 

 

Figure Captions: 

 

Figure 1. Characteristics of the thermally-decomposed reduced graphene oxide (TrGO) films 

synthesized from shellac: (a) X-ray diffraction spectra revealing its crystalline nature; (b) high-

resolution C 1s X-ray photoelectron spectra; (c) Raman spectra showing the G and D bands along 

with (inset) the 2D band; (d) Fourier transform infrared (FTIR) spectra showing its highly graphitic 

nature. 
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Figure 2. Microcrystalline structural analysis of thermally reduced graphene oxide| (a) 

Transmission electron microscope images of few-layered thermally-decomposed reduced graphene 

oxide (TrGO) obtained from shellac. (b) High-resolution TEM (HRTEM) image taken at the edge of 

the TrGO flake showing few-layered features. (c) Zoomed-in image of HRTEM (square box) 

showing the crystalline nature of TrGO. (d) Selective area diffraction pattern of TrGO showing the 

hexagonal structure of TrGO. 

 

Figure 3. Electrochemical properties of thermally reduced graphene oxide| (a) Cyclic 

voltammograms (CVs) at a scan rate of 50 mV/s, and (b) Nyquist plots of indium tin oxide 

(ITO)/glass, graphene oxide (GO)/ITO/glass, hydrazine-treated reduced GO (rGO)/ITO/glass, and 

thermally-decomposed rGO (TrGO)/ITO/glass electrodes in the presence of 1× phosphate-buffered 

saline (PBS) solution containing 5 mM [Fe(CN)6]
3−/4−

 and 0.5 M KCl as redox mediator. (c) CVs and 

(d) EIS (Nyquist plots) of ITO/glass, TrGO/ITO/glass, antibody (Ab)/TrGO/ITO/glass, and 

ethanolamine (EA)/Ab/TrGO/ITO/glass in the presence of 1× PBS containing 5 mM 

[Fe(CN)6]
3−/4−

 and 0.5 M KCl as redox mediator.  

 

Figure 4. Optimization of TrGO and H1N1 antibody concentrations| (a) Optimization of TrGO 

concentration (1 µg/mL to 500 µg/mL) on ITO/glass electrodes. (b) The changes in current with 

H1N1 antibody concentrations (1 µg/mL to 50 µg/mL) on the TrGO/ITO/glass electrodes (the inset 

showing DPV response) in the presence of 1× PBS containing 5 mM [Fe (CN)6]
3−/4−

 and 0.5 M KCl 

as redox mediator. The error bars represent the standard deviations based on four independent 

measurements. 
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Figure 5. Linear response curve of electrochemical biosensor| Calibration curves based on 

electrochemical impedance spectra for the quantitative detection of H1N1 virus concentrations 

between 0 and 10000 (10, 100, 500 1000, 2500, 5000, and 10000) plaque-forming units (PFU)/mL in 

(a) phosphate-buffered saline (PBS, pH 7.4, 1×) and (b) spiked saliva samples in PBS. The insets 

show the Nyquist plots in the presence of 1× PBS containing 5 mM [Fe (CN)6]
3−/4−

 and 0.5 M KCl as 

a redox mediator. The error bars represent the standard deviations based on four independent 

measurements. 

 

Figure 6. Reproducibility, selectivity, and stability analysis of electrochemical biosensor| (a) 

Reproducibility of the immunosensors evaluated using an H1N1 virus concentration of 1000 plaque-

forming units (PFU)/mL and five different electrodes. (b) The selectivity of the immunosensors 

evaluated against influenza B virus, adenovirus, and MS2 bacteriophages; the inset shows the 

respective Nyquist plots. (c) Stability of the immunosensors for two weeks. The error bars represent 

the standard deviations based on four independent measurements. 
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Highlights 

 

1. Green approach was used as a carbon precursor to synthesize TrGO 

films. 

 

2. These films display low sheet resistance (200 Ω/□) with extremely 

high carbon content (97%). 

 

 

3. Electrochemical biosensing platform was made for the detection of 

H1N1 virus. 

 

4. These sensors display high stability, selectivity and reproducibility. 

 

5. The LOD was obtained to be 26 and 33 plaque-forming units, 

respectively, in PBS and diluted saliva.  
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