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HIGHLIGHTS

o Electropolymerized molecular
imprinting approach for SARS-CoV-2
detection in saliva.

e Rapid electrochemical analysis for
fast readout <10 min.

e Disposable and cost-effective sensor
platform.

e Qualitative and quantitative analysis
using PCA integration.

e SARS-CoV-2  specific monoclonal
antibody confirmation in real patient
saliva samples.
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ABSTRACT

We investigate electropolymerized molecularly imprinted polymers (E-MIPs) for the selective recogni-
tion of SARS-CoV-2 whole virus. E-MIPs imprinted with SARS-CoV-2 pseudoparticles (pps) were elec-
trochemically deposited onto screen printed electrodes by reductive electropolymerization, using the
water-soluble N-hydroxmethylacrylamide (NHMA) as functional monomer and crosslinked with N,N'-
methylenebisacrylamide (MBAm). E-MIPs for SARS-CoV-2 showed selectivity for template SARS-CoV-2
pps, with an imprinting factor of 3:1, and specificity (significance = 0.06) when cross-reacted with
other respiratory viruses. E-MIPs detected the presence of SARS-CoV-2 pps in <10 min with a limit of
detection of 4.9 logjp pfu/mL, suggesting their suitability for detection of SARS-CoV-2 with minimal
sample preparation. Using electrochemical impedance spectroscopy (EIS) and principal component
analysis (PCA), the capture of SARS-CoV-2 from real patient saliva samples was also evaluated. Fifteen
confirmed COVID-19 positive and nine COVID-19 negative saliva samples were compared against the
established loop-mediated isothermal nucleic acid amplification (LAMP) technique used by the UK Na-
tional Health Service. EIS data demonstrated a PCA discrimination between positive and negative LAMP
samples. A threshold real impedance signal (Z®¢) > 4000 Q and a corresponding charge transfer
resistance (Rcr) > 6000 Q was indicative of absence of virus (COVID-19 negative) in agreement with
values obtained for our control non-imprinted polymer control. A ZR® at or below a threshold value of
600 Q with a corresponding Rer of <1200 Q was indicative of a COVID-19 positive sample. The presence
of virus was confirmed by treatment of E-MIPs with a SARS-CoV-2 specific monoclonal antibody.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic has
infected millions of people around the globe [1-5]. The initial
symptoms of COVID-19 are similar to other respiratory diseases,
but some patients can be asymptomatic [6] or presenting with
milder symptoms due to the success of the vaccination pro-
gramme [7]. Therefore, tracking the causative SARS-CoV-2 is a
difficult task. SARS-CoV-2 continues to pose a great health risk to
the public with the evolution of more transmissible variants [8].
Whilst current vaccines have reduced the risk of infection, hos-
pitalisation, and mortality, they do not absolutely prevent infec-
tion and transmission [8—10]. Therefore, rapid and accurate
diagnosis of the virus continues to play a crucial role in the
management of the disease enabling a return to near normality in
society and in saving lives.

The current gold standard method for SARS-CoV-2 diagnosis is
the quantitative reverse transcription polymerase chain reaction
(qRT-PCR) test [11—13]. The method detects the presence of viral
RNA in nasopharyngeal swab samples with high sensitivity and
specificity. However, this assay does have some disadvantages, such
as the qRT-PCR requires complex equipment, extensive training for
operators, and multiple hours to complete the procedure. These
limitations were further accentuated by the rapid growth of the
pandemic, as the qRT-PCR did not initially have the screening ca-
pacity to keep pace especially at the height of the pandemic [14].

New solutions for COVID-19 detection are in high demand, and
one method that has received much traction and also implemented
by the National Health Service in the UK is the loop-mediated
isothermal amplification (LAMP) method [15,16]. The LAMP
method utilises nucleic acid amplification at one temperature,
thereby obviating the need for a thermal cycler, essential for con-
ventional PCR. Albeit less quantitative the LAMP method is inher-
ently faster, easier to use, and more cost effective than qRT-PCR
assays. While nasopharyngeal and oral swab samples are the
accepted mode of sample collection for qRT-PCR [17], the LAMP
method uses saliva and/or sputum samples. Saliva is a more
attractive medium due to simplicity and no discomfort in collection
[18—20], obviating the need for skilled personnel to extract the
sample to improve accuracy. Importantly, high viral loads can be
present in saliva during the first days of infection, further making it
a useful medium to investigate [21,22]. While offering these ad-
vantages, there are still disadvantages in the both LAMP and RT-PCR
methods affecting accuracy and misdiagnosis or for example cases
where individuals have recovered from the infection but are still
releasing genetic material from inactivated (non-intact) virus [23].
This can lead to false positive cases skewing case statistics and
needlessly taking people out of the workforce.

The other diagnostic assay widely utilised by the public is the
SARS-CoV-2 lateral flow test (LFT), which relies on immobilised
antibodies to detect nucleoprotein antigen from oral and nasal
swabs associated with the virus infection [24]. These tests are easy
to use with rapid results, but such immunoassays lack the neces-
sary accuracy to be a reliable SARS-CoV-2 diagnostic test due to its
low sensitivity and high false negative/positive rates. For example,
the Innova SARS-CoV-2 antigen rapid qualitative LFT offers conve-
nience of use [25—28]. However, data on their efficacy showed that
in asymptomatic people, the LFT fails to detect SARS-CoV-2 infec-
tion in a substantial proportion. In the Liverpool pilot study, 60% of
infected asymptomatic people went undetected, including 33% of
those with high viral loads who are at highest risk of infecting
others [25]. The LFT can be a useful weapon in the diagnostic
arsenal, but when success is restricted only to identifying those
who are already symptomatic and/or with a very high viral load,
there is clearly a need to improve testing.
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Molecularly imprinted polymers (MIPs) are a class of synthetic
receptors that can be engineered to selectively recognise bi-
ologicals including proteins [29,30] and intact viruses [31,32]. They
have antibody-like properties due to their ability to rebind a target
antigen of interest. MIPs are easily produced in a one-step chemical
reaction for the fraction of the price of antibodies. The target ana-
lyte serves as a template molecule around which a functional
monomer self-assembles primarily through hydrogen bonding in-
teractions [33]. In the presence of an initiator and crosslinker, a
polymer is grown effectively entrapping the target template.
Template removal leaves cavities in the MIP and selective rebinding
is a function of the target template being recognised by the cavity.
Reddy's MIP Group and co-workers have demonstrated the ability
of MIPs to selectively capture a model mammalian virus [34].
Subsequent to this research, Parisi et al. [35] demonstrated that
nanoparticle-based MIPs were able to inhibit binding of SARS-CoV-
2 to its cellular receptor, ACE2. Such examples of virus neutralisa-
tion and inhibition open opportunities for MIPs to be used as
antiviral agents. MIPs have also been integrated with a range of
transducers to produce optical and electrochemical biosensors
[36—40]. Recently, electropolymerization has been exploited to
produce thin-film MIPs for protein targets on electrode surfaces
using redox active functional monomers such as phenols, dopa-
mine, o-phenylenediamine and acrylamide [41]. The target tem-
plate is included in the monomer solution and exposed to the
working electrode. Cyclic voltammetry (CV) is used to induce
polymerization of the functional monomer at the electrode surface
to progressively grow the polymer layer, requiring multiple
sequential cycles for optimum film growth. The template, when
removed, leaves binding sites selective for the rebinding of target.
The subsequent rebinding of target can be investigated also using
CV. A small inorganic redox marker such as potassium ferricyanide
is used to probe the changing permeability of the MIP depending on
whether the target template is bound. In the bound state (when
target is present), there is a reduced diffusion of redox marker to
the electrode and therefore a small current produced. In the eluted
state (when target is absent), the MIP is more permeable to the
redox marker resulting in an increase in current. The typical redox
marker used is the ferro/ferricyanide redox system. This can be
used as a ubiquitous marker for all electrode-based MIPs and ob-
viates the need for the target itself to be electrochemically active. In
tandem with cyclic voltammetry, electrochemical impedance
spectroscopy (EIS) has been increasingly used to characterise
adsorbed biological and polymeric layers on electrode surfaces
[42,43]. Supplementary Fig. S1(A) shows the equivalent circuit
model for EIS measurement and Fig. S1(B) shows a typical EIS
spectrum displaying a characteristic semi-circle and the inflection
point in the real impedance signal (ZR®) axis marks the charge
transfer resistance (Rct). The Rer (i.e. diameter of the semi-circle)
typically increases in the presence of bound layers. There is also
typically a corresponding increase in the height of the semi-circle
(increase in imaginary impedance, Z'™) with adlayers. Therefore,
EIS can be potentially used as a tool to discriminate between
different bound and unbound states of, for example, the bare
electrode and following MIP integration.

In response to the COVID-19 pandemic, there have been some
limited reviews exploring but not limited to the deployment of
MIPs to detect SARS-CoV-2. The methodologies are based on
identifying either the SARS-CoV-2 nucleoprotein [44] or the full-
length spike protein (FL-S) [45,46]. Very recently, this has trans-
lated to the first reports of functional MIP-based sensors for SARS-
CoV-2. Researchers [47] produced an EIS sensor (within 20 min)
using ortho-phenylenediamine (oPD) monomer-based MIP to
imprint the receptor binding domain (RBD) component. They
calculated a theoretical viral load equivalence sensitivity of
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3—4.8 x 102 copies/pL (i.e. 3 - 4.8 x 10° copies/mL). A second group
[48] have reported detection of FL-S from nasopharyngeal swabs
using electropolymerized 3-aminophenylboronic acid (APBA) MIPs.
Analyte measurement was possible within 15 min and a limit of
detection (LOD) of 64 fM was reported using differential pulse
voltammetry. While the APBA serves to attach to cis-diols of gly-
coproteins such as the FL-S, it should be noted that APBA is not
selective to any one glycoprotein and therefore will be prone to
interference from other glycoproteins.

It should be noted that the spike protein is prone to multiple
mutations as the virus evolves, which could limit the application of
this approach. A holistic virus imprinting approach, taking into
consideration the template's full characteristics (size, shape and
presentation of spike) offers the potential for MIP-based diagnostic
to evolve with the virus. To this end, we have found that imprinting
of the SARS-CoV-2 virion particle (whole intact virus) as a template
has been largely overlooked with only one publication [49] at the
time of writing this paper. In their work, a graphene-based electrode
was integrated with an E-MIP based on pyrrole as functional
monomer in conjunction with 3-aminophenylboronic acid (APBA) to
imprint whole virus, in a sensor production process taking 1 h. All
rebinding studies were performed in control solutions only and did
not use real samples. As mentioned earlier an approach using APBA
is prone to interference due to the presence of interfering
glycoproteins.

In our approach, we use an acrylamide-based hydrogel MIP to
electrochemically imprint the whole intact virus in a MIP production
process taking 2—5 min and we demonstrate the measurement of
SARS-CoV-2 whole virus in actual biological samples (saliva) within
5 min. Specifically, we evaluate and present proof-of-concept find-
ings that electrochemically grown MIPs (E-MIPs) imprinted with
SARS-CoV-2 pseudoparticles (replication incompetent lentiviruses
embedded with the SARS-CoV-2 spike protein [50]) can be used to
selectively recognise the template particles. This is achieved by the
MIP identifying with the virion shape and/or the presence of the
spike protein. Subsequently, E-MIPs are prepared for virus capture
from saliva and analysis. The E-MIPs are interrogated electrochem-
ically (using CV and EIS) with a view to be used by untrained and
trained personnel alike (see Fig. 1). We present an evaluation of an
evolving (MIP) technology and demonstration of proof of concept.
We explain the simplicity of the method to determine SARS-CoV-2 in
untreated saliva samples, which in itself is an indication of how it can
easily replace the laboratory-based LAMP method, with minimal
labour and skill required.

2. Experimental section
2.1. Materials

N-hydroxymethylacrylamide (NHMA, 48% w/v), N,N'-methyl-
enebisacrylamide (MBAm), phosphate buffered saline tablets (PBS,
10 mM, pH 7.4 + 0.2), potassium ferricyanide (K3[Fe(CN)g]), potas-
sium chloride (KCI), sodium nitrate (NaNOs), potassium perox-
ydisulfate (KPS) and artificial saliva (SAE0149, pH 6.8) were supplied
from Sigma, Merck. Buffers were prepared in ultra-pure water (UPW,
18.2 + 0.2 MQ cm) and filter sterilised (0.22 pm). Inactivated influ-
enza A virus subtype HON2 (IAV/HIN2, 9.0 log1o pfu/mL) was kindly
donated by Prof. Munir Igbal (The Pirbright Institute, UK). Inacti-
vated, purified porcine reproductive and respiratory syndrome virus
1 (PRRSV) was prepared as described previously [34].

2.2. Methods

Production of SARS-CoV-2 pseudoparticles and recombinant
human monoclonal antibody CR3022.
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SARS-CoV-2 pseudoparticles (pps) were prepared as previously
described [50]. For a simplified schematic of the protocol, the
reader is also referred to Ref. [51]. In brief, HEK293T cells are
transfected with 0.6 pg of both p8.91 (HIV-1 gag-pol) and pCSFLW
(lentivirus backbone expressing a firefly luciferase reporter gene)
and 0.5 pg pCDNA3.1 SARS-CoV-2 spike D614 in OptiMEM with
10 pL polyethyleneimine 1 pg/mL (Sigma). The viral supernatant
was harvested at 48 and 72 h post-transfection, centrifuged to
remove cell debris and stored at —80 °C. SARS-CoV-2 pps were
concentrated by ultracentrifugation and were pelleted through a
sterile 20% sucrose cushion at 23,000 rpm for 2 h at 4 °C using a
SW32 rotor and XPN-100 Ultracentrifuge (Beckman Coulter). Virus
pellets were gently reconstituted in 600 pL of PBS. SARS-CoV-2 pps
were inactivated by incubation with 0.1% B-propiolactone (BPL;
Sigma) at 4 °C whilst rolling. Following this, incubated at 37 °C for
2 h to hydrolyse BPL. SARS-CoV-2 pps were titrated before and after
BPL inactivation by titration on HEK293T cells, previously trans-
fected with 500 ng of a human ACE2 expression plasmid (Addgene,
Cambridge, MA, USA). Following incubation at 37 °C, 5% CO, for
72 h. Firefly luciferase activity was then measured with BrightGlo
luciferase reagent and a GloMax-Multi + Detection System
(Promega, Southampton, UK) to determine infected wells and allow
calculation of the median 50% tissue culture infective does (TCIDsp).
Virus titres were converted from TCIDso/mL to pfu/mL using a
multiplication factor of 0.7. Vectors for expression of SARS-CoV and
SARS-CoV-2 spike specific human monoclonal antibody (mAb)
CR3022 [52] was kindly provided by Prof. Ray Owens, Protein
Production UK (PPUK), Rosalind Franklin Institute, UK. Recombi-
nant mAb CR3022 was expressed by transient co-transfection of
Expi293F™ cells (Gibco™ A14527, Thermo Fisher Scientific) with
plasmids coding for the IgG1 heavy chain and kappa light chain
[53], using Polyethylenimine (PEI) MAX® (molecular weight
40 kDa, Polysciences 24765). Following 3 days incubation at 37 °C,
the cell culture supernatant was harvested, and IgG purified by
Protein G chromatography (Cytiva 17040501). The pH neutralised
eluate was dialysed in PBS and the purified mAb CR3022 concen-
tration was determined by A280/1.4 to be 1.8 mg/mL.

2.3. E-MIP production

Thin-film hydrogel layers were fabricated directly onto screen-
printed electrodes (SPEs, (Au-BT), Metrohm) by electrochemical
polymerization using cyclic voltammetry (CV). A 50 uL PBS or PBS
diluted synthetic saliva solution containing SARS-CoV-2 pps
(3.0—5.6 log1p pfu/mL), 1.33 M NHMA as the functional monomer,
41.5 mM MBAm as the cross-linker, 0.29 M NaNOs, and 48.15 mM
KPS was deposited onto the SPE. The potential was then cycled
between —0.2 V and —1.4 V for 5-25 cycles at 50—100 mV s~
(4—10 min, RT, 22 + 2 °C). To remove template virus, elution was
also carried out electrochemically at —0.5 V and 1.5 V for 5 cycles at
175 mV s~ ! (~5 min, RT, 22 + 2 °C) using PBS (50 puL). Non-imprinted
polymer controls (E-NIPs) were produced in a similar manner, but
in the absence of virus template, and eluted for consistency.

2.4. Electrochemical characterisation of E-MIP

Polymer deposition was tracked via typical CV scans (triplicate)
of an external 5 mM potassium ferricyanide solution containing
0.5 M KCl as supporting electrolyte (50 mV s~'). Electrochemical
impedance spectroscopy (EIS) measurements were conducted us-
ing the same redox couple, at a standard potential of 0.1 V (+0.01 V)
with 10 scans of frequencies, and a sinusoidal potential peak-to-
peak with amplitude 0.01 V in the 1-100000 Hz frequency range.
An equivalent circuit was fitted for all EIS experiments using the
FRA32 module (Randles Circuit) - composed of a charge transfer
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Fig. 1. Schematic illustration of the proof-of-concept components, detection principle and detection procedure of COVID-19 E-MIPs. Initially, the SARS-CoV-2 pseudoparticle (pps)
imprinted MIP is electrodeposited onto a disposable screen-printed electrode (SPE). In the presence of SARS-CoV-2 pps the anodic/cathodic peak currents to an external redox
marker (ferricyanide) decrease and EIS spectra show a corresponding change, leading to qualitative and quantitative approaches to in-situ SARS-CoV-2 detection.

resistance between the solution and the electrode surface (Rct),
solution resistance (Rs), the Warburg impedance (Zy, associated
with the diffusion of the electroactive species from the solution
towards the electrode surface), and the double layer capacitance
(Ca1), (Supplementary Fig. S1). All electrochemical measurements
were performed using a Metrohm Autolab PGSTAT204 and
NOVAZ2.1.4 software. Template rebinding studies were performed
by exposing E-MIP modified SPEs to 50 pL of target SARS-CoV-2 pps
(in the range 3—5.6 logyp pfu/mL) for a period of 2 min. Subsequent
to template rebinding, 50 puL of mAb CR3022 (6.2 uM) were also
applied to the SPE chip for 2 min at RT 22 + 2 °C (0.9 mg/mL). After
each template rebind and mAb CR3022 treatment, the SPE chip was
electrochemically interrogated in the presence of ferricyanide
redox marker (5 mM) using cyclic voltammetry and EIS.

2.5. PCA for qualitative determination of SARS-CoV-2

Statistical analysis utilising principal component analysis (PCA)
was conducted through Minitab, Version 20.3. Plots were carried
out using the first 5 voltammetric current density scan values
without any previous pre-processing and scaling from the modified
SPE process as input.

2.6. Proof of concept study with human saliva samples

Patient saliva samples were kindly provided by the NHS COVID-
19 LAMP Saliva Testing Laboratory (Preston, UK). Samples were
processed in line with the Lancashire & South Cumbria COVID-19
LAMP Saliva Testing Programme for testing staff. Initial laboratory
confirmation for SARS-CoV-2 on these specimens was done using
the LAMP method. Anonymised patients were asked to produce a
clear and non-viscous saliva sample (not containing phlegm or
sputum) 10 min before oral hygiene being carried out, drinking,
smoking, or eating. Lysis buffer (Rapilyze) was added to the saliva
specimen to expose virus genetic content prior to LAMP analysis.
An aliquot (0.5 mL) of each sample (prior to adding lysis buffer) was
set aside for E-MIP analysis. Negative samples were stored at 4 °C

on a daily-basis; positive samples were stored at —80 °C and
thawed at room temperature prior to E-MIP analysis.

To assess our E-MIP-SPE method using the patient samples, 15
SARS-CoV-2 LAMP positive and 9 LAMP negative saliva samples
were used in the production of polymer-modified SPE surfaces by
spiking the monomer solution with 50 pL of the saliva sample,
followed by CV (See E-MIP production). The E-MIP and E-NIP SPEs
thus produced were washed with PBS to remove any non-
specifically bound material and then characterised using CV and
EIS. The E-MIP and E-NIP entrapped saliva samples were further
investigated by exposing the modified SPEs to 50 pL of SARS-CoV-2
mAb CR3022 for 2 min (0.9 mg/mL). Again, samples were analysed
using CV and EIS.

3. Results and discussion
3.1. Electrochemical characterization of E-MIP

Fig. 2A and B shows the polymerization cycles for E-MIP (SARS-
CoV-2 pps 5.6 logyo pfu/mL) and E-NIP respectively. As expected,
the peak cathodic current at —1.0 to —1.2 V decreased with each
cycle due to the free-radical initiated electropolymerization of
acrylamide monomer and subsequent deposition of poly-
acrylamide on the electrode surface [41,54,55]. In order to elute the
template, we first investigated using the well-established sodium
dodecyl sulphate/acetic acid (SDS/AcOH; 10% v/v) eluent to extract
biologicals from MIPs [56,57], but discovered that these conditions
were stripping away the electropolymerized E-MIP (the peak cur-
rents for the redox label returned to bare electrode levels). Due to
the potential harsh nature of using these conventional MIP elution
conditions, we investigated cycling the voltage at more positive
potentials (+1.5 V vs Ag/AgCl reference) post-polymerization in PBS
to remove the template (Supplementary Fig. S2). This was found to
effectively remove the template without apparently compromising
the integrity of the pre-formed E-MIP.

Ferricyanide was used as a redox label to confirm that E-MIP or
E-NIP was deposited on the bare electrode. A reduction in peak
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current to the redox marker was a firm indicator that a polymer
layer was formed on the electrode surface. Fig. 2C shows the ferro-
ferricyanide cyclic voltammograms comparing the bare electrode
and following MIP formation, template elution and template
rebinding. Fig. 2D shows the corresponding cyclic voltammograms
for the E-NIP control polymer. The E-MIP follows the expected
pattern in change in peak currents. There is a significant decrease in
current upon MIP formation, compared with the bare electrode
(SPE). Upon template elution, the redox peak increases to an in-
termediate stage but still lower than the bare electrode, confirming
that template has been removed (allowing more redox marker to
diffuse to the electrode). Upon template rebinding, the current
decreases due to a decrease in permeability of the redox marker to

Analytica Chimica Acta 1206 (2022) 339777

the electrode. The E-NIP also behaves as expected. Since there is no
template to remove, it also confirms that electrochemical elution
conditions do not affect the integrity of the polymer adlayer.
Indeed, the NIP layer is more uniform and homogenously produced
compared with the MIP. The presence of the virus serves to impede
the otherwise natural course of monomer polymerization and
crosslinker incorporation. The polymerization process therefore
needs to navigate around the template and entraps it between the
growing polymer chains during the process resulting in a more
porous polymer layer structure on the electrode. Polymer growth in
the NIP, by contrast, is less tortuous due to the absence of template,
allowing it to form a more rigidly coupled, homogeneous and dense
layer with inherently low porosity. Therefore, for an equivalent
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Fig. 2. Typical CVs illustrating the current density (j) changes in a 10 scan electropolymerization process (~5 min, RT, 22 + 2 °C) of SARS-CoV-2 pps (5.6 logqo pfu/mL) imprinted MIP
(A) and NIP (B) layers in synthetic saliva at a scan rate of 50 mV s~ . CV characterisations (3rd scan) using 5 mM potassium ferricyanide solution containing 0.5 M KCl at a scan rate of
50 mV s~' of: MIP (C) and NIP (D) layers before (SPE) and after polymer modifications and following elution, pps rebinding and mAb addition. Rebinding (2 min, RT 22 + 2 °C)
conducted using 50 pL of 5.6 logip pfu/mL SARS-CoV-2 pps and then subjected to 50 uL mAb CR3022 (2 min, RT 22 + 2 °C, 0.9 mg/mL). SPE represents the bare (unmodified)
electrode. SEM scans of SPE before (E) and after polymerization (F) demonstrating the presence of polymer modification and topography change. Scans were conducted using a
Thermo Fisher Quattro S scanning electron microscope at 5 kV and SPEs were measured in triplicate using 3 different sites.
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number of polymerization cycles, the NIP will incorporate more
monomer and crosslinker than the MIP. Fig. 2D and E represent
scanning electron micrographs of the bare gold electrode and E-
MIP coated electrode respectively.

3.2. SARS-CoV-2 pseudoparticle detection using E-MIPs

Cyclic voltammograms for SARS-CoV-2 pps template rebinding
at a high viral titre (5.6 logip pfu/mL) are shown in Fig. 2C and D.
The decrease in peak current did not correlate with increasing viral
titre (data not shown), and so at best, it presents a qualitative (yes/
no) approach to determining the presence of virus. We were able to
detect the presence of template in the range 4.1—6.0 log1o pfu/mL.
This is an acceptable range for the determination of SARS-CoV-2 in
saliva levels found using genome copy analysis [58] and the lower
limit (calculated based on 3a/slope) is comparable to the LOD (4.0
logio pfu/mL) reported by Hashemi et al. in their graphene
electrode-based MIP system for measuring SARS-CoV-2 whole vi-
rus [49]. Based on the virus particle concentration in their control
experiments, they also calculated that this equated to a LOD of
11.3 fg/mL. By extrapolation, this suggests our method has a LOD of
88.0 fg/mL. It is of note that real samples were not tested in their
study.

PCA and factor analysis was used to discriminate and semi-
quantitate between the presence and absence of SARS-CoV-2 pps
in MIP and NIP formation. Fig. 3 shows a clear discrimination be-
tween NIP control (no SARS-CoV-2 pps present) and MIP loaded
with SARS-CoV-2 pps, with 99.5% of the of the variance explained
by principal components 1 and 2. The factor analysis (Fig. 3A) il-
lustrates the concentration dependency as the variable factor in the
component separation. Each of the four quadrants in the PCA biplot
hold concentrations of SARS-CoV-2 pps in the form of high, mid,
low, and negative as a consequence (Fig. 3B). This allows for the
discrimination between the viral loading samples and suggests the
possibility of determining any artifacts or template virions within
the polymer synthesis and deposition at the working electrode.

In addition to cyclic voltammetry, EIS was used to further
investigate the rebinding of SARS-CoV-2 pps to MIP and NIP. Fig. 4A
compares the Nyquist plots for bare electrode, MIP and NIP. The
bare gold SPE (black line) was characterised by a small impedance
(= 500 Q) a resistance to charge transfer (Rcr) of 1800 + 100 Q, the
latter indicating the expected small resistance toward redox con-
version and a high electron transfer on the bare electrode surface. It
should be noted that the Rey in the EIS spectrum (but not the form
of the spectrum) for the bare SPE can vary between electrodes due
to batch-to-batch variation in printed electrode material. Subse-
quent changes to Rcr, real (ZR€) and imaginary (Z'™) impedances,
will be relative to the baseline EIS response of the SPE used. Both
MIP and NIP modified electrodes showed an increase in impedance
(ZR¢ = 3000 Q) and an increase in Rer to 7000 Q, demonstrating an
increased resistance to redox conversion. This would be expected
since both MIP and NIP presented a barrier to diffusion of the
ferricyanide redox marker. We subsequently treated MIP and NIP
layers with a SARS-CoV-2 specific mAb CR3022. MIP samples eli-
cited a significant change in impedance likely due to antibody
binding to entrapped SARS-CoV-2 pps (Z*¢ = 5000 Q) and an
associated Rer =10000 + 1000 Q demonstrating high resistance to
redox conversion. Conversely, the NIP showed only a small increase
in impedance upon mAb CR3022 treatment (from 3000 to 3400 Q)
with no significant change in Ret. This is possibly attributed to some
non-specific binding of antibody to the NIP.

We investigated a range of SARS-CoV-2 pps loadings on the MIPs
(Fig. 4C) which demonstrated that all viral loadings (1.0-6.0
log1g pfu/mL) were grouped together with Rcr values at or below
2000 Q. However, with the eluted MIP (virus removed) or below 2.0
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log1o pfu/mL viral load on the MIP, the corresponding Nyquist plot
resembled that of NIP (zero virus) allowing us to determine a
threshold of 2.0 logyo pfu/mL below which the E-MIP sensor could
not determine SARS-CoV-2. The clear separation in impedance
characteristics between presence and absence of virus on MIP
suggests that this method could be used qualitatively to discrimi-
nate between positive and negative COVID-19 cases, essentially
with no requirement for post measurement data processing
through principal component analysis. This radically speeds up the
time to a result to less than 5 min.

By extracting the charge transfer resistance values, we were able
to produce a calibration plot for the semi-quantitative determina-
tion of SARS-CoV-2 pps in the range 3.0—7.0 logyo pfu/mL with a
limit of detection of 4.9 logyp pfu/mL (Fig. 4D). Whereas there was a
linear correlation between viral load and Rcr at medium to high
viral loadings of 4.0—7.0 logig pfu/mL, the Rcr responses in the
range 2.0—4.0 logyo pfu/mL did not differ significantly. Nonetheless,
we present a wide linear range and whereas it may not cover 8 logs
as with the PCR method, it should be noted that we present a
method to detect SARS-CoV-2 in untreated saliva with no amplifi-
cation of virus material. Our E-MIPs also showed selectivity for
template SARS-CoV-2 pps, with an imprinting factor of 3:1, and
specificity (significance = 0.06) when cross-reacted with similar
concentrations of either porcine reproductive and respiratory
syndrome virus 1 (PRRSV) or influenza A virus subtype HON2 (IAV)
(Supplementary Fig. S3).

3.3. SARS-CoV-2 detection in clinical saliva samples

The richness in information from the whole Nyquist plot and the
high discrimination in overall signal for the different E-MIP viral
loading conditions (Fig. 4A and C) offers a route to a plausible rapid
and sensitive system for SARS-CoV-2 determination. We investi-
gated this further by testing 24 patient saliva samples, which had
been previously tested for SARS-CoV-2 using the LAMP method.
Only a small saliva sample (50 pL) was required with no dilution or
pre-treatment. PCA biplots for polymer formation using the ‘qual-
itative’ approach were again determined (Fig. 5A), demonstrating
two clusters for each of the positive and negative samples, showing
66.6% agreement with LAMP positive results and 88.9% agreement
with LAMP negative results. Interestingly, our study revealed that a
degree of overlap was present in the discrimination method, with
five samples from the LAMP positive results presenting as negative
results using our E-MIP approach. Overall, there was 75% agree-
ment between our E-MIP method and the LAMP method.

There is a difference in the EIS response when switching from
imprinting of control pps in PBS or saliva (Fig. 4A and C) to
imprinting of virus within a real saliva sample (Fig. 5B). The latter
shows that the E-MIP device returns small Z*¢ and Z'™ values when
the virus is entrapped in the MIP production process indicating a
positive test result. The negative test results possess significantly
higher Z®¢ and Z'™ values to those of either the NIP (no virus) or the
eluted MIP from Fig. 4A. As a confirmatory measure of entrapped
SARS-CoV-2 in positive samples, all representative samples were
treated with SARS-CoV-2 S-specific mAb CR3022 (Fig. 5B, green and
grey lines). Only COVID-19 positive samples elicited a significant
change in the Nyquist plots due to antibody binding to entrapped
virus presenting with the spike protein. Interestingly, COVID-19
negative samples also showed a small change in Z8¢ and Z'™ upon
antibody treatment, possibly due to non-specific binding of anti-
body. Surprisingly though, the direction of changes in impedance
observed for the positive cases upon mAb CR3022 treatment was
unexpected. Whereas we expected an increase in impedance due to
specific adsorption and layering of antibodies to the MIP-surface-
entrapped virus, there was instead a decrease in both Z*¢ and z™
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as well as in the associated Rcr suggesting a decreased resistance to
(increased diffusion of) the ferro/ferricyanide redox marker elec-
trode process. It is noteworthy that this unexpected decrease
occurred consistently only with the positive cases. We speculate
that the antibody binding with SARS-CoV-2 antigen is leading to
the antibody-antigen complex stripping away from the electrode
into the surrounding solution, and hence the decrease in ZRe and
Z'™ The binding affinities of acrylamide-based MIPs for proteins are
typically in the sub-micromolar range [59]. Given that the affinity
of CR3022 for the RBD is very high at 0.125 nM [52], such a stripping
mechanism by the antibody is plausible. Voltammograms (Fig. 5C)
for representative positive and negative samples confirm that the
peak anodic current of the ferro/ferricyanide CV show increased

values for the MIP positive samples following antibody addition,
confirming that the E-MIP polymer layer is becoming more
permeable to the redox marker. Conversely, the negative (NIP-like)
samples retain their low CV response to the redox marker following
antibody addition. That the E-MIP increases its permeability is not
surprising if we consider the possible modes of action of the anti-
body. More than one antibody can bind to the presenting virus
surface in the E-MIP layer. These antibodies can then agglomerate
causing the entrapped virus to decouple from the E-MIP on the
electrode surface.

Table 1 gives a comparison of performance of our MIP-based
SARS-CoV-2 electrochemical sensor with others published at the
time of writing this paper. While the template can vary from whole
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virus, nucleoprotein, FL-S to RBD, it can be seen our method to
determine the whole virus compares favourably with [49], with the
advantage that we have been able to make determinations in actual
COVID-19 positive and negative saliva samples. Indeed, it is
remarkable that besides our work, to date, there is only one paper
[44] which tests for SARS-CoV-2 using real patient samples. It
should be noted that our calculated LOD (88.0 fg/mL) is approxi-
mately one order of magnitude higher than Hashemi et al. (11.3 fg/
mL). This could be related to the difference in monomer/electrode
systems used in the two studies. Their use of a graphene nano-
electrode based system could enhance the signal-to-noise ratio
resulting in a higher observed MIP sensitivity with lower LOD.

4. Conclusions

We present a simple MIP-based electrochemical method for
detecting SARS-CoV-2 requiring only 50 pL of an untreated saliva
sample. Our technique relies on the electrochemical molecular
imprinting process to entrap the virus onto a low-cost disposable
screen-printed electrode surface. MIP production time is less than
5 min. Subsequent electrochemical impedance spectroscopy
(<2 min) produces a Nyquist plot which can discriminate between
positive and negative cases. Time to result is therefore less than
10 min even when considering a washing stage (30s). The overall
Nyquist plot serves as a potential discriminator between COVID-19
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Table 1

Analytica Chimica Acta 1206 (2022) 339777

Comparison of the analytical performance of our method against recently published electrochemical MIP sensors for SARS-CoV-2 using various imprinted templates. p(d):
production (and detection, based on MIP rebinding); pps: pseudoparticles (replication incompetent lentiviruses embedded with the SARS-CoV-2 spike protein); LOD: limit of
detection; LDR: linear dynamic range. * evaluated using pfu/mL to fg/mL relationship derived in Ref. [49] for fair comparison with our method.

MIP Sensor [Ref] Template Time p(d) LDR LOD
polyNHMA/Au-SPE (Our method) Whole virus (pps) <10 min (2 min) tested on COVID-19 positive and negative Logo 4.0 *88.0 fg/mL (Log1o
saliva —6.0 pfu/mL 4.9 pfu/mL)
polypyrrole-boronic acid/Graphene- ~ Whole virus >1 h (1 min) tested on spiked PBS only 0.7-9.0 fg/mL  11.3 fg/mL (Logo 4 pfu/
GCE [49] mL)
Poly-m-phenylenediamine/Au-SPE Nucleoprotein (51 kDa) >1 h (15 min) tested on COVID-19 positive nasopharyngeal Up to 5.7 pg/mL 0.7 ng/mL (15 fM)
[44] swab

ortho-phenylenediamine/Au-SPE [47] RBD (35 kDa)
3-aminophenylboronic acid (APBA)/

Au-TFME [48] 45 kDa)

>15 min (20 min) tested on spiked PBS/saliva only
Spike protein (ncovS1, >1 h (15 min) tested on spiked COVID-19 negative
nasopharyngeal swab only

2.0—40.0 pg/mL 0.7 pg/mL (20 fM)
1.1-4.8 pg/mL 4.8 pg/mL (64 fM)

positive and negative samples exhibiting a clear separation in real
and complex impedances between the two cases. Whereas our
electrochemical device demonstrated an overall 75% agreement
with the LAMP method, significantly, our method produced a
negative result in a third of the LAMP positive cases. This requires
further investigation using a larger patient sample size. Addition-
ally, any further validation of our E-MIP method will require a
comparison to the gold standard RT-PCR method. Compared with
the LAMP method, our E-MIP method does not require manipula-
tion of the virus to release proteins and/or RNA nor subsequent
amplification of genetic material. It relies on a low-cost electro-
chemically grown polymer that captures the whole intact virus
from saliva. Pre-treatment of the sample is not required, which
saves significant time. We show that subsequent mAb CR3022
treatment of the MIP-entrapped virus can be used for further
confirmation of COVID-19 positive cases, and it may be useful to
discriminate between SARS-CoV-2 and other respiratory viruses.
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