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Sensitive detection of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) spike protein (S protein) is
of significant clinical importance in the diagnosis of COVID-19 pandemic. In this work, a surface molecularly
imprinted (SMI) electrochemical biosensor is fabricated for the detection of SARS-CoV-2 S protein. CuyS4-Au is
used as the built-in probe and modified on the surface of a screen-printed carbon electrode (SPCE). 4-Mercapto-
phenylboric acid (4-MPBA) is anchored to the surface of the CuyS4-Au through Au-SH bonds, which can be used
for the immobilization of the SARS-CoV-2 S protein template through boronate ester bonds. After that, 3-amino-
phenylboronic acid (3-APBA) is electropolymerized on the electrode surface and used as the molecularly
imprinted polymers (MIPs). The SMI electrochemical biosensor is obtained after the elution of the SARS-CoV-2 S
protein template with an acidic solution by the dissociation of the boronate ester bonds, which can be utilized for
sensitive detection of the SARS-CoV-2 S protein. The developed SMI electrochemical biosensor displays high
specificity, reproducibility and stability, which might be a potential and promising candidate for the clinical

diagnosis of COVID-19.

1. Introduction

Since the outbreak of COVID-19 pandemic induced by severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) in 2019, it has
brought about serious threats to global public health [1]. Therefore, the
development of rapid analytical methods is of significant clinical
importance for the diagnosis of COVID-19. Currently, reverse
transcription-polymerase chain reaction (RT-PCR) is the popular diag-
nostic method for the detection of COVID-19 since viral RNA can be
accurately identified by this method, however, large-scale application of
RT-PCR is limited by its instrumentation costs, time-consuming analysis,
and requirement of trained personnel.? In addition, it has been reported
that due to the high sensitivity of RT-PCR to the fragments of viral RNA,
the test for SARS-CoV-2 could be persistently positive up to 3 months in
some individuals [2-4]. Recently, nucleocapsid protein (N protein) and
spike protein (S protein) have been used as the antigen biomarkers for
the accurate diagnosis of COVID-19 since the two immunodominant
proteins in the virus can trigger dominant immune responses [5-7].

* Corresponding authors.

Because of the merits such as low cost, high sensitivity, and ease of
operation, electrochemical biosensors can provide an alternative strat-
egy for the clinical diagnosis of COVID-19 [8,9]. Molecularly imprinted
electrochemical biosensors are a kind of special biosensors combining
the specificity of molecularly imprinted polymers (MIPs) with the
sensitivity of transducers, which have great potential for the diagnosis of
infectious diseases [10,11]. Especially, the applications of MIPs-based
electrochemical biosensors in the detection of SARS-CoV-2 S protein
and N protein have been reported [1,12,13]. For instance, Ratautaite
et al. [12] proposed molecularly imprinted polypyrrole, which acted as
the MIPs and was successfully used in the detection of SARS-CoV-2 S
protein by pulsed amperometric detection (PAD). However, conven-
tional bulk imprinting is usually difficult to be applied for protein
templates owing to the conformational change of proteins during the
bulk imprinting process [14,15]. Surface imprinting, in which the
templates are attached to the surface before polymerization, is especially
suitable for protein templates, because it can minimize the aggregation
of the templates and provide more accessible binding sites than bulk
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Fig. 1. Schematic diagram showing the fabrication of the SMI electrochemical biosensor.

imprinting [16,17].

Electron transfer mediators such as K3[Fe(CN)g] [18], methylene
blue (MB) [19], and toluidine blue (TB) [20] are commonly used as the
signal indicators in electrochemical biosensors. Recently, copper sulfide
(CuySy) nanocrystallites have attracted considerable attention as the
signal probe for bioanalysis due to their high electrical conductivity,
hypotoxicity, and peroxidase-mimicking activity [21,22]. More impor-
tantly, electrochemical signals can be easily produced through the
electron transfer between Cu' and Cu®' in Cu,Sy. However, little
attention has been paid to the applications of CuySy as the built-in probe
in surface molecularly imprinted (SMI) electrochemical biosensors.

Herein, we report on the fabrication of a SMI electrochemical
biosensor for the detection of SARS-CoV-2 S protein. Au nanoparticles
(AuNPs) were anchored to the surface of Cu;S4 through the bonds of
Au-S, and the resultant CuyS4-Au was modified on the surface of a
screen-printed carbon electrode (SPCE) and used as the built-in probe.
The AuNPs can not only improve the sensitivity of the biosensor [22],
but also connect with 4-mercaptophenylboric acid (4-MPBA) through
Au-SH bonds. Because boric acid groups can covalently bind cis-diol
groups of glycoproteins to form stable cyclic esters in neutral or alkaline
media [23-25], the introduced 4-MPBA can be used for the immobili-
zation of the SARS-CoV-2 S protein template through boronate ester
bonds. After that, 3-aminophenylboronic acid (3-APBA) was electro-
polymerized on the surface by cyclic voltammetry and used as the MIPs.
The SARS-CoV-2 S protein template was eluted with an acidic solution
since the boronate ester bonds can be dissociated in acidic media
[23-25], and thus the SMI electrochemical biosensor was obtained.
Finally, the as-fabricated SMI electrochemical biosensor was used for the
sensitive detection of SARS-CoV-2 S protein in solutions and clinical
serum samples.

2. Experimental
2.1. Reagents and apparatus

Tetrachloroauric(Ill) acid trihydrate (HAuCls-3H20), sodium hy-
droxide (NaOH), sodium fluoride (NaF), trisodium citrate, ascorbic acid,
thiourea, aniline, concentrated sulfuric acid (H2SO4) and absolute
ethanol were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Copper sulfate pentahydrate (CuSO4-5H,0), 4-
MPBA, 3-APBA, polyvinylpyrrolidone (PVP), bovine serum albumin
(BSA) and hemoglobin (HGB) were obtained from Aladdin Chemical
Reagent Co., Ltd. (Shanghai, China). IgG and IgM were received from
Solarbio Technology Co., Ltd. (Beijing, China). Pyrrole was purchased
from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai,
China), and SARS-CoV-2-S protein dissolved in 0.02 M PBS was received
from Yibaixin Biotechnology Co., Ltd. (Hangzhou, China). The inte-
grated three-electrode system including a SPCE (d = 5 mm) as working
electrode, a Ag/AgCl electrode as reference electrode and a carbon
electrode as counter electrode was obtained from Weihai Poten Tech-
nology Co., Ltd. (Weihai, China). All other reagents were of analytical
grade and used as received. Three human serum samples were obtained
from Changzhou No.3 People’s Hospital, and the experiments involving
them were carried out in line with the institutional guidelines of Jiax-
ing/Changzhou University and consent was obtained for their use from
Changzhou No.3 People’s Hospital. All aqueous solutions were prepared
with ultrapure water (18.2 MQ-cm) from a Milli-Q purification system
(Merck, Germany).

Scanning electron microscopy (SEM) and elemental mapping char-
acterization of CuyS4 and CuyS4-Au were conducted on a Sigma 500
scanning electron microscope (Zeiss, Germany) equipped with energy
dispersive X-ray (EDX) spectrometer. Transmission electron microscopy
(TEM) and the X-ray diffraction (XRD) characterization of Cu;S4 and
CuyS4-Au were conducted on a Tecnai G2 F20 transmission electron
microscope (FEI, USA) and a D8 Advance diffractometer (Bruker, Ger-
many), respectively. The X-ray photoelectron spectroscopy (XPS) of


http://polyvinylpyrrolidone
http://bovine+serum+albumin
http://hemoglobin
http://Tecnai+G2+F20

Z.-Z. Yin et al.

Au

Fig. 2. SEM and TEM images of Cu;S4 (A, B) and Cu;S4-Au (C, D). EDX spec-
trum (E) and elemental mapping (F) of Cu;S4-Au.
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Fig. 3. XRD patterns of Cu;S4 and Cu;S4-Au.

CuyS4-Au was investigated with an Axis Ultra DLD X-ray photoelectron
spectrometer (Shimadzu, Japan). Atomic force microscopy (AFM)
characterization of the SMI electrochemical biosensor was performed by
means of a Dimension Icon microscope (Bruker, Germany). Water con-
tact angles (2.0 pL stationary water droplets) on the surfaces of different
samples were measured by using a DSA25 contact angle goniometer
(Kruss GmbH, Germany). The differential pulse voltammograms (DPVs)
and the electrochemical impedance spectroscopy (EIS) of different
electrodes were acquired using a CHI 660E electrochemical workstation
(Shanghai Chenhua Instruments Co., Ltd., China).
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2.2. Synthesis of AuNPs and Cu;S4-Au

AuNPs were synthesized by the method previously reported [26]. In
a typical procedure, 250 mL of HAuCl4 aqueous solution (0.01 wt%) was
brought to a boil with vigorous stirring, and then 3.75 mL of trisodium
citrate aqueous solution (1 wt%) was added to this solution with a quick
change of color from yellow to deep purple. Afterwards, the mixture was
kept boiling for 10 min and then cooled down.

CuyS4 was synthesized according to the previous literatures [22,27].
Briefly, 0.2 g of PVP was dissolved in 100 mL of 0.01 M CuSO4 aqueous
solution, and then 25 mL of 1.5 M NaOH solution was added to produce
blue precipitates. After stirring for 1 min, 25 mL of 0.1 M ascorbic acid
solution was added into the above mixture and continuously stirred for
15 min to produce a brick-red solution. Next, 5 mL of 0.2 M thiourea,
which was used as the sulfur source, was added under heating conditions
(90 °C) for 6 h. The black precipitates (CuyS4) were centrifugally sepa-
rated, washed, and vacuum-dried at 60 °C. After that, 10 mg of the Cu;S4
powder was added into 40 mL of the above AuNPs solution and stirred
for 5 h, and the products of CuyS4-Au were collected and vacuum-dried
at 60 °C.

2.3. Immobilization of SARS-CoV-2 S protein template

The CuzSs4-Au was dispersed in water (2.5 mg mL™Y) under ultra-
sonication, and then 10 pL of the CuyS4-Au dispersion was cast onto the
SPCE surface and dried in ambient air. Next, 10 pL of absolute ethanol
containing 0.1 M 4-MPBA was cast onto the surface of the Cu;S4-Au/
SPCE and dried in ambient air for the anchoring of 4-MPBA through
Au-SH bonds. Finally, 10 pL of 10 pg mL™! SARS-CoV-2-S protein
(dissolved in 0.02 M PBS, pH = 7.4) was cast onto the surface of the
MPBA/Cu;S4-Au/SPCE and incubated at 4 °C for 1 h, and the unbound
SARS-CoV-2-S protein was washed away successively with 0.02 M PBS
and water. The resultant electrode was denoted as S-protein/MPBA/
Cu;S4-Au/SPCE.

2.4. Fabrication of SMI electrochemical biosensor

First, 100 pL of 0.1 M PBS (pH = 7.4) containing 40 mM 3-APBA and
40 mM NaF was cast onto the surface of the S-protein/MPBA/Cu;S4-Au/
SPCE, and then the 3-APBA monomer was electropolymerized by cyclic
voltammetry for consecutive 20 cycles in the potential range between
~0.2 and 0.9V (scan rate, 100 mV s 1). After that, 100 pL of 0.2 M HoSO4
was cast onto the electrode surface and kept for 20 min to dissociate the
boronate ester bonds and remove the SARS-CoV-2-S protein template.
The SMI electrochemical biosensor was obtained after the de-doped
SARS-CoV-2-S protein template was washed away with 0.1 M PBS
(pH = 7.4). The schematic illustration of the fabrication of the SMI
electrochemical biosensor is shown in Fig. 1.

For control experiments, the non-molecularly imprinted (NMI)
electrochemical biosensor was also fabricated by the same procedures
except for the addition of the SARS-CoV-2-S protein template.

2.5. Detection of SARS-CoV-2-S protein

The SMI electrochemical biosensor was incubated in 0.02 M PBS
containing different concentrations of SARS-CoV-2-S protein for 30 min
at 4 °C, and then the unbound protein was washed away with 0.1 M PBS
of pH 7.4. The peak currents of the Cu;S4-Au built-in probe before and
after the rebinding of the protein to the SMI electrochemical biosensor
were monitored, and sensitive detection of the SARS-CoV-2-S protein
can be achieved based on the decrease in the peak currents of the Cu;S4-
Au built-in probe.
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Fig. 4. XPS survey spectrum of Cu;S4-Au (A) and high-resolution XPS spectra for Cu 2p (B), S 2p (C) and Au 4f (D) of Cu;S4-Au.

3. Results and discussion
3.1. Morphologies and elemental mapping of Cu;S4 and Cu;S4-Au

The SEM and TEM images of Cu;S4 are presented in Fig. 2A and B,
respectively. As can be seen, the as-synthesized Cu;Ss; displays the
morphology of regular hollow nanocages with an average size of ~ 600
nm. In the case of CuyS4-Au, distinct AuNPs can be observed on the edges
of the CuyS4 nanocages (Fig. 2C and D), suggesting the anchoring of
AuNPs to the surface of Cu;S4 through Au-S bonds. Both the EDX
spectrum (Fig. 2E) and the elemental mapping (Fig. 2F) of the CuyS4-Au
reveal the existence of Cu, S and Au elements, further confirming the
successful synthesis of the CuyS4-Au built-in probe.

3.2. XRD patterns of Cu;S4 and CuyS4-Au

The XRD patterns of CuyS4 and CuyS4-Au are shown in Fig. 3. The
diffraction peaks of Cu;S4 located at 20 = 31.2°, 36.6°, 46.8°, and 48.9°
are consistent with the (1821), (155), (0160) and (886) planes of pure
CuyS4 (JCPDS No. 23-0958) [28,29]. After the anchoring of AuNPs
through Au-S bonds, the diffraction peaks of CuyS4 can still be observed
on the XRD pattern of CuyS4-Au at the same positions, indicating that the
introduction of AuNPs does not alter the crystalline texture of CuyS4. In

addition, several new diffraction peaks appear at 38.2°, 44.4° and 64.6°
on the XRD pattern of CuyS4-Au, corresponding to the (111), (200) and
(220) planes of Au, respectively [30]. This result further confirms the
successful covalent anchoring of AuNPs to the CuyS4 surface.

3.3. XPS analysis of CuyS4-Au

Fig. 4A shows the XPS survey spectrum of the as-synthesized Cu;S4-
Au. The four peaks located at 931.5, 283.1, 161.7 and 85.2 eV corre-
spond to Cu 2p, C 1's, S 2p and Au 4f, respectively. Among them, the C
element might be originated from the reagents used for the synthesis of
CuyS4 (PVP, ascorbic acid and thiourea). The high-resolution XPS
spectra of Cu 2p, S 2p and Au 4f are presented in Fig. 4B, C and D,
respectively. The two main peaks centered at 934.3 and 954.1 eV on the
Cu 2p spectrum correspond to Cu?* 2ps,» and Cu?* 2p; /o, while another
two main peaks at 932.1 and 951.9 eV are related to Cu™ 2p3, and Cu™
2p1 /2, respectively [31]. The double satellite peaks between the two
pairs of main peaks are characteristic of Cu?", further confirming the co-
existence of Cu™ and Cu* in the Cu;S4 [32,33]. The S 2p spectrum is
divided into four peaks. The peak located at 161.3 eV corresponds to $2~
2ps3/2, and the two peaks at 162.5 and 163.0 eV can be ascribed to §2-
2pi/2 [21]. Another peak at 168.4 eV is related to the residual SO%’
species, which are associated with the oxidation of surface sulfur [22].
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Table 1
Comparison of analytical performances between the developed SMI biosensor
and other SARS-CoV-2-S protein biosensors.

S protein biosensor Linear range ~ LOD Method  Reference
(ng mL™1) (ng
mL™Y)
Magnet-assisted 0.01 ~ 1000 0.0072 DPV [6]
immunosensor
Self-assembled monolayer — 1109 Ccv [35]
— 872 EIS
Lateral flow device (LFD) — 5000 LFD [38]
Opto-microfluidic chip — 0.08 LSPR [39]
Electrochemical 40 ~ 10000 19 DPV [40]
immunosensor
SMI miniature biosensor 0.1 ~ 1000 0.038 SWv [41]
SMI electrochemical 0.005 ~ 0.0017 DPV This work
biosensor 1000

The Au 4f spectrum can be divided into two peaks at 84.0 and 87.7 eV,
corresponding to Au 4f;,5 and Au 4fs /5, respectively, which are consis-
tent with the chemical states of AuNPs [21].

3.4. Wettability evaluation of different samples

The wettability of different samples is evaluated to further under-
stand the formation of the SMI electrochemical biosensor. As shown in
Fig. 5A, the SPCE displays a high water contact angle (6) of 104.4°, and
the low hydrophilicity might be attributed to the absence of hydrophilic
groups on the surface of the SPCE. After poly(3-APBA) (PAPBA) is
electrodeposited on the electrode surface as the MIPs, the value of 6
decreases greatly to 60.1° (Fig. 5B) due to the abundant hydrophilic
groups (—NHjy and — OH) of PAPBA. After the elution of the SARS-CoV-
2-S protein template with HySO4, the SMI electrochemical biosensor
displays a further decreased 0 of 41.5° (Fig. 5C). After the elution of the
template, more hydrophilic groups of PAPBA are exposed to the elec-
trode surface due to the formation of imprinted cavities within the
PAPBA, which accounts for the enhanced hydrophilicity of the SMI
electrochemical biosensor.

3.5. AFM images of PAPBA coated electrode and SMI electrochemical
biosensor

The surface topographies of the PAPBA coated electrode and the SMI
electrochemical biosensor are investigated by their two- and three-
dimensional AFM images, in which the brighter and darker contrast
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correspond to the higher and lower area of the surface, respectively.
Compared with the PAPBA coated electrode (Fig. 6A and B), the SMI
electrochemical biosensor exhibits a rougher surface (Fig. 6C and D).
The root-mean-square (RMS) values of the PAPBA coated electrode and
the SMI electrochemical biosensor are calculated to be 290.84 and
357.27 nm, respectively. As previously reported, the roughness of sur-
faces can be expressed in terms of RMS since the value of RMS is pro-
portional to roughness [34]. Therefore, it can be concluded that the
roughness of the SMI electrochemical biosensor is far higher than that of
the PAPBA coated electrode, which might be caused by the successful
removal of the SARS-CoV-2-S protein template from the PAPBA MIPs.

3.6. Electrochemical characterizations of different electrodes

The DPVs of different electrodes in 0.1 M PBS (pH = 7.4) containing
0.1 M KCl are shown in Fig. 7A. Compared with the SPCE (curve a), the
CuyS4/SPCE displays a distinct oxidation peak owing to the electron
transfer from Cu™ to Cu®* (curve b), suggesting that the Cu;Sy is a good
built-in probe. The peak currents increase further at the Cu;S4-Au/SPCE
(curve c), indicating that the AuNPs play an essential role in facilitating
the electron transfer between Cut and Cu®*. After the introduction of
electroinactive 4-MPBA through Au-SH bonds, the peak currents
decrease remarkably at the MPBA/Cu;S4-Au/SPCE (curve d). The peak
currents decrease further at the S-protein/MPBA/Cu;S4-Au/SPCE (curve

e), which might be attributed to the low conductivity of the SARS-CoV-
2-S protein. Successful step-by-step modification of the SPCE can also be
confirmed by the results of EIS (Fig. 7B and C). Fig. 7B shows the Bode
plots of different electrodes in the frequency ranging from 10° Hz to
0.01 Hz. When the frequency is greater than 1000 Hz, there is no sig-
nificant difference in the impedance values of these electrodes. The
double-layer capacitance (Cq) has greater impedance at lower fre-
quencies [35,36]. Compared with SPCE (1178.2 Q) and CuyS4/SPCE
(655.4 Q), the impedance value of CuyS4-Au/SPCE is reduced to 268.0 Q
at 0.01 Hz. After further introduction of electroinactive 4-MPBA and S
protein, the impedance values increase significantly to 2465.2 Q and
5938.9 Q, respectively.

The charge transfer resistance (R.), which is denoted by the diam-
eter of the suppressed semicircle in high frequency [37]. Fig. 7C shows
the Nyquist plots of different electrodes in the frequency ranging from
10° Hz to 0.01 Hz. Due to the excellent charge transfer ability of AuNPs,
the R value of CuyS4-Au/SPCE (59.6 Q) is significantly smaller than
those of SPCE (766.2 Q) and Cu;S4/SPCE (258.9 Q). The R values in-
crease remarkably to 944.9 and 4855.0 Q, respectively, after the intro-
duction of 4-MPBA and S-protein. The results of the Nyquist plots are in
line with those of the Bode plots, demonstrating successful step-by-step
modification of the SPCE.

Fig. 8A shows the DPVs of the PAPBA coated electrode and the SMI
biosensor before and after the incubation in 0.02 M PBS (pH 7.4)
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Fig. 11. The peak currents before and after the elution of the SARS-CoV-2 S protein template by using PAPBA, PAN and PPY as the MIPs, respectively. Electrolyte:

0.1 M PBS containing 0.1 M KCI.

containing 10 pg mL~! SARS-CoV-2-S protein. Compared with the S-
protein/MPBA/Cu;S4-Au/SPCE (Fig. 7A, curve e), the peak currents at
the PAPBA coated S-protein/MPBA/Cu;S4-Au/SPCE decrease further
(curve a), which is most likely due to the low conductivity of PAPBA.
After the treatment with 0.2 M H,SOy4, the boronate ester bonds between
the SARS-CoV-2-S protein template and the 4-MPBA is dissociated,
leading to the removal of the template. As a result, the electron transfer
is greatly facilitated by the generated imprinted cavities, resulting in
significantly increased peak currents (curve b). However, the peak
currents decrease again after the SMI biosensor is incubated in 0.02 M
PBS containing 10 pg mL™' SARS-CoV-2-S protein (curve c), which
might be ascribed to the rebinding of the SARS-CoV-2-S protein to the
SMI biosensor though reversible boronate ester bonds. That is to say, the
boronate ester bonds are dissociated in acid media (0.2 M H3SO4), while
they can be formed again in neutral or alkaline media (0.02 M PBS of pH
7.4). In the case of the NMI biosensor (Fig. 8B), the peak currents vary
little at different stages owing to the absence of the SARS-CoV-2-S pro-
tein template and the consequently generated imprinted cavities.

3.7. Detection of SARS-CoV-2-S protein with SMI biosensor

The as-fabricated SMI electrochemical biosensor is used for the
detection of SARS-CoV-2-S protein. Fig. 9A shows the DPVs of the SMI
biosensor after the incubation in 0.02 M PBS containing different con-
centrations of SARS-CoV-2-S protein for 30 min. As can be seen, the peak
currents decrease gradually with increasing concentration of the SARS-
CoV-2-S protein. When the concentration of the SARS-CoV-2-S protein is

increased, the imprinted cavities within the PAPBA MIPs are gradually
occupied by the protein through the reversible boronate ester bonds,
resulting in suppressed electron transfer and the consequently decreased
peak currents. As shown in Fig. 9B, there is a good linear relationship
between the decrease in peak currents (AI) and the logarithm value of
the SARS-CoV-2-S protein concentration (I1gC) in a wide concentration
range from 5 pg mL™! to 1000 ng mL™!, and the linear regression
equation can be expressed as: Al (pA) = 2.849 1gC (ng mL™Y) + 11.12
(R2 = 0.9967). The limit of detection (LOD) is calculated to be 1.76 pg
mL ! based on signal-to-noise ratio (S/N) of 3.

The analytical performances of the as-fabricated SMI biosensor are
also compared with other SARS-CoV-2-S protein biosensors previously
reported [6,35,38-41], and the results are listed in Table 1. Obviously,
the developed SMI biosensor is far superior to the previous SARS-CoV-2-
S protein biosensors in terms of both linear range and LOD.

3.8. Optimization of parameters

Several parameters influencing the sensitivity of the SMI electro-
chemical biosensor are optimized. The influence of the cycling number
for 3-APBA electropolymerization on the peak currents of the SMI
biosensor is presented in Fig. 10A. The peak currents increase with
increasing cycling number till 20 cycles and then greatly decrease. The
thickness of the resultant PAPBA MIPs is closely related to the cycling
number. Inadequate cycling number results in a thin layer of the MIPs,
which is associated with inadequate imprinted cavities; while excess
cycling number may cause a thick layer of the MIPs, resulting in difficult
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Fig. 12. Evaluation of specificity (A), reproducibility (B) and stability (C) of the developed SMI electrochemical biosensor.

elution of the SARS-CoV-2-S protein template. Therefore, 3-APBA is
electropolymerized for 20 cycles as the MIPs. Fig. 10B shows the influ-
ence of elution time on the peak currents of the SMI biosensor. As can be
seen, the peak currents vary little when the elution time exceeds 20 min,
indicating that the template can be eluted completely from the MIPs in
20 min with 0.2 M HySO4. Fig. 10C shows the influence of incubation
time on the peak currents. It shows that the peak currents decrease
gradually with increasing incubation time, with no further decrease
from 30 min, suggesting that 30 min is enough for the imprinted cavities
to be completely occupied by the SARS-CoV-2-S protein in the solution.

3.9. Selection of monomers used for the preparation of MIPs

Since aniline [42] and pyrrole [43] are two kinds of commonly used
monomers used for the preparation of MIPs, the values of Al are
compared by using polyaniline (PAN), polypyrrole (PPY) and PAPBA as
the MIPs, respectively. Here, PAN and PPY were synthesized by elec-
tropolymerization of aniline and pyrrole, respectively [18,42]. Among
the three MIPs, the value of AI using PAPBA MIPs is significantly larger
than those using PAN and PPY MIPs (Fig. 11). Compared with PAN and
PPY, the pronounced Al in the case of PAPBA MIPs might be due to the
fact that besides 4-MPBA, PAPBA can also combine with the SARS-CoV-2
S protein template by boronate ester bonds, resulting in more imprinted
cavities within the MIPs after the elution of the template.

3.10. Specificity, reproducibility and stability of SMI biosensor

To evaluate the quality of the developed SMI biosensor, specificity,
reproducibility and stability are investigated. The values of AI before
and after the incubation in 0.02 M PBS containing 10 pg mL ™! BSA, HGB,
IgG and IgM, which are possible co-existing substances, are negligible
compared with that in the presence of SARS-CoV-2 S protein, even at the
concentration of one percent of the interferents (100 ng mL™Y)
(Fig. 12A), indicating excellent specificity of the SMI biosensor. The
reproducibility of the SMI biosensor is also evaluated by recording the
DPVs of five SMI biosensors fabricated under the same conditions. As
shown in Fig. 12B, these DPVs are almost completely overlapped, and
the relative standard deviation (RSD) of the peak currents is only 0.83%,
suggesting high reproducibility of the SMI biosensor. The SMI biosensor
is stored at 4 °C for three weeks, and the stability is evaluated by
recording the DPVs at specific time intervals (Fig. 12C). After three
weeks, the peak currents can still retain 81.10% of the initial value,
indicating high stability of the SMI electrochemical biosensor.

3.11. Reliability of SMI biosensor

Finally, the reliability of the SMI electrochemical biosensor is
assessed by the detection of SARS-CoV-2 S protein in three clinical serum
samples by standard addition method. The small values of RSD (5.05%,
1.50% and 3.98%) (n = 3) as well as the narrow range of recovery
(99.0% ~ 101.5%) demonstrate that the developed SMI electrochemical
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biosensor is highly reliable.
4. Conclusions

In this work, a novel SMI electrochemical biosensor is developed for
the detection of SARS-CoV-2-S protein. CuySs-Au is used as the built-in
probe in the SMI biosensor and modified on the surface of the SPCE. 4-
MPBA is anchored to the surface of the Cu;S4-Au through Au-SH bonds,
which can be used for the capture of the SARS-CoV-2 S protein template
via boronate ester bonds. 3-APBA is then electropolymerized on the
electrode surface and the resultant PAPBA functions as the MIPs. After
the elution of the SARS-CoV-2 S protein template with 0.2 M HzSO4
through the dissociation of the boronate ester bonds, the SMI biosensor
is obtained, which can be utilized for the sensitive detection of SARS-
CoV-2 S protein. The developed SMI biosensor displays high speci-
ficity, reproducibility and stability, and the reliability of the SMI
biosensor is also demonstrated by the detection of SARS-CoV-2 S protein
in clinical serum samples. These findings suggest that the developed SMI
electrochemical biosensor might be a potential and promising candidate
for the clinical diagnosis of COVID-19.
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