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The continued spread of the coronavirus disease and prevalence of the global pandemic is exacerbated by the
increase in the number of asymptomatic individuals who unknowingly spread the SARS-CoV-2 virus. Although
remarkable progress is being achieved at curtailing further rampage of the disease, there is still the demand for
simple and rapid diagnostic tools for early detection of the COVID-19 infection and the following isolation. We
report the fabrication of an electrochemical sensor based on a molecularly imprinted polymer synthetic receptor
for the quantitative detection of SARS-CoV-2 spike protein subunit S1 (ncovS1), by harnessing the covalent
interaction between 1,2-diols of the highly glycosylated protein and the boronic acid group of 3-aminophenyl-
boronic acid (APBA). The sensor displays a satisfactory performance with a reaction time of 15 min and is
capable of detecting ncovS1 both in phosphate buffered saline and patient’s nasopharyngeal samples with LOD
values of 15 fM and 64 fM, respectively. Moreover, the sensor is compatible with portable potentiostats thus
allowing on-site measurements thereby holding a great potential as a point-of-care testing platform for rapid and

early diagnosis of COVID-19 patients.

1. Introduction

The ongoing global pandemic of coronavirus disease 2019 (COVID-
19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has strongly encouraged the search for highly sensitive and rapid
diagnostic tools. It was found that SARS-CoV-2 is characterized by a high
risk for silent spread by asymptomatic persons accounting for a signifi-
cant percentage of 40-45% of the total infected cases [1]. Therefore, in
order to timely detect and isolate the cases and their contacts, the rapid
and easy-to-perform diagnostic tools enabling the testing of large
numbers of samples in a short period of time are highly demanded.

Currently, molecular assays, i.e. real-time polymerase chain reaction
(RT-PCR) has become the diagnostic workhorse in the detection of
COVID-19, being able to accurately identify viral RNA. Unfortunately,
due to the time-consuming analysis, instrumentation costs, and the need
for trained personnel, the use of RT-PCR is limited when the rapid
response is needed or for screening purposes. In addition, it was found
that due to the high sensitivity of PCR for fragments of viral RNA, the
test could be positive for a prolonged period of time in patients previ-
ously recovered from COVID-19, but are not associated with effective
infectiousness [2-4]. Therefore, rapid point-of-care diagnostic tests
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detecting SARS-CoV-2 specific antigen, i.e. a viral protein such as
nucleocapsid (N) or spike (S), providing the possibility of early detection
of infectious COVID-19 cases, have recently been developed and many of
them are now commercially available [5]. Most of these tests are qual-
itative lateral flow immunochromatographic assays utilizing the
antibody-based detection principle and producing results in around
15-30 min. Alternatively, point-of-care diagnostic tools based on elec-
trochemical sensing platforms have been reported [6]. Thus, two papers
reported on field-effect transistor (FET)-based biosensors for detecting
SARS-CoV-2 S protein with a limit of detection (LOD) of 1 fg/ml in
phosphate buffered saline (PBS) [7,8]. Also, researchers from Denmark
developed a graphene-functionalized screen-printed electrode (SPE)
immunosensor capable of detecting SARS-CoV-2 S1 subunit at the
lowest concentration of 20 pg/ml [9]. Fabiani L. et al. reported on an
electrochemical biosensor for SARS-CoV-2 detection in saliva using a
magnetic beads-based electrochemical assay combined with carbon
black-based SPE sensor [10]. The biosensor was capable of detecting S
and N proteins in untreated saliva with LOD of 19 ng/ml and 8 ng/ml,
respectively. However, similar to the lateral flow tests, all these elec-
trochemical biosensors utilize a biological receptor i.e. an antibody
specific to N or S protein, as a molecular recognition element. This
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suggests that such sensors would demand a special storage system to
preserve their shelf life due to the environmental sensitivity of the bio-
logical materials.

Consequently, there is a growing interest in the replacement of labile
and expensive biological receptors with a synthetic analogue such as
molecularly imprinted polymer (MIP). MIPs are prepared by the mo-
lecular imprinting technology that can be defined as the process of
template-induced formation of specific molecular recognition sites in a
polymer matrix [11]. MIPs represent materials with antibody-like ability
to bind and discriminate between molecules. The main benefits of MIPs
are related to their synthetic nature, i.e. excellent chemical and thermal
stability coupled with their reproducible and cost-effective fabrication.
MIPs have been shown to be a promising alternative to biological re-
ceptors in biosensors [12-15]. MIP-based sensors have also been
investigated for the detection of viral proteins such as bovine leukemia
virus glycoprotein gp51 [16], dengue virus NS1 protein [17], glyco-
protein of HIV type 1 [18]. Up to date there are only a few reports on
MIP sensors for SARS-CoV-2 viral proteins detection. Cennamo N. et al.
reported on a proof of concept for a plasmonic optical fiber sensor
coupled with MIP nanolayer and capable of selectively recognizing
SARS-CoV-2 S1 subunit [19]. Also, MIP Diagnostics (Colworth Park,
Sharnbrook Bedford, UK) has developed a COVID-19 nanoMIP as a
synthetic receptor for SARS-CoV-2 S protein that is suitable for appli-
cation in diagnostics assays.

Very recently, our research group developed a MIP-based electro-
chemical sensor for detection of SARS-CoV-2 N protein (ncovNP) [20].
Although the sensor demonstrated an outstanding performance, a recent
report indicates that the use of N protein as an immunogenic target may
lead to false positive results [24], hence the need to develop such a
sensor using other protein targets becomes imperative. SARS-CoV-2 S
protein is the transmembrane glycosylated protein that forms spikes
protruding from the virus envelope. S protein has two domains, named
S1 and S2. The S1 subunit contains the receptor binding domain (RBD),
which is responsible for host cell receptor binding, while the S2 subunit
facilitates membrane fusion between the viral and host cell membranes.
In contrast to ncovNP that is highly conserved, S protein, especially its
S1 subunit, is more variable sharing around 70% identity with the
respective SARS-CoV and could potentially demonstrate less
cross-reactivities with other coronaviruses [21-23]. Therefore,
SARS-CoV-2 S protein represents a key target for vaccines, therapeutic
antibodies as well as diagnostics. Interestingly, due to the unique feature
of molecular imprinting allowing its applicability to a wide variety of
target analytes, MIP synthesis strategy can be easily adapted to prepare
synthetic receptors against other viral proteins, e.g. SARS-CoV-2 S
protein.

In this work we report on the development of an electrochemical
sensor for rapid detection of SARS-CoV-2 S protein, where the disposable
thin-film metal electrodes (Au-TFME) chip is modified with a MIP film
endowed with the selectivity for S protein subunit S1 (ncovS1) and used
as a recognition element. The chip is connected to a potentiostat, which
measures the ncovS1-specific reduction in the intensity of the charge
transfer carried by a redox probe through the MIP film. The performance
and selectivity of the sensor was studied in both buffer and in COVID-19
patients’ nasopharyngeal swab samples.

2. Experimental
2.1. Material and method

The following reagents were purchased from Sigma-Aldrich
including dithiothreitol, DTT (Ottawa, Canada), 4-aminothiophenol, 4-
ATP (Hong-Kong, China), sodium fluoride, NaF (Kolkata, India),
Immunoglobulin G, IgG and human serum albumin, HSA (St. Louis, MO,
USA). 3-aminophenylboronic acid (APBA) was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Ethanol (96%) was purchased
from Estonian Spirit OU (Tallinn, Estonia). 3,3'-dithiobis
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[sulfosuccinimidyl propionate] (DTSSP) was purchased from Thermo
Fisher Scientific Inc. (Rockford, IL, USA) and acetic acid was purchased
from Lach-ner (Neratovice, Czechia). Potassium ferricyanide and
ferrocyanide were purchased from Riedel-de Haen (Seelze, Germany).
MicruX™ gold-based thin-film metal electrodes (Au-TFME) were pur-
chased from Micrux Technologies (Gijon, Spain). SARS-CoV-2 nucleo-
protein (ncovNP), spike protein subunit S1 (ncovS1) and its different
strains (S1 UK VOC 202012/01, S1 Brazil P1 and S1 South Africa VOC
501.V2) were supplied by Icosagen AS (Tartu, Estonia). Hepatitis C virus
(HCV) surface viral antigen (E2) was obtained from the Institute of
Macromolecular Compounds of the Russian Academy of Sciences. All
chemicals were of analytical grade and were used as received without
any further purification. Ultrapure Milli-Q water (resistivity 18.2 MQ cm
at 25 °C, Merck KGaA, Darmstadt, Germany) was used in preparing all
aqueous solutions. PBS pH 7.4 (Na;HPO4 10 mM, KH,PO4 1.8 mM, NaCl
137 mM, KCl 2.7 mM) was used to prepare the synthesis and analyte
solutions.

2.2. Sensor preparation

The ncovS1 sensor was prepared by synthesizing ncovS1-MIP film
directly on Au-TFME adapting the surface imprinting strategy previ-
ously developed by our group [25,26]. Prior to the modification, the
Au-TFME was cleaned in ozone for 15 min followed by washing with
ethanol, rinsing with MQ and then drying under a nitrogen atmosphere.
Modification of the working electrode of Au-TFME was achieved by
incubating it for 30 min in 100 mM 4-ATP ethanolic solution and vor-
texing for 5 min to remove loosely bound ATP molecules. A monolayer
of cleavable linker was obtained via the covalent attachment of DTSSP to
the ATP modified Au-TFME by drop casting 10 pL (10 mM) DTSSP so-
lution in PBS for 30 min followed by washing with PBS. ncovS1 was
immobilized on the DTSSP/ATP-modified Au-TFME by dropping 3 pL of
PBS containing 0.33 pM of ncovS1 for 30 min and washed severally with
PBS. Poly(3-aminophenylboronic acid), PAPBA was synthesized on the
ncovS1-modified Au-TFME in a set-up consisting of an electrochemical
cell (ED-AIO-Cell, Micrux Technologies, Spain) connected with the
electrochemical workstation (Reference 600TM, Gamry Instruments,
USA). PAPBA was electrodeposited from a PBS containing 20 mM APBA
and 50 mM NaF by cycling the potential between — 0.2-0.9 V vs
Ag/AgCl/KCl. Imprints of ncovS1 were generated in the polymer film by
cleaving the S-S bond of DTSSP using 50 mM dithiothreitol (DTT) so-
lution for 30 min, followed by washing for another 30 min in 10% acetic
acid to remove the ncovS1. The non-imprinted polymer (NIP) film as
reference, was prepared using a similar protocol but without treatment
in DTT to preserve the covalently attached ncovSl in the polymer
thereby avoiding the formation of the target imprint within the matrix.

Each step of the sensor preparation was characterized by cyclic
voltammetry (CV) in the potential range of —0.2 to 0.2 V at a scan rate of
100 mV/s and square wave voltammetry (SWV) at a potential range of
—0.2 to 0.2 V, pulse amplitude of 12.5 mV, frequency of 10 Hz, and a
step potential of 5 mV in 1 M KCl solution containing 4 mM redox probe
K3[Fe(CN)el/K4[Fe(CN)el.

2.3. Evaluation of the sensor performance

The rebinding of ncovS1 by the sensor was measured by square wave
voltammetry (SWV) in a 1 M KCl solution containing 4 mM redox probe
K3[Fe(CN)gl/K4[Fe(CN)g]. The measurements were performed in an
electrochemical cell (ED-AIO-Cell, Micrux Technologies, Spain) con-
nected with the electrochemical workstation (Reference 600TM, Gamry
Instruments, USA) or a portable potentiostat (EmStat3 Blue, PalmSens
BV, The Netherlands). The measurement parameters include a potential
range of — 0.2-0.2 V vs open circuit potential (OCP) provided by the
pseudo reference Au electrode of the TEME, pulse amplitude of 12.5 mV,
frequency of 10 Hz, and a step potential of 5 mV. The sensor’s response
to analyte rebinding (I,) was calculated using Eq. 1:
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I = do—D/lp) (€Y

where I and Iy are the SWV anodic current peaks measured following
sensor incubation in solution containing and without ncovSl1,
respectively.

The thickness of the sensor was optimized (See section S3) and the
optimized thickness was further used in evaluating the sensor perfor-
mance, both in buffer and in clinical samples. Analytical limits,
including the limit of detection (LOD), Eq. 2 and limit of quantification
(LOQ), Eq. 3 were determined from the linear regression of the sensor’s
response to increasing ncovS1 concentrations in both PBS and in clinical
samples of negative COVID-19 patients:

LOD = 3.SD/b @)
LOQ = 10.SD/b 3

where SD and b represent the standard deviation and the slope of the
regression line, respectively.

Sensor selectivity was evaluated by comparing the rebinding of
ncovS1 to those of other proteins such as ncovNP (45 kDa, pI 10.07), E2
(47 kDa, pl 8.24), HSA (67 kDa, pI 4.7), and IgG (152 kDa, plI 8.8), at the
same concentrations.

The clinical samples used in this work were obtained from SYNLAB
Eesti medical laboratory (Estonia). They consist of nasopharyngeal
specimens of three negative and five positive COVID-19 patients in
sample preservation solution (SPS), (Jiangsu Mole Bioscience Co., Ltd).
Their COVID-19 status was previously confirmed with the RT-PCR
method. The samples were diluted in PBS (1:99), (see section S5 for
details). Calibration plot was made using the sensor’s responses to
diluted negative samples spiked with an increasing concentration
(0-400 fM) of ncovS1.

3. Results and Discussion
3.1. Strategy of molecular recognition and sensor operating principle

MIP recognition relies on retaining within a polymer the memory of
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sensor surface

~
~

~

\\’\\\‘\\ } potentiostat
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the physicochemical interactions generated between the target mole-
cules and the functional monomer prior to polymerization. Herein, to
ensure the high selectivity of MIP synthetic receptor (ncovS1-MIP) to-
wards ncovS1 antigen the covalent molecular imprinting approach was
applied. The approach relies on the formation of reversible covalent
bonds between 1,2-diols of highly glycosylated ncovS1 and boronic acid
groups containing functional monomers such as APBA, (see Fig. S1a).
Covalent imprinting, being stoichiometric, ensures that functional
monomer residues exist only in the imprinted cavities thereby avoiding
any non-specific binding and yielding a homogeneous binding sites
distribution. Such interaction has been exploited in fabricating sensors
for detecting different analytes including small and large biomolecules
as well as whole cells [27-30].

The detection principle of the sensor relies on the measurement of
the changes in charge transfer between the Au-TFME and [Fe(CN)6]3'/
[Fe(CN)e] 4 redox probe, through the imprinted pathways created
within ncovS1-MIP film. Upon ncovS1 rebinding following sensor in-
cubation in analyte solution, the charge transfer is greatly obstructed by
the non-conductive protein thus, leading to a concentration dependent
contraction in the recorded current peak (Fig. 1).

3.2. Sensor preparation and performance evaluation

The preparation of ncovS1l sensor follows a surface imprinting
strategy described in Section 2.2. The characterization of each prepa-
ration step was measured by CV and SWV (Section S2) to confirm suc-
cessful formation of ncovS1-imprinted film (ncovS1-MIP) on Au-TFME.
It is essential to grow the polymer film with the optimal thickness to
ensure efficient removal of the protein during the washing step to allow
the formation of permeable protein-specific pathways that, upon target
analyte rebinding, can selectively be plugged thus restricting charge
exchange between the redox probe and Au-TFME (Fig. S1b). With such
tailor-made pathways created within the polymer film, it is expected
that the sensor will respond selectively after encountering ncovSl1.
Consequently, ncovS1-MIP thickness was optimized considering both
the number of CV scans during electrosynthesis and the corresponding

D

N
ncovS1-MIP-

modified Au-TFME ) 4

Fig. 1. The operating principle of ncovS1 sensor in COVID-19 diagnosis: a) redox probe readily carrying the charge through ncovS1-MIP producing current I, b) the
rebound ncovS1 blocks pathways for redox probe to carry the charge through ncovS1-MIP leading to a concentration dependent contraction in the recorded current I.
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response of the sensor after ncovS1 rebinding. It was found that ncovS1-
MIP film electrodeposited from 10 CV cycles endowed the sensor with
the best performance and was used for further analysis (See section S3).
Furthermore, optimization of the time for rebinding ncovS1 on the
sensor indicated that at 15 min a complete rebinding of the protein is
achieved as the sensor’s response remains unchanged subsequently
(Fig. S5). Hence, 15 min was chosen as the optimal rebinding time. This,
when combined with the measurement time, amounts to a total testing
duration of about 20 min, that is comparable with other reported elec-
trochemical SARS-CoV-2 antigen tests (Table S3) as well as commer-
cially available lateral flow assays with an average testing time of
15-30 min [5].

Initially, the sensor was characterized using a series of PBS con-
taining different concentrations of ncovSl. Fig. 2(a) shows that its
response linearly rises with ncovS1 concentration up to about 200 fM.
LOD and LOQ were obtained as 15 fM (1.12 pg/ml) and 51 fM (3.82 pg/
ml) respectively. These detection limits are remarkable since ncovS1
concentration in the nasopharyngeal samples of COVID-19 patients,
estimated from the reported amount of RNAs observed (10°-10° RNAs/
swab) following diagnosis [31], ranges from 0.02 to 18.7 ng/ml. When
compared to other electrochemical sensor platforms for SARS-CoV-2
detection reported in the literature (Table S3), ncovS1 sensor shows
an interesting performance.

To further characterize the performance of the sensor in PBS, we
examined its capability to recognize ncovS1 as compared to other pro-
teins. Thus, four proteins including ncovNP, E2, IgG and HSA (see
Fig. S6) were selected. While ncovNP belong to SARS-CoV-2 virus, with
an almost certainty of being found together with ncovS1 in the patient
sample, E2 was chosen to demonstrate the sensor discrimination against
another viral protein. Other proteins were selected either due to the
possession of a high glycosylation (i.e IgG), thus making it a potential
competitor with the target for the binding sites; or due to a quite similar

Equation y=a+b'x
0.07 | adi Rsquare 0.9933
| Intercept 0.024
Slope 2.4E-4
0.06 —sp a
0.05 +
—C 1
0.04 +
] LOD 15 fM
0.03 - LOQ 51 fM
002 ———7FT——7——T7 T
40 80 120 160 200
Conc. of ncovS1 (fM)
b
0.06 B 2
0.04
—C -
0.02
] 1]
0.00 0

40 60 80 100 120
Conc. of protein (fM)

Fig. 2. (a) Calibration plot of ncovS1 sensor at the low concentration range
(26.7-194 fM) of ncovS1 in PBS (b) Selectivity of ncovSl sensor against
increasing concentrations (40, 60, 80, 100, and 120 fM) of different proteins
(ncovNP, HSA, E2, IgG and S1) in PBS.
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molecular weight (i.e HSA).

As observed in Fig. 2(b), ncovS1 sensor demonstrated significantly
higher responses to ncovS1 than all other proteins. It is important to note
that although IgG is a highly glycosylated protein with 2 times larger
molecular weight, the sensor was still able to clearly discriminate
ncovS1 from it. This ascertains the significance of the imprinted sites to
the sensor’s selective recognition of ncovS1. Moreover, the much lower
responses displayed towards ncovNP, E2 and HSA indicates the insen-
sitivity of the sensor to either molecular weight or isoelectric point thus
revealing that the driving force behind the sensor recognition of ncovS1
is neither size exclusion nor electrostatic attraction [32]. This gives
credence to the influence of the covalent imprinting approach for syn-
thesizing ncovS1-MIP with high selectivity towards ncovS1.

3.3. Evaluation of sensor performance in clinical samples

To evaluate the clinical usability of the sensor, we studied its per-
formance in the samples prepared from nasopharyngeal swab specimens
of patients. For this purpose, initial analysis of COVID-19 negative
samples spiked with increasing concentrations of ncovS1 was carried
out. As it can be seen in Fig. 3(a) (see Fig. S8 for the square wave vol-
tammograms), linearity between concentration and response was ach-
ieved within a concentration range of 0-400 fM. The averaged data
obtained from three negative samples were then used in plotting a
calibration graph of response vs concentration and the LOD and LOQ
were determined as 64 fM and 213 fM respectively, using Eqs. 2 and 3.
Accordingly, we proposed that samples with ncovS1l concentration
exceeding 64 fM (I, >0.32) could be considered to be COVID-19
positive.

_|m Patient 1
® Patient2

1A Patient 3
0.40 -
_C
0.35
0.30
s+
0 100 200 300 400
Conc. of ncovS1 (fM)
Equation y=a+bx
0.45 4" ien e
Slope 37E4
| SD 0.008
0.40 -
— 035 i b
L [
0.30 - !
P | LOD=64fM
F I LOQ=213fM
025 A —~ - = 5
0 100 200 300 400

Conc. of ncovS1 (fM)

Fig. 3. (a) The calibration plots of ncovS1 sensor obtained against COVID-19
negative nasopharyngeal swab samples in SPS solution. Samples were diluted
with PBS (1:99) and spiked with 50-400 fM (3.75-30 pg/ml) of ncovS1, (b) The
calibration plot (solid line) of ncovS1 sensor obtained by linear regression of the
averaged data in Fig. 3(a). The red squares represent data points corresponding
to I, measured by ncovS1 sensor against COVID-19 positive samples while the
blue squares are those of negative samples. The error bars represent SDs of three
measurements.
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Thus, five COVID-19 positive samples which had been previously
validated by RT-PCR under different cycle thresholds (ct), were tested
with the ncovS1 sensor. Fig. 3(b) clearly shows that all five samples
effected responses that are higher (I, = 0.4, 0.36, 0.34, 0.37, 0.38) than
LOD (I, = 0.32), Table 1. While samples from patients 5 and 7 produced
responses close to the LOQ value, samples of patients 4 and 8 show
higher responses than LOQ. The sample from patient 6 caused the lowest
response, which still established a significant distinction from the LOD.
Moreover, it is worthy to note that the negative samples are below the
LOD. This affirms that the increased responses received from the posi-
tive patients are due to the presence of ncovS1 in the samples.

The variation observed in the sensor response to the different sam-
ples might be due to a number of factors. Prominent among these could
be related to the difference in viral load, which has a strong correlation
to the viral protein concentration, at different stages of the life cycle of a
SARS-CoV-2 infection. Studies have indicated an early peak in viral load
in the upper respiratory tract, within the first week of illness [33].
Although, as at the time of sample collection, no comprehensive detail
was known about the SARS-CoV-2 infection level in each patient, the
result could be somewhat indicative that patient numbers 4 and 6 are at
different stages of infection. Thus, by this result the sensor demonstrates
a quantitative advantage over the lateral-flow immunochromatogra-
phy-based SARS-CoV-2 antigen tests. To investigate the sensor’s repro-
ducibility, 5 repeated measurements of both negative patient 1 and
positive patient 4 samples were carried out on freshly prepared sensors
and their relative standard deviation (RSD) were calculated. As shown in
Table 2 the RSD of the 5 repeated measurements for each sample range
between 3.7% and 5.6% thus indicating that the sensor has good
reproducibility.

The selectivity of the sensor was further studied in COVID-19 nega-
tive samples by spiking the sample with varying concentrations of either
ncovS1, ncovNP or their mixture. The concentrations of both proteins
were selected to simulate their concentration ratio, 1:10 (ncovSl:
ncovNP) in SARS-CoV-2 virus [31]. As observed in Fig. 4(a), the re-
sponses induced on the sensor by the increasing concentration of
ncovNP are below the LOD (determined in Fig. 3(b)) indicating no
recognition for ncovNP. However, the sensor demonstrated increasing
responses, above the LOD, towards ncovS1 even though at tenfold lower
concentration values. Moreover, the responses induced by the mixture of
both proteins, ncovSl:ncovNP (1:10) are comparable to that from
ncovS1 thus indicating that the presence of ncovNP in the sample would
not interfere, to any significant extent, with the sensor specific recog-
nition of ncovS1 thereby enabling its accurate analysis.

In addition, we considered it important to study the sensor’s
behaviour upon exposure to different mutated strains of the SARS-CoV-2
virus thereby further elucidating its selective recognition for the target.
To this end, we tested the samples prepared by spiking the desired
amount of S1 protein of common SARS-CoV-2 virus strains such as S1 UK
VOC 202012/01, S1 Brazil P1, S1 South Africa VOC 501.V2 to COVID-19
negative samples. As seen in Fig. 4(b), the sensor demonstrated the
highest response for the imprinted target (ncovS1) at both concentra-
tions. Although all strains induced a concentration-dependent sensor
response, their responses, especially at the lower concentration, are
analytically not significant since they fall below or are comparable to the

Table 1
ncovS1 sensor responses (I,) to COVID-19 positive samples and the associated
ncovS1 concentration.

Patient number (ct")

ncovS1 sensor response (1)

ncovS1 conc. (fM)

Patient 4 (16) 0.40 + 0.02 280 + 20
Patient 5 (26) 0.36 £ 0.01 170 £ 10
Patient 6 (19) 0.34 £ 0.01 120 + 10
Patient 7 (12) 0.37 £+ 0.02 200 + 20
Patient 8 (10) 0.38 £0.01 220+ 10

# cycle threshold value as determined by RT-PCR
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Table 2
Reproducibility experiments of ncovS1 sensor.
Sample I, RSD (%)
1 2 3 4 5
Neg. patient 1 0.27 0.29 0.30 0.28 0.26 5.6
Pos. patient 4 0.40 0.43 0.40 0.39 0.41 3.7

Conc. of ncovNP (pM)

05 1 1 1 1 1 1 1
—m&— ncovS1 a /I
.::ggzﬁ;movw (1:10) /
0.4

0.2 I I I I I I I
0.1 0.2 0.3 0.4

Conc. of ncovS1 (pM)
4 ‘- 20 b
I 230 M

0.3

0.2

0.1 A

S1UK S1 Brazil

S1SA
S1 strain

ncovS1

Fig. 4. (a) Selectivity of ncovS1 sensor for ncovS1 against ncovNP in COVID-19
negative nasopharyngeal swab samples. The concentration of ncovNP was
tenfold higher than the concentration of ncovS1. (b) ncovS1 sensor responses to
SARS-CoV-2 spike protein subunit S1 (ncovS1) and its different strains (S1 UK
VOC 202012/01, S1 Brazil P1 and S1 South Africa (SA) VOC 501.V2). The
dashed lines represent the LOD determined in Fig. 3(b).

estimated sensor’s detection limit, thus highlighting the sensor’s pref-
erence for ncovSl against other strains. This quite discriminatory
response displayed by the sensor against mutated strains of the target
could be explained on the assumption that the arrangement of glyco-
sylation sites located on S1 subunit of S proteins of the unmutated SARS-
CoV-2 virus are most likely not retained in the variants. However,
further detailed study might be necessary to establish the distinction in
the availability and/or arrangement of glycosylation sites among known
SARS-CoV-2 variants and to also explore the mechanism for this
observed discrimination.

3.4. Point-of-care analysis

The on-site monitoring possibility of the sensor was assessed by
investigating its compatibility with a portable potentiostat (EmStat3
Blue) connected to a mobile phone. For this purpose, the sensor’s re-
sponses following 15 min incubation in COVID-19 negative (patient 1)
sample spiked with 64 fM ncovS1, and COVID-19 positive (patient 4)
samples were recorded. Fig. 5 shows the analysed responses obtained for
the different samples while the typical SWV voltammograms are shown
in Fig. S9 (a-c). As expected, patient 4 sample induced a response
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Fig. 5. Responses (I,) obtained from the sensor against patient 1 COVID-19
negative sample (NS), patient 1 NS spiked with 64 fM S1 (NS+S1) and Pa-
tient 4 COVID-19 positive sample (PS). All measurements were performed using
the ncovS1-MIP-modified chip connected to a portable potentiostat (EmStat3
Blue, PalmSens BV, The Netherlands).

(0.43 £+ 0.01) that was higher than that obtained from either the nega-
tive sample (0.25 + 0.02) or negative sample spiked with 64 fM ncovS1
(0.31 4 0.01). Although this response is comparable to that earlier ob-
tained (0.40 + 0.02, Table 1) with the research grade potentiostat
(Reference 600TM), we believe that for a more reliable reading, a cali-
bration of the portable system would still be needed. Nevertheless, the
combination of ncovS1-MIP chip with the portable potentiostat
demonstrated its potential as a hand-held point-of-care monitoring
device.

4. Conclusion

This work demonstrates the electrochemical ncovS1 sensor armed
with a molecularly imprinted polymer synthetic receptor (ncovS1-MIP).
Notable selectivity of ncovS1-MIP towards ncovS1 is achieved by
adopting the covalent imprinting approach involving the chemical
interaction between diol moieties of the highly glycosylated ncovS1 and
boronic acid groups of APBA as a functional monomer. The sensor
demonstrates a rapid diagnostic possibility with a rebinding time of
15 min and a measurement duration of 5 min which is comparable with
the available antigen testing assays. The sensor is capable of detecting
ncovS1 both in PBS and patient’s nasopharyngeal samples with LOD
values of 15 fM and 64 fM, respectively. In addition, it discriminates
remarkably against ncovNP which could be abundantly present in
COVID-19 patients’ samples. Moreover, the sensor confirmed five
COVID-19 positive nasopharyngeal swab samples that were previously
analysed by RT-PCR thus, establishing its suitability as a potential
diagnostic tool for clinical assessment of SARS-CoV-2 and demonstrating
quantitative advantage over the commercially available lateral-flow
immunochromatography-based SARS-CoV-2 antigen tests. Essentially,
the electrochemical characteristics of the sensor can be readily handled
by a portable potentiostat allowing on-site measurements thus holding a
great potential as a point-of-care testing platform for rapid and early
diagnosis of COVID-19 patients. Although the sensor demonstrates a
reasonable discrimination against spike proteins from other variants of
the SARS-CoV-2 virus, further studies may be required to qualify its
selectivity against all known strains of the virus and the associated
mechanism of selective recognition.
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