Peptide-based Direct Electrochemical Detection of Receptor Binding Domains of SARSCoV-2 Spike Protein in Pristine Samples
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Abstract
RNA isolation and amplification-free user-friendly detection of SARS-CoV-2 is the
need of hour especially at resource limited settings. Herein, we devised the peptides of human
angiotensin converting enzyme-2 (hACE-2) as bioreceptor at electrode interface for selective
targeting of receptor binding domains (RBD) of SARS-CoV-2 spike protein (SP). Disposable
carbon-screen printed electrode modified with methylene blue (MB) electroadsorbed graphene
oxide (GO) has been constructed as cost-efficient and scalable platform for hACE-2 peptidebased SARS-CoV-2 detection. In silico molecular docking of customized 25 mer peptides with
RBD of SARS-CoV-2 SP were validated by AutoDock CrankPep. N-terminal region of ACE-2
showed higher binding affinity of 20.6 kcal/mol with 15 H-bond, 9 of which were <3 Å.
Electrochemical biosensing of different concentrations of SPs were determined by cyclic
voltammetry (CV) and chronoamperometry (CA), enabling limit of detection (LOD) 0.58
pg/mL and 0.71 pg/mL, respectively. MB-GO devised hACE-2 peptide platform exert an
enhanced current sensitivity of 0.0105 mA/pg mL-1 cm-2 (R2 = 0.9792) (CV) and 0.45 nA/pg
mL-1 (R2 = 0.9570) (CA) against SP in the range of 1 pg/mL to 1 µg/mL. For clinical feasibility,
nasopharyngeal and oropharyngeal swab specimens in viral transport medium were directly
tested with the prepared peptide biosensor and validated with RT-PCR, promising for point-ofneed analysis.
Keywords: N-terminal hACE-2 peptide, SARS-CoV-2 RBD, Peptide biosensor, RNA
Isolation-free, Electrochemical biosensor
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1. Introduction
Rapid spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) with
>289 million cases and nearly 5.7 million fatality as per February 2022 report, COVID-19 made
global lives with an ever-growing burden (“Dashboard, WHO Coronavirus (COVID-19),”
2021). The nucleotide sequences of SARS-CoV-2 are 79 percent identical to those of 2003
SARS-CoV-1(Hu et al., 2021). SARS-CoV-2 is spherical with a diameter of 50–100 nm having
lipid membranous envelop around the viral RNA. The four basic structural proteins of SARS
CoV-2 are the spike (S), membrane (M), envelope (E), nucleocapsid (N) proteins (Huang et al.,
2020). The proteins binding to the host cell receptor of hACE-2, allow the viral RNA entry. The
two sub-domains of S-protein (S1 and S2) play a prime role in the host interaction (Mariano et
al., 2020). The RBD of the S2 is responsible for the ACE2 link. Incorporation of viral RNA into
the host cell membrane is also made easier by the S1 domain (Lan et al., 2020). The SARSCoV-2 virus, on the other hand, is more contagious and spreads faster than SARS-CoV-1. As a
result, the virus spreads quickly through contact, droplet, blood, fecal-oral, airborne, and fomite
transmission methods (Yang et al., 2020). Cough, shortness of breath, diarrhea, and fever are
some of the common symptoms among persons affected with COVID-19 disease (Hu et al.,
2021). During the incubation phase, the infected person is very contagious and can transmit the
virus to others (Shereen et al., 2020). Thus, rapid detection of COVID-19 is essential for
containment of disease spread and early clinical care.
COVID-19 tests have been expanded to detect social breakouts, although they are
fraught with difficulties. Frontline diagnostic methods for COVID-19 screening includes RTPCR, which is superior in sensitivity and selectivity than nucleic acid hybridization procedures.
RT-PCR often demands 24 hrs to declare the results, involving sample collection, transport,
viral RNA preparation and analysis (Chung et al., 2021). Moreover, skilled manpower and
sophisticated equipment are mandate (Kevadiya et al., 2021). Second common clinical diagnosis
is based on chest CT scan with an 87.9% confidence level, SARS-CoV-2 findings in thoracic
CT images include ground-glass opacity (GGO), crazy-paving and consolidation, reverse halo,
3
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air bronchograms, and perilobular pattern (Kwee and Kwee, 2020; Li et al., 2020; Wang et al.,
2020). CT scans, on the other hand, raise the risk of radiation and are expensive than nucleic
acid-based testing (Hu et al., 2021; Kevadiya et al., 2021). Although the serological antigen tests
are rapid relatively affordable and has a short turnaround time, still not sensitive as nucleic acid
testing (Chaimayo et al., 2020; Dorigatti et al., 2021; Kevadiya et al., 2021). Antibody tests, on
the other hand, has limitations to survey the seroprevalence against to SARS CoV-2 in
population (Kevadiya et al., 2021)
Electrochemical biosensors based on disposable screen-printed electrode (SPE) has
merits suitable for point-of-care analysis, due to its rapid analytical response time, high
sensitivity even with ultra-low concentration and user-friendly operation (García-Miranda
Ferrari et al., 2021). Nevertheless, effective electrochemical biosensor design is highly tricky,
mainly achieving durable redox behavior at complex analyte environment without
compromising compatibility against the suitable bioreceptors. To enable cost-efficient design
significant interests were devoted on the development of carbon-based nanomaterials including
nanotubes, nanosheets and quantum dots. Amongst, existence of abundant surface functional
groups, scalable syntheses process and tunable electrochemical active surface coverage made
layered graphene derivatives as potential sensor material for various biomarker sensing. (Justino
et al., 2017; Kanagavalli et al., 2021; Lawal, 2019, 2018)
Beside sensor element, selective immobilization of bioreceptor is also vital to exert
effective target biosensing. Advent of recombinant technology complemented the modern
bioassay methods through customized synthetic oligonucleotides. Especially functional
oligopeptides (Li et al., 2019) capable of identifying biomarkers of signal transmission
pathways, surface antigen of viral protein fragments and other indicators, even in the absence
of protein scaffolds, are getting significant interest in recent years (Bhardwaj et al., 2014). Thus,
synthetic oligopeptides has widespread feasibility including small molecular drugs, interfering
with proteins, tissue engineering and regenerative medicine (Lau and Dunn, 2018).
Oligopeptides, on the other hand, are not well integrated into biosensor design, despite the fact
that their properties may provide an inherent benefit as part of biosensor recognition (Barbosa
et al., 2018; Li et al., 2012). Molecular docking was recently employed to evaluate a number of
pharmacological databases using the targets 3CLpro, S-protein, RdRP, and PLpro (Wu et al.,
2020). Though peptide designs have been generated utilizing the crystalline structure of hACE-2
4
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and the RBD of SARS-CoV-2 (Han and Král, 2020), however, no comprehensive biosensor
experimental and docking studies substantiating the binding effect on RBD-hACE-2 has been
conducted. Therefore, in this work an attempt on was made to develop electrochemical
oligopeptide-based biosensor platform devising shortest functional oligopeptides of N-terminal
RBD-hACE-2 for detection/determination of SARS-CoV-2 SP. Distinctly a sensor element
comprising layered nanostructures of graphene oxide (GO) and electroadsorbed methylene blue
(MB) were devised for the oligopeptide sensor platform. With suitable activation layer, MBfunctionalized GO electrode surface (MB-GO) enable efficient loading of bioreceptor, Nterminal hACE-2 peptide, and exert selective/specific targeting of SARS-CoV-2 spike protein
(SP), regardless of common interferents circumventing the nucleic acid amplification step.
Diagnostic feasibility for the oligopeptide biosensor was tested with gargle samples of
artificially spiked target analytes. For clinical validation oral-/naso-pharyngeal swab samples
were utilized and demonstrated for qualitative and quantitative discrimination of the target
SARS-CoV-2 SP, promising for point-of-need analysis.
2. Experimental Procedures
2.1 Molecular docking of SARS CoV-2 spike protein and Lactoferrin with hACE-2 receptor:
Molecular docking was employed to identify the short peptide sequence (N-terminal and
C-terminal) of hACE-2 with high binding affinity to SARS CoV-2 spike protein (PDB id:
6VYB) and perform a comparative evaluation of binding affinity of mutant strains of SARS
CoV-2 spike protein with the high binding affinity peptide. The mutated spike proteins were
created by mutating the SARS CoV-2 spike protein using PyMOL and three mutated spike
protein structure retrieved from RCSB (G614- PDB id: 7KDL, B.1.1.7- PDB id: 7LWS,
B.1.1.28- PDB id: 7LWW). Lactoferrin, the most abundant protein in nasopharyngeal sample
was docked with hACE-2 receptor to check the cross reactivity. (Lee et al., 2006) The docking
was performed using ADFRsuite 1.0 developed for protein-peptide docking. The peptide and
spike protein interaction were studied using DimPlot and visualised using PyMOL.
2.2 Determination of secondary structure of peptides using CD spectroscopy and in silico
approach:
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Circular Dichroism (CD) spectra of N-terminal and C-terminal peptides were recorded
on a Jasco J-815. CD spectra were recorded in solvent buffer in 10 mm quartz cell between 250
to 190nm. The secondary structure content was calculated using BeStSel server. The secondary
structure of the peptides was predicted using PEP-FOLD3.5 server.
2.3 Fabrication of electrochemical peptide sensor platform
To construct the peptide sensor platform for COVID-19 diagnosis, a paper-based screenprinted electrode (SPE) was obtained from pine research instrumentation, NC, USA. An
integrated carbon substrate as working (2mm diameter) and counter electrode (U-shaped), with
the circular-shaped Ag/AgCl as reference electrode, respectively. After a gentle rinse with 10
mM PBS buffer (pH 7.4), an aqueous dispersion of MB-GO (6 μL) was drop casted and
incubated for 30 min at room temperature (RT) to achieve a monotonous layer on the working
electrode surface. In order to avoid leaching from the surface, 4 μL of nafion is casted on the
MB-GO/SPE. In addition, pristine GO/SP and MB/SP electrodes were prepared using the
above-mentioned procedure for preliminary comparative study. A stepwise synthesis procedure
of redox ink was detailed in supporting information and the concentration of above-mentioned
electrode inks were as follows: MB-GO (0.16 mg/mL GO in 1mM MB); GO dispersion (0.16
mg/mL); MB (1 mM) solution (Fig. S1).
Before processing the peptide immobilization, a bioaffinity layer (b) from AnteoBindTM
Biosensor (4 μL) was drop casted on the MB-GO/SPE and allowed it to dry for 30 min. By drop
casting, 6 μL of N-terminal peptides (NPs) (0.1 mg/mL) on the activated surface of b/MBGO/SPE and incubated at room temperature for 30 min. The surplus NPs on the surface were
gently removed by immersing for 2 seconds in a PBS solution. To avoid non-specific bindings,
the electrode was treated with BSA solution (4 μL, 0.05 mg/mL). After rinsing with PBS buffer
for 2s, the prepared BSA/NP/b/MB-GO/SPE sensor platform was demonstrated for probing
SARS-CoV-2 SP antigen.
2.4 Peptide detection of SARS-CoV-2 SP antigen
A stock solution of SARS-CoV-2 SP (0.1 mg/mL) was prepared by Milli-Q water with
50 % glycerol solution, and kept at -20 ºC. From this stock, desired amounts of analyte solutions
were processed as test samples. A 4 μL of target SARS-CoV-2 SP with different concentrations
6

Electronic copy available at: https://ssrn.com/abstract=4044514

were placed on the individual peptide sensor surface and 20 minutes incubated at RT.
Electrochemical peptide sensing measurements were performed on as-incubated electrodes
utilising CV and CA methods. Triplicates of all electrode preparations and electrochemical
measurements were performed. Due to the lower standard deviation (SD) of the triplicate
answer, some of the error bars may not be visible in the graph.
2.5 Collection of gargled-water
Gargled water from two healthy volunteers were collected and stored at ₋20 ºC until they
were needed for analysis. Volunteers are recommended to avoid meals and coffee before 60
minutes and rinse mouth with water prior to sample collection (Torrente-Rodríguez et al., 2020).
2.6 Preparation of clinical swab samples
Nasopharyngeal and oropharyngeal swab specimens collected in viral transport medium
were received from Greater Chennai Corporation for COVID testing at ICMR - National
Institute for Research in Tuberculosis (NIRT), Chennai. Those swab specimens were aliquoted
and preserved at -80C. The study was approved by the Institutional Ethics Committee of ICMR
– National Institute for Research in Tuberculosis (NIRT), Chennai [NIRT IEC No: 2020 042].

2.7 Viral RNA extraction and molecular testing of SARS CoV-2 infection in COVID-19 samples
using RT-PCR
Extraction of viral RNA from 200L of oropharyngeal and nasopharyngeal swab
samples collected in viral transport medium (VTM) was performed using MGIEasy Magnetic
beads Virus DNA/RNA extraction kit (MGI Tech Co., Ltd, China) according to manufacturer’s
instructions. Molecular testing of SARS CoV-2 infection in COVID-19 samples was done using
LabGunTM COVID-19 assay RT-PCR kit (LabGenomics Co., Ltd, Republic of Korea). The
LabGunTM COVID-19 RT-PCR Kit is a one-step real-time reverse transcription polymerase
chain reaction (rRT-PCR) test. The method includes screening sarbeco virus E gene using
TaqMan probe (Cy5) and primers along with an internal control. Confirmatory assay of SARS
CoV-2 was targeting RdRp gene with TaqMan probe (FAM) and primers along with an internal
control (VIC/HEX). A 20l reaction mixture consists of 2X one step buffer (10l), TaqMan
probes and primers for ‘E’ gene/RdRp gene (4l), Reverse transcriptase enzyme (1l) and
7
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template RNA (5l). Positive control provided with the Labgun assay kit, positive control from
a known COVID-19 sample, and negative control (RNAse free water) was included in every
experiment. The thermal profile for the one-step RT-PCR were 50C for 30 min, 95C for 15
min for one cycle, followed by 95C for 15 sec, 60C for 1 min, which were repeated for 45
cycles. The plate setup and RT-PCR was performed in ABI 7500 Real-time PCR system. The
results were analyzed and confirmed using the Ct value measured for each target and reported
as positive when Ct value ≤ 40 for each target among 45 cycles, and negative when Ct value >
40.
2.8 Validation of biosensor
One hundred microliters of stored swab sample from COVID-19 confirmed positive
sample with high viral load (Ct value <20), COVID-19 confirmed positive sample with low
viral load (Ct value >30), and COVID-19 negative sample were included for the validation
study. Validation was performed in COVID-19 samples in triplicates and the results were
represented in a graph.
2.9 Statistical analysis
Normalized current among different groups were statistically compared using one-way
analysis of variance (ANOVA) with Bonferroni's multiple comparison test. Unpaired ‘t’ test
with Welch's correction in GraphPad prism 5.0 was utilized to analyze the distinction between
two groups, considering P value of <0.05 as statistically significant.
3. Results and discussion
3.1 Molecular docking and Interaction analysis of SARS CoV-2 spike protein with hACE-2
peptides:
Both the N-terminal and C-terminal peptide were docked in the active site of SARS
CoV-2 spike protein to identify the high binding affinity peptide of hACE-2. The active site
residues includes K417, G446, Y449, N487, Y489, Q493, T500, N501, G502 and Y505 in the
RBD of SARS CoV-2 spike protein. The highest negative docking pose was analysed for high
binding affinity peptide. The docked structure was analysed for hydrogen bond and hydrophobic
interactions (Table 1). From the interaction plot, it can be inferred that N-terminal peptide has
8
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high binding affinity towards spike protein than C-terminal observed from the strength of the
H-bonds formed (Fig. 1, A and B). From the docking results of the hACE-2 peptides, we have
commercially synthesized the peptides.
3.2 Characterization of the peptides:
The secondary structure of the commercially synthesized peptides was checked by
circular dichroism (CD) spectroscopy. By deconvoluting the spectrum using BeStSel server,
gave a secondary structure content of 36.9% α-helix, 24.2% antiparallel β-sheets, 13.3% parallel
β-sheets, 25.6% others includes random coil, loop in C-terminal peptide and 39.2% α-helix,
31.1% antiparallel β-sheets, 3.7% parallel β-sheets, 25.9% others includes random coil, loop in
N-terminal peptide (Fig. 1C-F). The above CD data were in very good agreement with the
secondary structure predicted using PEP-FOLD 3.5 server (Fig. 1,D, E, G and H).

3.3 Cross-reactivity studies with N-terminal peptide:
Lactoferrin, abundant protein present in the Nasopharyngeal aspirate. Blind docking was
performed to study the cross-reactivity of lactoferrin (PDB id: 1BKA) with N-terminal peptide.
The highest negative docking pose was analysed for interaction studies. The interaction plot
revealed the weak interaction between lactoferrin and peptide with respect to H-bonds formed
(Fig. 2A) and the strength of hydrogen bond Table 2. Moreover, blind docking was also
performed to study the interaction of abundant protein in blood such as Human Serum Albumin
(HSA) (PDB id: 1AO6), Immunoglobulin G (IgG) (PDB id: 1HZH) and a viral protein, NonStructural protein 1 (NS1) of dengue virus (PDB id: 4O6B) with N-terminal peptide. The highest
negative docking pose was analysed for interaction studies. The interaction plot revealed that
HSA and NS1 has slight interaction with the peptide as agreed with the results of cyclic
voltammetry (Fig. 2, B and C and Table 2). The interaction plot also shown that there was a
weak interaction of IgG with peptide with respect to H-bonds formed (Fig. 2D).
3.4 Assessing the comparative binding affinity of mutant strains of SARS CoV-2 spike protein
with N-terminal peptide:

9
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In addition to the aforementioned studies, we have analysed the binding affinity of the
mutant strains of SARS CoV-2 spike protein to N-terminal peptide. To investigate the binding
affinity of mutant spike protein, the peptide was docked to the active site. The highest negative
docking pose was analysed for interaction with the peptide. On analysing the interaction of the
mutant strains of SARS CoV-2 spike protein, differential binding was observed (Fig. S2).
Mutation in the spike protein altered the amino acid residues between the interface of spike
protein and the peptide and hydrophobic interaction (Table S1).
3.5. Physico-chemical characterization
The surface morphologies of the GO and MB-GO sheets were examined using FE-SEM
(Fig. S3). The GO was in the shape of a randomly aggregated flaky texture with a partly curled
edge, and the sheets were micrometer scale in size Fig. S3 (a).(Veerapandian et al., 2016; Yang
et al., 2018) The morphology of MB-GO, on the other hand, was noticeably different. The
surface of MB-GO sheets was significantly more rippled than that of GO sheets, showing that
MB molecules were effectively interacted with GO, length and thickness of GO sheets were
also enhanced due to the π-π interactions of the conjugated molecular systems (Fig. S3
(b)).(Veerapandian et al., 2016; Yang et al., 2018)
The creation of the MB-GO microstructure was investigated using UV-vis spectroscopy.
Fig. S4 (a) shows the UV-vis spectra of MB, GO and MB-GO in aqueous solution. The MB
molecule showed two major absorption peaks at 291 and 663 nm, and two additional shoulder
peaks found at 245 and 621 nm were assigned to MB dimer in an aqueous solution.(Yang et al.,
2018) The GO spectrum showed one absorbance and one shoulder peak at 238 and 275 nm,
which were attributed to π-π transitions (C-C) and n-π transitions (C=O), respectively.(Saxena
et al., 2011) The absorption peak of GO and MB was moved to 231 nm and 688 nm after the
synthesis of MB-GO. The absorption band of the GO and MB in water was previously known
to be around 238 nm and 663 nm. The shift was attributed to MB-GO interactions, implying that
the electronic conjugation structure inside the MB-GO sheets was extended during the alteration
process.(Saxena et al., 2011; Yang et al., 2018)
Raman spectroscopy is a nondestructive chemical analysis technique that is used to
investigate the lattice network and electronic properties of GO and MB-GO sheets.(Kanagavalli
and Veerapandian, 2020; Perumbilavil et al., 2015; Veerapandian et al., 2016) Using a 532 nm
10
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laser, the Raman spectra of MB, GO, and MB-GO (Fig. S4 (b)) samples were recorded. C-N
symmetrical stretching (1388 cm-1) and C-C ring stretching were visible in the spectra of pure
MB (1627 cm-1).(Li et al., 2016) Furthermore, the GO spectra exhibits four distinct peaks at
1583, 2703, 1350, and 1623 cm-1, which are attributed to the G, G', D, and D' bands,
respectively. The G and G' bands are formed by the C-C bond stretch and are shared by all sp2
carbon atoms in a 2D hexagonal lattice.(Eckmann et al., 2012; Kanagavalli and Veerapandian,
2020) The double resonance process activates first and second order Raman scattering, resulting
in the formation of these bands. Furthermore, the occurrence of D and D' bands is linked to
lattice deformation or defects involving sp3 carbon atoms.(Eckmann et al., 2012) The in-plane
optical branches (longitudinal and transverse modes) are responsible for both D bands. The Dand G- band of intensity ratio (I(D)/I(G)) is 0.74.(Eckmann et al., 2012; Veerapandian et al., 2016)
After MB changed GO peaks, the D, D', G, and G' bands were shifted to 1343, 1615, 1576, and
2693 cm-1, respectively. The mixing of MB has a significant impact on the sp2 graphitic carbon
area on the GO, as demonstrated by a blue shift in the G-band and a drop in the I(D)/I(G) ratio is
0.60.(Eckmann et al., 2012; Veerapandian et al., 2016) According to the sonochemically
generated GO-MB nanocomposite, the new moderate signal at 1453 cm-1 corresponds to the
MB vibrational modes. These findings indicate that MB molecules that are redox active have
been successfully changed on the surface of GO sheets.(Veerapandian et al., 2016)
3.6 Peptide biosensor fabrication
The N terminal hACE-2 peptide functionalized MB-GO hybrid nanostructures was
investigated for targeting the SARS-CoV-2 SP. The schematic representation on the preparation
of an electrochemical peptide biosensor is shown in Scheme S1. The MB-GO was initially
coated on the SPE to build the peptide biosensor platform.(Kanagavalli and Veerapandian,
2020; Veerapandian et al., 2016) It is extremely difficult to build a sensor platform that can
retain the bioreceptors property for long-term detecting of target. The obtained sensor material
was subsequently functionalized with AnteoBindTM to increase the structural affinity suitable
for peptide assay. As a result, the N-terminal hACE2 peptide has a superior SARS-CoV-2 SP
binding profile. When a specific target antigen interacts with an N-terminal hACE-2 peptide
modified biosensor substrate, an electrochemically resistant peptide complex develops, stopping
the surface electron transfer process. On the peptide biosensor platform, the amount of
11
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electrochemical resistance is projected to be greatly enhanced with valid antigen
concentrations.(Badhe et al., 2021; Li et al., 2012)
3.7 Electrochemical study
3.7.1 Cyclic Voltammetry study
The CV of bare SPE, MB/SPE, GO/SPE and MB-GO/SPE electrodes is shown in Fig. 3
(a), which was evaluated at a 50 mV/s of scan rate in the presence of 0.1 M PBS electrolyte (pH
7.4). Under the specified experimental conditions, there is no redox behavior between the bare
SPE and the GO/SPE. The GO-SPE, on the other hand, displayed a cathodic reduction peak at
roughly -0.7 V, which was attributed to GO's surface oxygen groups being reduced.(AbdelHamid et al., 2019) MB/SPE have greater redox behaviour than GO/SPE and bare SPE.
However, pristine MB/SPE do not allow for long-term redox behaviour at the interface due to
physical adsorption.(Veerapandian et al., 2016) The MB mixed GO (e.g., MB-GO) electrode,
on the other hand, exhibits reversible redox behaviour with an cathodic and anodic peak
potential is -0.54 and -0.48 V. (Veerapandian et al., 2016) The redox peak current densities of
this MB-GO/SPE electrode material (anodic peak = -0.154 mA cm-2 and cathodic peak = -0.141
mA cm-2) are found to be higher than other modified electrodes examined. The MB-GO/SPE
electrode's stability was then assessed using 20 repeated CV measurements (Fig. S5).
The fact that the reversible redox peak current densities remained constant as the number
of scan cycles increased shows that the Nafion coatings aided in keeping the MB-GO from
leaching out of the electrode surface.(Kumar and Sundramoorthy, 2018) The observed redox
behaviour of MB ↔ leuco-MB is quite similar to that of SPE modified with other nanomaterials
(e.g., carbon nanotubes, graphene and reduced graphene oxide) mixed with MB.(Veerapandian
et al., 2016; Yan et al., 2005; Zhang et al., 2016, 2012) The strong interaction between the MB
and GO could potentially be due to electrostatic and π-π stacking.(Veerapandian et al., 2016) In
general, the redox molecules modified electrode is determined by the protection of the electrode
surface from the polymer membrane, the scan rate, and the pH of the electrolyte solution. The
high surface area and oxygenated functional groups of GO is clearly helpful in the adsorption
of MB in aqueous solution, as evidenced by the earlier section. The long-lasting and enhanced
redox behaviour of MB-GO modified electrodes is expected to be beneficial for biosensor
applications.(Veerapandian et al., 2016)
12
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Different concentrations of MB-GO modified SPE electrode to examine the effect of the
amount of MB-GO modified electrode on oxidation current densities (jpa) and oxidation peak
potentials (Epa) (Fig. 3(b) and Fig. S6(a)). The peak current density of the MB-GO/SPE
electrode risedronate as the concentration increased from 0.016 mg/mL (GO) in 0.1 mM (MB)
to 0.16 mg/mL (GO) in 1 mM (MB), as shown in Fig. 3(b). The peak current density of the MBGO/SPE electrode was marginally reduced after increasing GO concentration alone in MB
solution 0.25 mg/mL (GO) in 1 mM (MB). The peak potential and current density did not change
significantly when the concentrations of GO and MB were 0.16 mg/mL (GO) in 1 mM (MB)
and 0.5 mg/mL (GO) in 2 mM (MB), which could be owing to the outstanding synergistic impact
of MB and GO.(Yang et al., 2018) Therefore, 0.16 mg/mL (GO) in 1 mM (MB) was chosen for
subsequent experiments.
In different pH solutions, the electrochemical activity of MB-GO/SPE was examined by
CV. The corresponding MB ↔ LMB redox peak currents and potentials were recorded as shown
in Fig. 3(c). A relationship between pH and MB oxidation current densities (jpa) and oxidation
peak potentials (Epa) (Fig. S6(b)). At pH 7.4, the highest MB oxidation peak current density was
found.(Veerapandian et al., 2016) As a result, pH 7.4 was chosen as the best pH for further
investigations.
To study the scan rate effects on the anodic and cathodic peaks of MB-GO/SPE, as seen
in Fig. S6 (c) and (d). A quick electron transfer mechanism is demonstrated by a narrow peak
potential separation with sigmoidal shape. (Veerapandian et al., 2016) Correlation co-efficient
of 0.9985 (anodic current density) and 0.9763 (cathodic current density) were obtained by fitting
the redox peak current densities versus scan rates. These findings imply that the MB-GO/SPE
generates a surface confined redox behaviour, which is favourable platform for biosensor
applications.(Veerapandian et al., 2016) Further, electro active surface area of MB-GO/SPE was
found to be 13 × 10-10 mol cm-2, using the formula  = Q/nFA (Fig. 3 and Fig. S6). (Kanagavalli
and Veerapandian, 2020) The fabricated MB-GO hybrid material is modified into SPE, which
will be applied to the peptide biosensor operating system after analyzing the essential
voltammetric properties.
The CV of MB-GO/SPE in 0.1 M PBS electrolyte (pH 7.4) are shown in Fig. 3(d).
Continuous CVs were recorded after each surface modification to ensure that active layers of
chelating agents (AnteoBind), bioreceptors (N-terminal hACE-2 peptide), blocking agents
13
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(bovine serum albumin), and targets (SP protein) were immobilised on the electrode surface.
The CV of bare SPE and GO/SPE does not have redox activity, however the MB-GO/SPE
exhibit a redox peak (quasi-reversible) due to the transformation of MB ↔ LMB. The redox
behaviour of MB-GO is maintained after activation of the AnteoBind (b), N-terminal hACE-2
peptide (NP), and bovine serum albumin (BSA) layers, with only a minor reduction in current
sensitivity. The NP is well retained by the interface of b on the electrode surface. The current
response of the NP immobilised electrode surfaced showed a substantial decline due to its
binding affinity with target SP, as seen by the CV (Fig. 3(d) and 4(a)).
The CV and chronoamperometry techniques further ensured the development of
competitive peptide and protein interactions at the electrode surface. The anodic peak current
density of the BSA/NP/b/MB-GO/SPE electrode was examined in particular for variations in
analyte concentration (Fig. 4(a)). The higher anodic peak and current density (0.150 mA cm-2)
of BSA/NP/b/MB-GO/SPE electrode attributed to MB ↔ LMB in immaculate condition, as can
be shown. However, when SP protein (1 pg/mL) is added, the current is reduced to 0.141 mA
cm-2. The reduced current density is corresponding to the SP concentration, implying that
peptide and protein interactions at the interface have formed successfully. The calibration curve
derived from different SP protein concentration (0.001, 0.01, 0.1, 1, 10, 100, 1000 ng/mL) of
CV current response has a correlation coefficient of 0.9792 (Fig. 4(b)) and (Table S2). Further,
sensitivity

and

LOD

of

the

fabricated

electrode

were

determined

to

be

0.0105 mA/pg mL-1 cm-2 and 0.58 pg/mL, respectively. The calculated LOD is comparable with
current biosensors and test kits (Table S3). (Chaibun et al., 2021; Jiao et al., 2020; KashefiKheyrabadi et al., 2022; Kim et al., 2021; Liv et al., 2021; Patchsung et al., 2020; Tian et al.,
2020; Zhao et al., 2021) This detection limit is also lower than the viral load in clinical
samples.(Kashefi-Kheyrabadi et al., 2022)
To expand the feasible application of the created peptide biosensor platform, it is critical
to ensure its specificity and selectivity. In the case of viral infection, the common interferents
are NS1, IgG, and HSA. As a result, it has a significant impact on the peptide sensor design's
selectivity and specificity (Kanagavalli and Veerapandian, 2020). The CV response of the
fabricated BSA/NP/b/MB-GO/SPE electrode was tested against multifold concentration (100
ng/mL) of interferents and mixtures of test samples containing SP protein (100 pg/mL) and
interferants (Fig. 4(c-d)). Existence of varied electron-hole pair lattice network derived from
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MB-GO exerts an enhanced redox behavior at the electrode interface. Further, the activation of
bioaffinity layer contributed the efficient loading of probe peptides enabling an ultimate
selectivity against the tested analyte. The specificity was further confirmed by testing the
biosensor surface with common interferents and the observed relative voltammetric response is
negligible (Fig. 4 and Table S4).
3.7.2 Chronoamperometry (CA) study
To supplement the CV study and to test the portable configuration feasibility of the
proposed platform for on-site analysis, a CA technique was investigated (Fig. 5). The CA
response against the SP concentrations was measured at an applied bias potential of -0.48 V
attributed to the MB oxidation in the GO peptide electrode. It can be observed that the CA results
enabled a concentration-dependent quenching with a wide linearity of studied SP concentrations
(0.001 – 1000 ng/mL) (Fig. 5(a) and Table S2). The linear fit for CA study is shown in Fig.
5(b). The LOD, sensitivity and the correlation coefficient obtained from the standard deviation
was found to be 0.71 pg/mL, 0.45 nA/pg mL-1 and 0.9570, respectively. As-prepared
BSA/NP/b/MB-GO/SPE electrode system was also tested for selectivity against the interferents
(NS1, IgG, and HSA) (Fig. 5(c)). Observed chronoamperometric response denotes that the
prepared peptide biosensor platform exhibits selective affinity toward the target SP protein (1
pg/mL and 100 pg/mL), while exert negligible response with the interferents (100 pg/mL and
100 ng/mL). Those results are presented in Fig. 5(d) and Table S4.
For the clinical proof-of-concept, COVID-19 positive human oropharyngeal and
nasopharyngeal swab samples (stored at ICMR-NIRT, Chennai, India) were utilized in the
study. This clinical validation studies were performed at NIRT laboratory, Chennai. Based on
viral load validated by conventional RT-PCR we have selected two samples and tested our
hypothesis. Whether the probe peptide hACE-2 N-terminal region modified on the electrode
exhibit better interaction with the RBD of SP. If the viral load is higher obviously SP
concentration should be higher apparently the inherent CA current is anticipated to be lower
than the less viral load sample. Thus, upon preliminary screening with RT-PCR viral load
determined samples were tested on the prepared electrode and relevant CA results are presented
in Fig.5e and f. Furthermore, the CA results are supported to the open reading frame (ORF) and
E Gene of CT values in RT-PCR as shown in Table S5.
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CA results measured for control swab samples artificially spiked with target SP diluted
in PBS are presented in Fig. S7 and Table S6. All the measurements were done after 50 s of
modifying the test sample on electrode surface. The histogram of normalized current implying
the concentration-dependent distinctness, which can be correlated with the target specific
interaction mediated by customized N-terminal hACE-2 probe peptides with the RBD regions
of the SP. Moreover, to investigate the stability of the fabricated peptide sensor, successive CA
measurements were recorded from week 0 to 5 (Fig. S8 (a)). The current variations were noted
after CA measurements on week 0, 1, 2, 3, 4 and 5. After 5th weeks of storage, the responsiveness
of prepared peptide sensors was merely decreased by 0.41% (Fig. S8 (b)), enabling a
comparatively stable and acceptable platform for long-term storage and analysis. In compared
to conventional techniques, the electrochemical approach demonstrated herein is rapid and
efficient without the need of isolation and amplification, viable for early identification of viral
loads. With portable electrochemical workstation (Fig. S9), the demonstrated disposable
electrode design and peptide-based SARS-CoV-2 SP protein detection is simple for point-ofneed analysis.
4. Conclusions
The design of an electrochemical peptide sensor based on an N-terminal hACE-2 peptide
binding approach for SARS-CoV-2 spike protein detection with high selective and sensitive was
presented in this paper. The SP was detected in both gargled and nasopharyngeal/oropharyngeal
swab (clinical) samples thanks to durable electrochemical property given by MB-GO
nanostructured surface and high sensitivity of the N-terminal hACE-2 peptide-based biosensor.
The following are some of the benefits of this strategy: i) high sensitivity and specificity by Nterminal hACE-2 peptide; ii) facile procedure for electrode fabrication and rapid detection; iii)
nucleic acid isolation/amplification-free electrochemical biosensor; iv) direct detection method
(without sample pretreatment) that prevents false-negative findings, time, cost; v) SARS-CoV2 targets could be detected early in the disease when less viral infection, due to low LOD and
high sensitivity requirements.
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Figures List

Fig. 1: Comparison of hACE-2 N-terminal and C-terminal peptides. Binding profile of hACE-2
peptides (cyan) and SARS CoV-2 spike protein (green and orange {interacting amino acid
residues}) A) N-terminal peptide B) C-terminal peptide. Circular Dichorism spectrum of C) Nterminal peptide and F) C-terminal peptide. Analysis by deconvolution of the spectrum using
BeStSel

server.

D)

Secondary

structure

of

N-terminal

peptide

(STIEEQAKTFLDKFNHEAEDLFYQ) was predicted by PEP-FOLD 3.5 server and E) the
secondary structure contents in the predicted structure of peptide, composed of 71.4% α-helix
(red), 28.5% coil (blue) and No extended (green) structure. G) Predicted secondary structure
of C-terminal peptide (FTGIRDRKKKNKARSGENPYASIDI) and H) the secondary structure
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contents in the predicted structure of peptide, composed of 31.8% α-helix (red), 54.5% coil
(blue) and 13.6% extended (green) structure.

Fig. 2: Interaction profile of hACE-2 N-terminal peptide and interferents. Binding profile of
hACE-2 N-terminal peptide (cyan) and interferents (green and orange {interacting amino acid
residues}), A) lactoferrin, B) Human Serum Albumin (HSA), C) Non-structural Protein 1,
Dengue virus (NS1), D) Immunoglobulin (IgG).

24

Electronic copy available at: https://ssrn.com/abstract=4044514

Fig. 3. (a) CVs of Bare SPE, GO/SPE, MB/SPE, MB-GO/SPE recorded in 0.1 M PBS (pH 7.4)
at a scan rate of 50 mV/s. (b) CVs of MB-GO/SPE with different concentrations (A to E). The
catalyst concentration details: A = 0.016 mg/mL (GO) in 0.1 mM (MB), B = 0.08 mg/mL (GO)
in 0.5 mM (MB), C = 0.16 mg/mL (GO) in 1 mM (MB), D = 0.25 mg/mL (GO) in 1 mM (MB),
E = 0.5 mg/mL (GO) in 2 mM (MB) recorded in 0.1 M PBS (pH 7.4) at a scan rate of 50 mV/s.
(c) CVs of MB-GO/SPE recorded in 0.1 M PBS with different pH conditions at a scan rate of
50 mV/s. (d) CVs of Bare SPE, MB-GO/SPE, b/MB-GO/SPE, BSA/NP/b/MB-GO/SPE and
SP/BSA/NP/b/MB-GO/SPE recorded in 0.1 M PBS (pH 7.4) at a scan rate of 50 mV/s.
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Fig. 4. (a) CV of BSA/NP/b/MB-GO/SPE electrodes versus various concentrations of SARSCoV-2 SP recorded in 0.1 M PBS (pH 7.4) at a scan rate of 50 mV/s. (b) Linear plot calculated
from voltammetric results of peptide sensor against (selected) SARS-CoV-2 SP concentrations
(n=3). CV of BSA/NP/b/MB-GO/SPE electrodes against SARS-CoV-2 target protein (SP-I (1
pg/mL), SP-II (100 pg/mL)), interferents (NS1-I (100 pg/mL), NS1-II (100 ng/mL)), (HSA-I
(100 pg/mL), HSA-II (100 ng/mL)), (IgG-I (100 pg/mL), IgG-II (100 ng/mL)) and mixture of
target and interferents recorded in 0.1 M PBS (pH 7.4) at a scan rate of 50 mV/s. (d) Relative
voltammetric histogram for the selectivity test against the target, interferents and mixture of
target and interferents (n=3).
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Fig. 5. (a) Chronoamperometric response of BSA/NP/b/MB-GO/SPE electrodes versus various
concentrations of SARS-CoV-2 SP (0.001, 0.01, 0.1, 1, 10, 100, 1000 ng/mL) recorded in 0.1
M PBS (pH 7.4). Inset image represents the magnified normalized current response up to 50 s.
(b) Linear plot calculated from amperometric results of peptide biosensor against (selected)
SARS-CoV-2 SP concentrations (n=3). (c) Chronoamperometric response of BSA/NP/b/MBGO/SPE electrodes against SARS-CoV-2 target protein (SP-I (1 pg/mL), SP-II (100 pg/mL)),
interferents (NS1-I (100 pg/mL), NS1-II (100 ng/mL)), (HSA-I (100 pg/mL), HSA-II (100
ng/mL)), (IgG-I (100 pg/mL), IgG-II (100 ng/mL)) and mixture of target and interferents
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recorded in 0.1 M PBS (pH 7.4). (d) Relative amperometric histogram for the selectivity test
against the target, interferents and mixture of target and interferents (n=3). (e)
Chronoamperometric response of BSA/NP/b/MB-GO/SPE electrodes against blank VTM,
clinical samples (free SARS-CoV-2 (NC-19), less SARS-CoV-2 (LC-19) and high SARS-CoV2 (HC-19) infected human oropharyngeal and nasopharyngeal swab samples collected in VTM),
respectively. (f) Chronoamperometric histogram from of BSA/NP/b/MB-GO/SPE electrodes
for clinical samples (n=3) and not significant difference between two groups denoted as ns.
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Table 1: Interaction profiles of hACE-2 peptides and SARS CoV-2 spike protein (PDB id:
6VYB)
Peptides of

hACE-2 peptide SARS CoV-2 H- bond length Amino acid residues in

hACE-2

residues

spike protein

(Å)

N-Terminal

Gln 24

Thr 500

2.97

Lys 13

Ser 494

2.93

Tyr 505, Gly 504, Asn

Glu 19

Arg 403

2.92

501, Gly 496,Tyr 495, Pro

Asp 12

Lys 417

3.55

491, Tyr 493, Phe 490,

Thr 2

Arg 457

2.75, 3.04, 2.69 Gln 455, Phe 456, Ser
2.91, 2.33 459, Lys 455

Ser 1
Tyr 421

3.21

Lys 417

3.14

Pro 499, Gln 496, thr

Arg 403

2.56

500, Tyr 505, Val 503,

Ile 23

Ser 494

3.22

Asn 501, Leu 455, Gly

Asp 24

Gln 493

2.90

496, Tyr 453, Tyr 495,

Ile 25

Ser 494

2.83

Tyr 449

Glu 17

C-Terminal

the hydrophobic pocket

Table 2: Interaction profiles of Interferents with hACE-2 N-terminal peptide.
N-terminal peptide of Interferents

H- bond length

Amino acid residues in the

(Å)

hydrophobic pocket

hACE-2

Thr 370, Leu 383, ser 253, Glu

Lactoferrin
Lys 13

Lys 329

2.69

336, Cys 371, Phe 325, Val 260,

Asp 20

Lys 386

2.33

Arg 344, Tyr 65, Ala 340, Arg

Glu 19

Ala 70

3.37

341, Tyr 372, Leu 369, Arg 258

Tyr 23

Lys 73

3.50

Ser 25

Lys 73

3.88

Asp 12

Lys 333

3.35

Gln 6

Gly 367

3.82

Thr 9

Glu 337

2.69
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HSA
Lys 13

Asp 187

2.69

Gln 6

Lys 522

2.63

Asn 15

Lys 439

3.21

Lys 436

2.73

Phe 395, Ser 435, His 440, Cys

2.83

448, Lys 432, Tyr 452, Pro 447,

Gln 17
Glu 19

Lys 444

3.08

Glu 400, Val 293, Glu 294, Arg

Leu 21

Lys 195

3.03

218, Glu 292, Ala 291, Leu 395,

3.06

Tyr 401, Gly 399

Tyr 23
Asn 295

2.93

His 242

2.83

Arg 222

3.27

Lys 199

2.35

Gln 24

Arg 222

3.31

Ser 1

Lys 402

2.93

Ser 25

Glu 4

2.96
NS1

Glu 17

Gly 161

2.59

Glu 4

Ser 181

2.76

Gln 31

2.89

Trp 28

2.32

The 29

2.51

Ser 25

Gln 24

2.74

Tyr 153, Phe 160, Tyr 32, Asp

Asn 15

Phe 20

2.52

28, His 26, Thr 22, Ile 18, Thr 27,

Ile 3

Lys 182

2.98

Val 8, Val 155, Glu 154, Glu 156

Thr 2

Lys 170

2.97

Gln 6

Asp 157

2.51

Asp 12

Asp 1

2.80

Immunoglobin
G
30

Electronic copy available at: https://ssrn.com/abstract=4044514

H- chain
Tyr 23

Pro 424

Pro 423, Val 425, Leu 426, Asp
2.77

427, Ser 428
Phe 236, Lys 335, Asp 399, Trp

K- chain
Gln 6

Ser 357

2.54

332, Gly 361, Pro 260, Pro 424,

Lys 13

Leu 255

3.01

Ala 339, Pro 423, Tyr 366, Phe

Glu 5

Lys 360

3.32

433, Ser 395, Lys 426, Thr 421,
Ile 333, Pro 237
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Graphical Abstract
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