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A B S T R A C T   

Mass testing for the diagnostics of COVID-19 has been hampered in many countries owing to the high cost of the 
methodologies to detect genetic material of SARS-CoV-2. In this paper, we report on a low-cost immunosensor 
capable of detecting the spike protein of SARS-CoV-2, including in samples of inactivated virus. Detection is 
performed with electrical impedance spectroscopy using an immunosensor that contains a monolayer film of 
carboxymethyl chitosan as matrix, coated with an active layer of antibodies specific to the spike protein. In 
addition to a low limit of detection of 0.179 fg/mL within an almost linear behavior from 10− 20 g/mL to 10− 14 g/ 
mL, the immunosensor was highly selective. For the samples with the spike protein could be distinguished in 
multidimensional projection plots from samples with other biomarkers and analytes that could be interfering 
species for healthy and infected patients. The excellent analytical performance of the immunosensors was 
validated with the distinction between control samples and those containing inactivated SARS-CoV-2 at different 
concentrations. The mechanism behind the immunosensor performance is the specific antibody-protein inter-
action, as confirmed with the changes induced in C–H stretching and protein bands in polarization-modulated 
infrared reflection absorption spectra (PM-IRRAS). Because impedance spectroscopy measurements can be 
made with low-cost portable instruments, the immunosensor proposed here can be applied in point-of-care di-
agnostics for mass testing even in places with limited resources.   

1. Introduction 

The coronavirus pandemic (COVID-19) caused by SARS-CoV-2 [1–3] 
has been difficult to manage in countries where mass testing was not 
made possible due to restrictions related to cost and/or availability of 
diagnostic tests. Owing to the infection characteristics, distinct tests 
need to be performed for diagnostics and for monitoring infected people 
in epidemiological studies [4]. For diagnostics the prevailing tests 
include detection of genetic material as SARS-CoV-2 is a single-stranded 
RNA envelope virus [5], for which the most well-established method is 
real time polymerase chain reaction (RT-PCR) [6,7]. Diagnosis of 

SARS-CoV-2 infection is then performed with samples of saliva or 
nasopharyngeal swabs. Clustered regularly interspaced short palin-
dromic repeats (CRISPR) and loop-mediated isothermal amplification 
(LAMP) are other methods suitable for this type of detection, though less 
popular. With regard to the identification of an immune response and in 
epidemiological studies to verify the coverage of immunization, 
immunoenzymatic assays or agglutination tests have been used [7,8]. 
For diagnostics at early stages – even before symptoms appear – an 
alternative to RT-PCR or RT-LAMP is to employ genosensors that may 
detect genetic material in a faster manner, especially because amplifi-
cation steps are not required [9]. Unfortunately, genosensors are not 
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available commercially for SARS-CoV-2 as yet, probably because this 
type of biosensor has not been exploited with mass production even for 
other diseases. 

Diagnostics of SARS-CoV-2 infection at early stages can also be made 
with immunosensors since the virus surface is covered by glycosylated 
spike proteins that bind to cell receptors such as human angiotensin- 
converting enzyme 2 (hACE2) [10,11]. The latter receptor is expressed 
in lung cells, alveolar cells, endothelial cells, blood vessels, gastroin-
testinal and liver cells [3]. Unlike the case of immunosensors to detect 
antibodies generated in infected patients, which are only effective dur-
ing some time periods and after several days of the infection as the 
disease evolves [4], detection of spike proteins can be suitable for di-
agnostics. For the presence of the spike proteins is a clear indicator of 
infection as is the case of the genetic material detected by genosensors or 
with RT-PCR. This has actually been exploited for SARS-CoV-2 [12–18]. 

In this paper, we report on a simple, low-cost method to detect the 
spike protein, which is based on impedance spectroscopy applied to an 
immunosensor. The latter was fabricated on interdigitated gold elec-
trodes coated with a monolayer film of carboxymethyl chitosan onto 
which an active layer of antibodies was adsorbed. Detection was 
possible in commercial samples of the spike protein and in real samples 
of inactivated SARS-CoV-2. The selectivity of the sensor was evaluated 
using information visualization techniques, including the multidimen-
sional projection interactive document mapping (IDMAP) [19]. 

2. Experimental section 

2.1. Materials 

Potassium chloride (KCl), sodium chloride (NaCl), magnesium 
chloride (MgCl2), anhydrous sodium phosphate dibasic (Na2HPO4), 
anhydrous potassium phosphate monobasic (KH2PO4) were obtained 
from Synth (Brazil). The reagents were of analytical grade and used 
without further purification. Phosphate buffered saline (PBS) solutions 
were prepared with 137 × 10− 3 mol L− 1 NaCl, 10− 3 mol L− 1 Na2⋅HPO4, 
1.7 × 10− 3 mol L− 1 KH2PO4, 2.7 × 10− 3 mol L− 1 KCl (pH 7.4) with 
addition of 10− 3 mol L− 1 MgCl2 (PBS/MgCl2 solution). N-(3-dimethy-
laminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and N- 
hydroxysuccinimide (NHS) were purchased from Sigma Aldrich. High- 
purity deionized water (resistivity of 18.2 MΩcm) was obtained from 
a Milli-Q system (Millipore, USA). Experiments were performed at room 
temperature (~25 ◦C). For molecular architecture fabrication, carbox-
ymethylchitosan (CMCt) was purchased from Dayang Chemicals 
(China). The spike protein and its corresponding antibody were acquired 
from ABCAM, USA. The real samples of inactivated virus were obtained 
as follows. HIAE-02 SARS-CoV-2/SP02/human/2020/BRA (GenBank: 
616 MT126808.1) virus was isolated from the second confirmed case in 
Brazil. The stocks of SARS-CoV-2 virus were propagated in Vero cell 
lines and the supernatant was harvested at 2–3 days post-infection. The 
viral titers were determined by plaque assays on Vero cells, in which the 
number of plaque-forming units (PFU) represents the viral quantity. 
Vero CCL-81 cells were cultivated in MEM supplemented with 10% heat 
inactivated fetal bovine serum (FBS) and 1% Penicillin-Streptomycin, 
and incubated at 37 ◦C with 5% CO2 atmosphere. As control, we used 
the conditioned medium of Vero cells which were treated the same way 
but without the virus. Inactivation of the virus was performed by ul-
traviolet irradiation in a safety cabinet, following the procedures of 
Patterson et al. [20]. 

2.2. Preparation of biosensors 

Interdigitated Au electrodes were produced at the National Nano-
technology Laboratory (LNNano/CNPEM) using conventional photoli-
thography. They had 50 pairs of interdigits 10 μm wide, 10 μm apart 
from each other, so that a capacitive profile was obtained [21,22,23]. 
Prior to the deposition of the 150 nm Au layer, the glass slides were 

pre-coated with a 20 nm chromium adhesive layer, following the pro-
cedures of Soares et al. [24]. The interdigitated electrodes were coated 
with a monolayer film of CMCt, formed by immersing the electrodes 
during 10 min in a CMCt solution (1 mg/mL) at room temperature. They 
were then immersed in an aqueous solution with 100 × 10− 3 mol L− 1 

EDC and 100 × 10− 3 mol L− 1 NHS for 30 min at room temperature to 
increase the antibody attachment on the carboxylic groups of chitosan 
sites. To complete the biosensor fabrication, the devices were immersed 
in a solution with antibodies (ABCAM, USA) (1 ng/mL) in PBS buffer for 
30 min at room temperature. Fig. 1 illustrates the functionalization of a 
modified interdigitated electrode with a CMCt monolayer and the active 
layer of antibodies for detection of the spike protein. 

2.3. Detection 

The experiments with commercial samples of the spike protein were 
conducted by immersing the biosensors for 10 min into 250 μL of various 
concentrations, viz. 10− 20 mol L− 1, 10− 18, 10− 16, 10− 14, 10− 12, 10− 10, 
and 10− 8 mol L− 1. They were then washed with PBS. Control experi-
ments were performed with possible interferents. We have chosen the 
widely-used drugs fluoxetine (20 mg) (Teuto, Brazil), paracetamol (200 
g/mL) (Johnson & Johnson from Brazil, Brazil), nitazoxanide (500 mg) 
(Mantecorp Farmasa, Brazil) and antigens related to different types of 
cancer, including carbohydrate antigen 19–9 (CA19-9) (Aviva System 
Biology, USA), the tumor protein 53 (p53) (Dako, USA), and the human 
epidermal growth factor receptor 2 (HER2) (Thermo Fischer Scientific, 
USA). In the experiments with inactivated SARS-CoV-2, the biosensors 
were immersed for 10 min into solutions containing different concen-
trations: 7.0 × 10− 3, 7.0 × 10− 2, 7.0 × 10− 1, 7.0 × 101, 7.0 × 102, 7.0 ×
103, 7.0 × 104 and 7.0 × 105 PFU/mL (PFU = plaque-forming unit per 
milliliter). The electrical impedance measurements were carried out 
with an impedance analyzer 1260A (Solartron Analytical) in the fre-
quency range from 1 Hz to 1 MHz with DC 0 mV potential and AC 50 mV 
potential. 

The mechanism responsible for detecting the spike protein was 
elucidated with polarized-modulated infrared reflection absorption 
spectroscopy (PM-IRRAS) [25,26], using a PMI 550 spectrophotometer 
(KSV Instruments) [27]. The measurements were performed with angle 
of incidence 81◦ and the spectral resolution 8 cm− 1. The CMCt spectrum 
was used as a reference and the signal was obtained from Eq. (1), where 
Rp and Rs are the components parallel and perpendicular to the plane of 
incidence of IR light, respectively [28,29]. 

ΔR
R

=
Rp − Rs

Rp + Rs
(1) 

The impedance data were analyzed with the multidimensional pro-
jection technique referred to as Interactive Document Mapping (IDMAP) 
[19], which is useful to evaluate selectivity and false positives. IDMAP 
projects the capacitance spectra xi = (xi1, xi2, …, xin) onto a 2D map 
using the Euclidean distances between data instances in the original 
space δ(xi,xj). The instances of the projected data yi = (yi1, yi2, …, yin) 
are separated from each other by the Euclidean distance d(yi, yj)[30]. 
These projections follow an injective function f: X → Y, which given by 
Eq (2), where δmax and δmin denote the maximum and minimum distance 
values between the data instances in the original representation space 
[30]. 

ErrorIDMAP =
δ
(
xi, xj

)
− δmin

δmax − δmin
− d

(
yi, yj

)
(2)  

3. Results and discussion 

Detection of SARS-CoV-2 spike protein could be made by analyzing 
the capacitance spectra in Fig. 2 where the capacitance was calculated 
from the measured impedance. The most significant changes in capaci-
tance as the concentration of the spike protein was altered occurred at 
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low frequencies, as is typical for impedance-based sensors since the 
electrical response is governed by double-layer effects at such fre-
quencies [31,32,33]. The calibration curve from the capacitance at 100 
Hz in Fig. 3 indicates an almost linear increase with the logarithm of the 
spike protein concentration from 10− 20 g/mL to 10− 8 g/mL, with an 
outlier for the 10− 12 g/mL samples. The logarithmic dependence is 
typical of biosensors since the number of available sites for spike protein 
adsorption tends to zero as the concentration increases [27]. The limit of 
detection (LOD) is 0.179 fg/mL calculated using the IUPAC method 
defined in Eq. (3). This value is lower than for the biosensors in the 
literature [12-17] and competitive with the device developed by Rah-
madi et al. [18], being also sufficient to detect SARS-CoV-2 virus in real 
samples, as demonstrated later on. 

LoD  =  Sblank + (3 × SD) (3)  

where Sblank is the signal of a control sample, and SD is the standard 
deviation. 

The frequency 100 Hz was selected for the calibration curve based on 
an analysis of the distinguishing ability of the biosensor at different 
frequencies, using the parallel coordinates technique [34]. In this 
technique, the data from the capacitance spectra are plotted with the 

normalized capacitance in the ordinate, as in Fig. 4 with different colors 
to represent the distinct protein concentrations. The distinction ability is 
quantified through the silhouette coefficient (S) defined in Eq. (4) 

S=
1
n

∑n

i=1

(bi − ai)

max(bi, ai)
(4)  

where n is the number of samples, ai is the average Euclidean distance 
calculated between the ith projection and the remaining projections for 
the capacitance spectra, and bi is the minimum distance of the ith pro-
jection and other projections with different concentrations [24]. S varies 
from − 1 to 1, where S~1 means full sample differentiation for each 
frequency (blue boxes), S ~ -1 indicates that the capacitance data are 
deleterious for distinction (red boxes) and S ~ 0 (white boxes) for data 
which are indifferent for distinction [35]. The large number of blue 
boxes indicates that the biosensor with a CMCt matrix has a high dis-
tinguishing ability in the spectra region related to the electrical double 
layer, generated by biorecognition. The average silhouette coefficient 
calculated with the entire frequency range for this biosensor was 0.757, 
confirming the ability to detect the spike protein. 

The excellent analytical performance of the immunosensor was 

Fig. 1. Gold interdigitated electrode (IDE) modified with a CMCt monolayer and the active layer of antibodies for detecting the spike protein. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Capacitance spectra measured with the biosensor immersed in PBS 
solutions with various spike protein concentrations. 

Fig. 3. Calibration curve taken from the data in Fig. 1 at 100 Hz. The immu-
nosensor was immersed in PBS solutions with different concentrations of the 
spike protein. 
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confirmed by plotting the capacitance data using the IDMAP technique 
[19], where each spectrum is represented by a marker on a 2D map. Of 
particular relevance is the robustness of the biosensor detection against 
interferents, whose data are also plotted. Fig. 5 shows that the samples 
with the various concentrations of the spike protein are easily distin-
guishable from each other and from the data of the molecules used in 
control experiments, namely CA19-9 protein, p53 protein, HER2 pro-
tein, fluoxetin, nitazoxanide, and paracetamol. The data points related 
to these latter molecules are located at the left part of the map, while the 
points from the spike protein samples were positioned toward the right 
with increasing concentrations. In a further test of possible effects from 
interferents we measured the spectra of solutions containing spike 
protein and the various interferents. The IDMAP plot in Fig. S1 in the 
Supporting Information shows that the samples with mixed components 

(spike protein + interferent) could be easily distinguished from those of 
the interferents alone, and were located in the same region of the sam-
ples containing only the spike protein. 

3.1. Validation of spike protein detection in inactivated SARS-CoV-2 virus 

The analytical performance of the biosensor optimized with detec-
tion of spike protein commercial samples was validated in real samples 
of inactivated SARS-CoV-2 virus. Capacitance spectra were obtained 
with the biosensor for concentrations of SARS-CoV-2 from 7.0 × 10− 3 up 
to 7.0 × 105 PFU/mL, which are shown in Fig. S2 in the Supporting 
Information. As one could have expected from the complexity and 
variability of the virus samples, it was not possible to determine the limit 
of detection with an analytical curve. Hence, computational methods 

Fig. 4. Parallel Coordinates plot for the data obtained with the biosensor for different concentrations of the spike protein. The x-axis corresponds to the angular 
frequency while the y-axis corresponds to normalized capacitance values. 

Fig. 5. IDMAP projection of the capacitance spectra 
obtained for different spike protein concentrations, 
using biosensors constructed with CMCt monolayer. 
Also shown are the data points for the possible 
interferents and other protein molecules. The clusters 
assigned to the spike protein are separated from the 
control samples, with the exception of the 10− 18 g/ 
mL as this is close to the limit of detection. In the 
IDMAP projection, no labels are assigned to the axes 
because the useful information is the relative distance 
between data instances.   
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were required to analyze the spectra, which we have done using IDMAP 
in Fig. 6. The distinction ability of the immunosensor is inferred from the 
IDMAP plot where samples with increasing concentrations are posi-
tioned further away from the control sample (without the virus). The 
overall distinction ability led to a silhouette coefficient (S) 0.581 and 
various frequencies were adequate for detection, as indicated in the 
parallel coordinate plot in Fig. S3 in the Supporting Information. 

3.2. Mechanism behind spike protein detection 

The results in the last subsections confirmed that biosensors con-
structed with a CMCt matrix and containing an active layer of antibodies 
are efficient to detect the spike protein, with high sensitivity, selectivity 
and without false positives. This selectivity is believed to occur due to 
biorecognition between the active layer and the spike protein, and this 
was confirmed with the PM-IRRAS spectra in Fig. 7. The PM-IRRAS 
measurements were performed on gold substrates coated with a CMCt 
monolayer, whose spectrum was taken as a reference. Following the 
literature [36–39], we may assign the characteristic bands of proteins, 
present in the active layer (antibodies) and spike protein, to δ CH3 at 
1382 cm− 1, δ C–H from CH2 at 1478 cm− 1, amide II (60% N–H bonds 
and 40% C–N bonds) at 1570 cm− 1 and amide I (80% carbonyl stretch 
(C––O), 10% C–N stretch and 10% N–H bond vibration) [35,37,38,40] at 
1647 cm− 1 (Fig. 6a). The bands assigned to the methylene chains, i.e. δ 
C–H dipoles from CH3 and CH2 groups are seen at 2835 cm− 1 and 2907 
cm− 1 [39,40]. The antibody-spike protein interaction affects especially 
the C–H stretching bonds, in addition to some changes in intensity of the 
protein bands. The changes are not monotonic with the spike protein 
concentration, which means that molecular reorientation occurs during 
the interaction. This explanation is based on the fact that the intensity of 
PM-IRRAS bands depends not only on the presence of the corresponding 
groups but also on their orientation [41]. 

4. Conclusions 

In this paper we demonstrated that immunosensors can be used in 
the diagnostics of SARS-CoV-2 infection using electrical impedance 
spectroscopy, with low-cost methodologies. The high sensitivity ach-
ieved with the immunosensor made with a matrix of carboxymethyl 
chitosan monolayer film, and then coated with an active layer of anti-
bodies, was sufficient to detect the spike protein in inactivated SARS- 
CoV-2. Using IDMAP to analyze the impedance data, we also 

confirmed that the immunosensors are selective for the spike protein, 
which could be distinguished from other proteins and analytes (e.g. 
pharmaceutical drugs) that could be interfering species as they may be 
present in samples of healthy or infected patients. The sensitivity and 
selectivity of the immunosensor can be attributed to the strong 
antibody-protein specific interaction investigated with PM-IRRAS. With 
the latter vibration spectroscopy method, it was possible to identify the 
main bands of spike protein, and infer how the adsorption of said protein 
affected the bands assigned to the antibodies in the active layer of the 
immunosensor. 

Taken together, the results reported here indicate that electrical 
measurements can be used with low-cost immunosensors for diagnosis 
of SARS-CoV-2 infection, which can be transformative in public policies 
for mass testing in developing countries, particularly because imped-
ance spectroscopy measurements can be performed with portable in-
struments [42]. 
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Inactivation). José: Investigation; Methodology; Project administra-
tion; Writing – review & editing (responsible for the experiments and 
data analysis at State University of Campinas). Pedro: Investigation; 
Methodology; Project administration; Writing – review & editing 
(responsible for the experiments and data analysis at State University of 
Campinas). Luiz Henrique: Formal analysis; Investigation; Methodology; 
Supervision; Project administration; Writing – review & editing 
(responsible for the experiments and data analysis at Embrapa Instru-
mentation). Osvaldo: Formal analysis; Investigation; Methodology; Su-
pervision; Funding acquisition; Project administration; Writing – review 
& editing (was the research coordinator and edited the manuscript). All 
authors proofread the manuscript. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This work was supported by National Council for Scientific and 
Technological Development (CNPq) (Grant #103266/2020-8), São 
Paulo Research Foundation (FAPESP) (Grants # 2020/04579-7, 2020/ 
08744-2, 2018/18953-8 and 2018/22214-6), SISNANO (MCTI) and 
Agronano Network. The authors also are grateful to CNPEM researchers 
Maria Helena Piazzetta and Angelo Gobbi for their assistance in elec-
trode fabrication. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.talanta.2021.123076. 

References 

[1] N. Zhu, D. Zhang, W. Wang, X. Li, B. Yang, J. Song, X. Zhao, B. Huang, W. Shi, 
R. Lu, P. Niu, F. Zhan, X. Ma, D. Wang, W. Xu, G. Wu, G.F. Gao, W. Tan, A novel 
coronavirus from patients with pneumonia in China, 2019, N. Engl. J. Med. 382 
(2020) 727–733, https://doi.org/10.1056/NEJMoa2001017. 

[2] Y. Huang, C. Yang, X. Xu, W. Xu, S. Liu, Structural and functional properties of 
SARS-CoV-2 spike protein: potential antivirus drug development for COVID-19, 
Acta Pharmacol. Sin. 41 (2020) 1141–1149, https://doi.org/10.1038/s41401-020- 
0485-4. 

[3] C. Wang, Z. Wang, G. Wang, J.Y.-N. Lau, K. Zhang, W. Li, COVID-19 in early 2021: 
current status and looking forward, Signal Transduct. Target. Ther. 6 (2021) 114, 
https://doi.org/10.1038/s41392-021-00527-1. 

[4] I.A. Mattioli, A. Hassan, O.N. Oliveira Jr, F.N. Crespilho, On the challenges for the 
diagnosis of SARS-CoV-2 based on a review of current methodologies, ACS Sens. 5 
(2020) 3655–3677, https://doi.org/10.1021/acssensors.0c01382. 

[5] R. Lu, X. Zhao, J. Li, P. Niu, B. Yang, H. Wu, W. Wang, H. Song, B. Huang, N. Zhu, 
Y. Bi, X. Ma, F. Zhan, L. Wang, T. Hu, H. Zhou, Z. Hu, W. Zhou, L. Zhao, J. Chen, 
Y. Meng, J. Wang, Y. Lin, J. Yuan, Z. Xie, J. Ma, W.J. Liu, D. Wang, W. Xu, E. 
C. Holmes, G.F. Gao, G. Wu, W. Chen, W. Shi, W. Tan, Genomic characterisation 
and epidemiology of 2019 novel coronavirus: implications for virus origins and 
receptor binding, Lancet 395 (2020) 565–574, https://doi.org/10.1016/S0140- 
6736(20)30251-8. 

[6] A. Nitsche, B. Schweiger, H. Ellerbrok, M. Niedrig, G. Pauli, SARS coronavirus 
detection, Emerg. Infect. Dis. 10 (2004) 1300–1303, https://doi.org/10.3201/ 
eid1007.030678. 

[7] R. Kubina, A. Dziedzic, Molecular and serological tests for COVID-19. A 
comparative review of SARS-CoV-2 coronavirus laboratory and point-of-care 
diagnostics, Diagnostics 10 (2020) 434, https://doi.org/10.3390/ 
diagnostics10060434. 

[8] L. Falzone, G. Gattuso, A. Tsatsakis, D. Spandidos, M. Libra, Current and innovative 
methods for the diagnosis of COVID-19 infection (Review), Int. J. Mol. Med. 47 
(2021) 100, https://doi.org/10.3892/ijmm.2021.4933. 

[9] J.C. Soares, A.C. Soares, V. da C. Rodrigues, P.R.A. Oiticica, P.A. Raymundo- 
Pereira, J.L. Bott-Neto, L.A. Buscaglia, L. Castro, L.C. Ribas, L. Scabini, L. 
C. Brazaca, D. Correa, L.H. Mattoso, M.C.F de Oliveira, A.C.P.L.F. de Carvalho, 
E. Carrilho, O.M. Bruno, M.E. Melendez, O. N Oliveira Jr, Detection of a SARS-CoV- 
2 sequence with genosensors using data analysis based on information 
visualization and machine learning techniques, Mater. Chem. Front. (2021), 
https://doi.org/10.1039/D1QM00665G, 10.1039.D1QM00665G. 

[10] E.S. Winkler, A.L. Bailey, N.M. Kafai, S. Nair, B.T. McCune, J. Yu, J.M. Fox, R. 
E. Chen, J.T. Earnest, S.P. Keeler, J.H. Ritter, L.-I. Kang, S. Dort, A. Robichaud, 
R. Head, M.J. Holtzman, M.S. Diamond, SARS-CoV-2 infection of human ACE2- 
transgenic mice causes severe lung inflammation and impaired function, Nat. 
Immunol. 21 (2020) 1327–1335, https://doi.org/10.1038/s41590-020-0778-2. 

[11] X. Xue, J. Shi, H. Xu, Y. Qin, Z. Yang, S. Feng, D. Liu, L. Jian, L. Hua, Y. Wang, 
Q. Zhang, X. Huang, X. Zhang, X. Li, C. Chen, J. Guo, W. Tang, J. Liu, Dynamics of 
binding ability prediction between spike protein and human ACE2 reveals the 
adaptive strategy of SARS-CoV-2 in humans, Sci. Rep. 11 (2021) 3187, https://doi. 
org/10.1038/s41598-021-82938-2. 

[12] M. Zhang, X. Li, J. Pan, Y. Zhang, L. Zhang, C. Wang, X. Yan, X. Liu, G. Lu, 
Ultrasensitive detection of SARS-CoV-2 spike protein in untreated saliva using 
SERS-based biosensor, Biosens. Bioelectron. 190 (2021) 113421, https://doi.org/ 
10.1016/j.bios.2021.113421. 

[13] J. Zhang, X. Fang, Y. Mao, H. Qi, J. Wu, X. Liu, F. You, W. Zhao, Y. Chen, L. Zheng, 
Real-time, selective, and low-cost detection of trace level SARS-CoV-2 spike- 
protein for cold-chain food quarantine, Npj Sci. Food. 5 (2021) 12, https://doi.org/ 
10.1038/s41538-021-00094-3. 

[14] S. Mavrikou, G. Moschopoulou, V. Tsekouras, S. Kintzios, Development of a 
portable, ultra-rapid and ultra-sensitive cell-based biosensor for the direct 
detection of the SARS-CoV-2 S1 spike protein antigen, Sensors 20 (2020) 3121, 
https://doi.org/10.3390/s20113121. 

[15] A. Ahmadivand, B. Gerislioglu, Z. Ramezani, A. Kaushik, P. Manickam, S. 
A. Ghoreishi, Femtomolar-level detection of SARS-CoV-2 spike proteins using 
toroidal plasmonic metasensors, ArXiv200608536 Phys. (2020). http://arxiv. 
org/abs/2006.08536. (Accessed 22 June 2021). 

[16] B. Mojsoska, S. Larsen, D.A. Olsen, J.S. Madsen, I. Brandslund, F.A. Alatraktchi, 
Rapid SARS-CoV-2 detection using electrochemical immunosensor, Sensors 21 
(2021) 390, https://doi.org/10.3390/s21020390. 

[17] V.J. Vezza, A. Butterworth, P. Lasserre, E.O. Blair, A. MacDonald, S. Hannah, 
C. Rinaldi, P.A. Hoskisson, A.C. Ward, A. Longmuir, S. Setford, E.C.W. Farmer, M. 
E. Murphy, D.K. Corrigan, An electrochemical SARS-CoV-2 biosensor inspired by 
glucose test strip manufacturing processes, Chem. Commun. 57 (2021) 3704–3707, 
https://doi.org/10.1039/D1CC00936B. 

[18] Z. Rahmati, M. Roushani, H. Hosseini, H. Choobin, Electrochemical immunosensor 
with Cu2O nanocube coating for detection of SARS-CoV-2 spike protein, 
Microchim. Acta 188 (2021) 105, https://doi.org/10.1007/s00604-021-04762-9. 

[19] R. Minghim, F.V. Paulovich, A. de Andrade Lopes, in: R.F. Erbacher, J.C. Roberts, 
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