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The persistent nature of the SARS-CoV-2 virus, characterized by its large-scale periodical recurrence and high
infectivity, has imposed an increasing demand for rapid and frequent tests. This paper presents a simple,
disposable, sensitive, and selective label-free sensor for impedimetric detection of the virus Spike S1 protein. We
modified a screen-printed carbon electrode with gelatin as the biocompatible support to deposit a protein A
layer, acting as the structure-directing agent for subsequent site-induced binding of antibodies. We thoroughly
investigated the main design factors, such as gelatin deposition, protein A and antibody concentrations, incu-
bation time, BSA blocking time, followed by the analytical performance studies using the Spike S1 protein in
phosphate-buffered saline (PBS) and artificial nasopharyngeal fluid (ANF). The immunosensor exhibited an
excellent linear impedimetric response for Spike S1 in the clinically-relevant range of 0.001 - 10 pg mL~! (13 pM
- 130 nM), along with very low limits of detection of 169 pg mL™* (2.2 pM) in PBS and 90 pg mL ™! (1.2 pM) in
ANF. Together with favorable stability, repeatability, and selectivity, the newly developed immunosensor can be

designated for its point-of-need application.

1. Introduction

During the past two and a half years, humanity has witnessed a large
socio-economical catastrophe due to the SARS-CoV-2 pandemic. The
significant infectivity of the novel virus strains, accompanied by the
incoherency of the proposed preventive and vaccination strategies, and
flexible abidance to the imposed measures, has led to the omnipresence
of the virus and increased demand for the testings. This is additionally
emphasized by the growing concerns about the adverse effects of the
virus on the organs, especially the respiratory system [1]. Thus far, over
half a billion people have been infected with a variant of COVID-19,
resulting in more than 6.8 million deaths.

As the most viable alternative to conventional molecular and sero-
logical tests, which dominate in practical applications, various types of
electrochemical immunosensors have recently emerged [2]. With
properly chosen and optimized protocols for the fabrication and modi-
fication of the supporting electrode materials with stable, functional
biorecognition elements and by employing different sensing strategies,

clinically relevant limits of detection could be achieved in a relatively
short time [3]. Moreover, taking into account significant breakthroughs
toward miniaturized instrumentation, mobility, and facile data acqui-
sition, the electrochemical sensors seem promising for point-of-need
applications [4]. The existing literature recognizes voltammetric
detection methods as the most frequently utilized for the detection of
both specific antibodies and antigens [5-10], followed by devices based
on impedimetric measurements [11-17].

Most state-of-art electrochemical sensing platforms for detecting
SARS-CoV-2 are based on the supporting electrodes modified with
functional (nano)materials exploiting their advantages such as the
enhanced charge transfer, electrocatalytic effect, surface roughness, and
typically large electroactive surface area [18]. Recently, Adeel et al.
synthesized flexible graphitic carbon foil for covalent immobilization of
anti-SARS-CoV-2 antibodies via ethylenediamine functionalization and
EDC/NHS cross-linking for the voltammetric detection of the Spike S1
protein in PBS (pH=7.4) and diluted blood serum [19]. Similarly, they
prepared AuNPs-coated carbon cloth electrodes, modified with a
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thiol-functionalized DNA aptamer for the detection of Spike S1 protein
in PBS (pH=7.4) and diluted human saliva [20]. Another way to detect
SARS-CoV-2 via impedimetric and amperometric quantification of its
nucleic acid was demonstrated by the glassy carbon electrode modified
with multi-walled carbon nanotubes (MWCNTSs) non-covalently func-
tionalized with avidin as affinity support for the biotinylated-DNA
capture probes [21]. Obviously, the choices for electrode modification
materials are quite diverse in order to provide selective and sensitive
platforms for the detection of SARS-CoV-2, which is in-details reviewed
elsewhere [18,22].

On the other hand, our strategy is based on utilizing a biocompatible
gelatin polymeric support for the successful incorporation of the bio-
recognition element while providing a reproducible, stable, and selec-
tive electrochemical signal. Gelatin is a three-dimensional biopolymer
obtained by acidic or alkaline processing of collagen, a protein that
originates from the connective tissues of various animals. It is a suitable
medium for ionic transport owing to its hydrophilicity and good
immobilization or entrapment capability for enzymes, cells, tissues, and
aptamers [23-25]. Apart from its functional versatility, gelatin also
complies with the contemporary demands for environmentally friendly
and biodegradable agents [26]. However, to the best of our knowledge,
its usage in electrochemical bio-affinity sensors for antigen detection is
surprisingly scarce and limited only to entrapment purposes. In one of a
few publications on gelatin-based electrochemical sensors, gelatin was
used to entrap the HRP-labelled hepatitis B antibodies previously
attached to the Nafion-modified platinum disk electrode; quantification
of the antigens was carried out potentiometrically [27]. In another
study, gelatin was mixed with colloidal silver particles and anti-AFP
antibodies on the platinum disk electrode to form a sensing membrane
for potentiometric detection of a-fetoprotein [28].

Herein, we present a novel approach in which gelatin serves as a
biocompatible surface modifier for the screen-printed carbon electrode,
acting as the supporting building block incorporating biorecognition
elements via site-directed binding. The latter was achieved by inte-
grating a protein A layer as the linker prior to the immobilization of
specific antibodies. Our research involves several optimization steps to
enhance the electroanalytical characteristics of a newly developed label-
free disposable sensor. The sensor exhibited good performance for
highly sensitive and selective detection of COVID-19 Spike S1 protein in
phosphate-buffered saline (PBS) and in the artificial nasopharyngeal
fluid (ANF).

2. Experimental
2.1. Chemicals

All commercial reagents were of analytical grade and were used
without further purification. All aqueous solutions were prepared using
ultrapure water with resistivity not less than 18.2 MQ cm at 298 K (Milli-
Q, Millipore, Corp., Marlborough, USA).

Gelatin from porcine skin (gel strength 300, Type A), 4-morpholinee-
thanesulfonic acid monohydrate (MES), Sodium azide (NaN3), 1-ethyl-
3-(3'-dimethyl aminopropyl)carbodiimide, HCl (EDQ),
N—Hydroxysuccinimide, 89% (NHS) and Bovine Serum Albumin (BSA)
were purchased from Sigma Aldrich (St. Louis, USA). Sodium phosphate
dibasic (NapHPO4-2H,0) and glycerol (C3HgOs, redistilled, pro analysis)
were purchased from Kemika, Pliva (Zagreb, Croatia). Sodium hydrox-
ide (NaOH) and sodium chloride (NaCl) were purchased from Merck
(Darmstadt, Germany). N,N-dimethylformamide, potassium phosphate
monobasic (KHyPO4), and potassium hexacyanoferrate (III) (Ks3[Fe
(CN)g]) were purchased from Fluka (Buchs, Switzerland). Potassium
chloride (KCl) and potassium hexacyanoferrate (II) (K4[Fe(CN)¢]) were
purchased from Riedel-de Haén (Seelze, Germany). Protein A
(ab71456), human monoclonal anti-SARS-CoV-2 Spike glycoprotein S1
antibodies (ab286179), and recombinant human coronavirus SARS-
CoV-2 Spike glycoprotein S1 (ab273068) were purchased from Abcam
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(Cambridge, UK). Artificial nasopharyngeal fluid (ANF) was purchased
from BioCHEMAZONE (Hamilton, ON, Canada).

2.2. Preparation of buffers

MES buffer was prepared by dissolving 5.33 g of MES monohydrate
in 250.0 mL of purified H,O. Phosphate-buffered saline (PBS, pH=7.4)
was prepared by dissolving 8.00 g of NaCl, 200.0 mg of KCl, 1.81 g of
NapHPO4-2H50, and 240.0 mg of KHoPO4 in 1.0 L of purified H,O. When
the PBS was used to dilute proteins, 0.001% of NaN3 was added to the
solution as a preservative.

2.3. Modification of the working electrode and sensor fabrication

The screen-printed carbon electrodes (SPCEs) were modified using
an optimized procedure as follows: 0.10 g of gelatin was dissolved in 9.5
mL of purified H,0 at 50 °C, followed by the addition of 500 uL of 100%
glycerol. After thorough and vigorous homogenization using a magnetic
stirrer, 12 pL of the suspension (cooled down to room temperature) was
carefully drop-casted onto the working electrode of the SPCE unit. Af-
terward, the deposited layer was left to dry on air in a model atmosphere
(22-23 °C) for at least 36 h before use.

Bare and gelatin-modified SPCEs were subjected to optical inspection
using profilometry (Zegage PRO HR, Zygo Corporation, PA). 3D infor-
mation was obtained using a 50x magnification lens with a lateral
resolution of 0.52 mm, and a surface topography repeatability of <3.5
nm.

After the completion of the drying step, which was visually charac-
terized by the noticeable formation of a thick transparent layer, the
electrodes were left for one hour at 4 °C in the solution containing 400.0
mM EDC and 100.0 mM NHS in MES (pH=5.5). After that, the electrodes
were rinsed in PBS and then in purified H2O to remove the unreacted
species, followed by drying under a mild stream of nitrogen at 0.2 bar.
After introducing the cross-linkers, the working electrodes were incu-
bated with protein A solution (20-100 pg mL_l) in MES (pH=5.5) for
one hour, followed by rinsing with purified HoO and drying under the
nitrogen stream. In the next step, 10 pL of the anti-SARS-CoV-2 Spike
glycoprotein S1 antibodies, with concentrations ranging from 5 to 50 g
mL~! in PBS, was carefully cast onto the working electrode and left for
up to one hour, incubating at room temperature. After rinsing off the
unbound antibodies with PBS, the non-active antibody sites were
blocked with the addition of BSA (10 pg mL ™" in PBS) and subsequently
rinsed and dried. Incubation with Spike S1 protein was performed at
room temperature for 15-120 min, and its electrochemical detection
was conducted by electrochemical impedance spectroscopy (EIS) mea-
surements in the presence of 1.0 mM [Fe(CN)g] 3/4- redox couple in 0.1
M KClL.

2.4. Electrochemical measurements

All electrochemical measurements were performed using a portable
PalmSens 4 electrochemical system operated by the software PSTrace
5.9 (PalmSens BV, Netherlands). EIS spectra (Nyquist plots) were
recorded in the frequency range of 10°-10~! Hz at the formal potential
of +0.14 V vs. integrated silver quasi-reference electrode (at the SPCE)
and an amplitude of 20 mV, using 1.0 mM [Fe(CN)6]37/4’ in 0.1 M KCl
as a redox probe. The experiments were carried out using the supporting
screen-printed carbon electrodes (SPCEs, DropSens, DRP-C110) pur-
chased from Metrohm (Herisau, Switzerland) with a 4 mm diameter of
the working electrode. For each measurement, the working, reference,
and counter electrodes were covered with a 50 pL drop of the redox
probe solution.
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3. Results and discussion
3.1. Fabrication of the inmunosensor

Deposition of the gelatin onto the SPCE was performed by drop-
casting the gelatin solution containing glycerol as the rheological
agent that assures uniform distribution and satisfactory thickness ho-
mogeneity of the coating. The latter was investigated by 3D profilom-
etry, and the corresponding results are presented in Fig. 1. As can be
seen, the bare SPCE exhibits a relatively rough surface profile (Fig. 1a
and b), resembling the structure of a well with an outer ring of approx.
400 pm wide, irregular base with a diameter of approx. 3.0 mm and
roughness of 1.36+0.04 um (n = 3).

Upon the deposition of gelatin and subsequent drying, the surface
roughness was reduced to 0.85+0.06 um (n = 3), with an average gelatin
coating height of 11.2 um (Fig. 1b). The significant reduction of
roughness (~38%) suggests that the gelatin layer is efficiently thick and
homogenous enough to compensate for both the roughness and irregular
3D nanostructure of the supporting electrode surface, as depicted in
Fig. lc.

In addition, randomly selected bare SPCEs (n = 20) were subjected to
EIS measurements in 1.0 mM [Fe(CN)G]S'/ 4= before and after modifi-
cation with gelatin. The relative standard deviation (RSD) of the charge
transfer resistance (Rcr) obtained by fitting the raw EIS data of un-
modified SPCEs was 23.8% (1291.6 + 68.9 Q), whereas the Rcr of
gelatine-modified SPCEs exhibited an RSD of 16.6% (1285.6 + 47.6 Q).
Importantly, the attenuation of RSD implies that the deposition of
gelatin also reduced the intrinsic electrochemical irreproducibility of
the SPCEs, making them more applicable for (bio)sensor fabrication.
The corresponding measurements, along with fitting parameters, are
summarized in Figure S1 and Table S1, respectively.

Multi-step construction of the immunosensor was monitored by EIS
measurements in 1.0 mM [Fe(CN)g] 3-/4= with the corresponding results
presented in Fig. 2, whereas the extracted fitting parameters are listed in
Table 1. The deposition of gelatin was characterized by a significant
change in the Nyquist spectrum and the occurrence of a small semicircle,
which was attributed to the charge transfer within the deposited gelatin
coating (Fig. 2b). The raw impedance data were fitted using the equiv-
alent circuit Rg-(RgpLIIQ1)-((RctW)IIC1). Herein, Rs corresponds to the
solution resistance, Rggy, reflects the low resistance of the heterogeneous
gelatin layer, Q; is the non-ideal capacitance of the gelatin layer (non-
ideal due to the typical presence of some sequestered water molecules
and/or ions, non-ideal surface, pinholes, etc.), Rt is the charge transfer
resistance of the upper sensing layer (related to the antibody-antigen
interaction), W is the Warburg element that models the diffusion phe-
nomena, and C; is the double-layer capacitance of the upper sensing
layer.

The first modification step was the introduction of the EDC/NHS
cross-linking pair via its reaction with the gelatin COOH groups to
ensure proper chemical binding of proteins. By taking into account the
heterogeneous structure of gelatin originating from the porcine skin,
there are two possibilities for the protein binding, i.e., one via the

a) b)

SPCE/gelatin

Height, um
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proposed chemical route involving gelatin carboxyl groups (78 COOH
groups per 100 amino acids) for binding with protein A using EDC/NHS
protocol, and an alternative one based on the direct random adsorption
of the proteins. The chemical route leads to the preferentially oriented
antibodies in a stable arrangement, in which protein A binds to the Fc
domain of the antibody while leaving the antibody Fab domains exposed
for the binding with the target antigen. On the other hand, random
adsorption of antibodies would result in an unstable sensing surface,
prone to protein reorientation, denaturation, and low binding capacity
towards the target antigen. Thus, to promote the chemical route, we
soaked the gelatin-modified SPCEs in a solution containing 400.0 mM
EDC and 100.0 mM NHS in MES (pH=5.5) followed by the gelatin
carboxyl groups cross-linking with protein A that binds with the Fc re-
gion of the anti-SARS-CoV-2 antibodies. The intermediate ester (gelatin-
COO-EDC) and the amine-reactive sulfo-HNS ester (product of the re-
action between gelatin-COO-EDC and NHS) both react with the protein
A to form stable conjugates via the amide bond. Simultaneously, the
unstable gelatin-COO-EDC intermediate can hydrolyze and liberate
carboxylic groups of the gelatin. This effect can be minimized with the
appropriate pH of the reaction solution and temperature. A certain
quantity of isourea is produced as the byproduct related to the NHS
reaction path. It must be noted that the existing EDC/NHS protocols vary
a lot in terms of reaction conditions, i.e., the molar ratio between the
reagents and their overall concentrations, choice of the solvents, treat-
ment temperature, and duration. In this study, the procedure was car-
ried out at 4 °C, to ensure the stability of the reagents, which were
introduced in MES buffer of specific pH of 5.5 (NHS : EDC = 0.25),
aiming for prolonged durability of the formed NHS ester intermediate,
and to avoid side-reactions, such as the spontaneous hydrolysis [29,30].

The introduction of the EDC/NHC pair in the sensor’s architecture
resulted in a relatively large R¢r amplification (1062.73 — 3612.33 Q),
suggesting that significant cross-linking density was achieved (Fig. 2c).
This was followed by a small drop of R¢r upon the introduction of
protein A (3612.33 — 2886.33 Q), as shown in Fig. 2d. This decrease of
the Rer upon introduction of protein A and rinsing suggests that only the
chemically bonded protein A remains in the sensing structure and that
the excess of EDC and NHS, previously added in a 4:1 ratio, and
byproducts, are washed from the gelatin, thus leaving more active sites
for the redox probe signaling.

The introduction of protein A induced a site-directed End-on Fab-up
immobilization of the anti-SARS-CoV-2 Spike glycoprotein S1 antibodies
via their Fc fragments, which enhances antigen binding efficiency and
consequently results in improved immunosensor sensitivity [31]. Such
an approach is an alternative to the random adsorption of antibody
molecules [32] or conventional, by far the most utilized antibody
immobilization protocol, with thiol-based self-assembled monolayers
deposited onto various types of supporting electrodes [33-36].
Compared to random adsorption, the latter approach enables better
stability and potential reusability owing to the covalent bonds but still
suffers from the decreased availability of active antibody sites due to
their arbitrary orientation [37].

Furthermore, the addition of antibodies (5 ug mL ™}, incubation of 60

——SPCE c)
SPCE/gelatin 16 e

SPCE/gelatin

2000 4000 6000 8000 10000
Distance, um

Fig. 1. 3D profilometry imaging (a), thickness profile (b), and morphology (c) of the SPCE before and after modification with gelatin.
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Fig. 2. Step-by-step fabrication of the immunosensor monitored by EIS (Niquist plots) in the presence of 1.0 mmol L ~ * [Fe(CN)¢]*>/*~ in 0.1 mol L ~ ! KCl at bare
SPCE (a), (a)+gelatin (b), (b)+EDC/NHS (c), (c)+protein A (d), (d)+anti-SARS-CoV-2 Spike glycoprotein S1 antibody and BSA (e), (e)+Spike S1 protein (f).

Table 1
Fitted parameters of the obtained raw impedance data presented in Fig. 2.

Step/parameter Rs, Q Rge, Q Qy, uT n, ¢ Recr, Q W, ko Cy, mF

Gelatin 150.83 41.09 221.17 0.66 1062.73 1.42 0.266
+ + + + + + +
2.03 1.45 42.87 0.04 65.10 0.07 0.011

EDC/NHS 160.37 113.03 560.77 0.56 3612.33 1.98 0.229
+ + + + + + +
3.03 7.02 46.77 0.01 199.00 0.05 0.015

Protein A 165.03 88.97 532.23 0.57 2886.33 2.25 0.201
+ + + + + + +
3.19 10.37 145.30 0.03 116.91 0.11 0.013

Antibody 156.77 122.10 595.90 0.57 4236.33 2.38 0.198
+ + + + + + +
5.82 5.02 77.02 0.02 377.27 0.23 0.002

BSA 158.57 108.64 499.20 0.64 4425.00 2.22 0.196
+ + + + + + +
4.43 4.07 105.04 0.04 472.25 0.18 0.011

Spike S1 157.93 346.63 160.10 0.96 6153.33 3.17 0.199
+ + + + + + +
4.79 27.36 5.94 0.01 91.67 0.13 0.003

min) resulted in a typical increase of the Rcr (2886.33 — 4236.33 Q)
demonstrated in Fig. 2e. This increase is associated with the formation of
a biorecognition layer which suppresses the charge transfer between the
redox-active probe molecules and the supporting electrode surface.
Blocking of the unoccupied sites with BSA (10 ug mL ™!, incubation of 30
min) was characterized by a discrete rise of the impedance (4236.33 —
4425.00 Q), whereas the 60 min incubation with the analyte, i.e., Spike
S1 protein (10 pg mL™Y), yielded a rise in both R¢r (4425.00 — 6153.33
Q), and Rggr (108.64 — 346.63 Q), suggesting strong affinity of the
sensing surface towards binding the antigen (Fig. 2f). Alternatively, the
build-up process of the sensor was characterized by the square-wave
voltammetric (SWV) measurements, with the corresponding data pre-
sented in Figure S2. The obtained voltammetric results showed peak
current changes consistent with the impedimetric measurements.

3.2. Optimization studies

Aimed at improving the electroanalytical response of the immuno-
sensor, we carried out studies of several key parameters related to the
sensor’s fabrication, including protein A concentration, antibody con-
centration, BSA blocking time, and Spike S1 protein incubation time.

The relative increase of the sensor’s charge transfer resistance (Rcr)
upon the incubation with 10 pg mL ™! Spike S1 protein was used as the
feedback signal (AR) to determine the optimal parameters for sensor
design. To obtain the Rcr values, the recorded raw impedance spectra
were fitted using the appropriate Randles-type equivalent circuit, i.e.,
Rs-(RgeLIIQ1)-((RerW)IICY), explained in Section 3.1. All measurements
during the optimization experiments were carried out in triplicates.

As expected, the largest change in the analytical signal was detected
by altering the Spike S1 incubation time. A gradual increase of the AR
was observed in the range of 30-60 min, followed by a mildly rising
trend up to 120 min of incubation, indicating the commencement of
saturation (Fig. 3a). Since the reproducibility of the signal for the last
examined point at 120 min was rather low, i.e., implying the intrinsic
rearrangements within the protein layer [38], we adopted 60 min as the
optimal incubation time for further investigation. In the next study, we
tackled the effect of BSA blocking time on the immunosensor response.
We observed that the prolonged blocking time in the range of 0-45 min
resulted in a somewhat decreased immunosensor response, as depicted
in Fig. 3b, with 30 min being the most optimal blocking time considering
the signal reproducibility and signal height. When increasing the
anti-SARS-CoV-2 antibody concentration, the sensor revealed the



A. Lobato et al.

a) 3.75

3.50
3.25 4
3.00 4

c 2.754 *
™4

5250
n:g 2,254 *

X, 2,00

o 1.754

1.50 4 *
1.254
1.00 4

0.75

0 20 40 60 80 100 120
Incubation time, min

c) 4.25

4,00
3.751
3.50 -

* 3.254

£ el

L 2.
2.50 4
2.25+
2.004

1.75 T T T T T
0 10 20 30 40 50

[Antibody], ug mL™’

Q

Electrochimica Acta 463 (2023) 142823

b) 4.25
4.00 +
375 |
3.50 4 ‘

< 3,254
£3.004

[+ 4

278 + T
2.50 4

2.25 T

2.00 4
1.75

Q

i

nk:

0 10 20 30 40 50
BSA blocking time, min

d) 4.25

4.00
3.754
o 3501
* 3.254
z
mg 3.00
% 2754
2.50 4
2.25 4
2.00 1
1.75 - - T T T
20 40 60 80 100
[Protein A], ug mL"’

Fig. 3. EIS response of the immunosensor upon changing: incubation time t,. ([Antibody]=15 pg mL~1, [protein A]=20 ug mL~!, [BSA]=10 ug mL ™}, tgsa=30 min)
(a), BSA blocking time tgga ([BSA]=10 pg mL’l, [Antibody]=15 pg mL’l, [protein A]=20 pg mL’l, tine=60 min) (b), antibody concentration ([protein A]=20 pg
mL~}, [BSA]=10 ug mL ™}, tgga=30 min, tjne=60 min) (c), and protein A concentration ([Antibody]=5 pg mL ™}, tjn.=60 min, [BSA]=10 ug mL ™}, tgga=30 min) (d).
The signals were obtained upon incubation with 10 pyg mL~' of Spike S1 protein in PBS (pH=7.4) using the fully fabricated sensor.

highest response for the concentration of 25 pg mL™}, as shown in
Fig. 3c; however, the highest signals were at the same time less repro-
ducible. Considering the most favorable compromise between the
reproducibility and signal height, we choose the antibody concentration
of 5 ug mL ™! as an optimum. A similar trend was observed in examining
the effect of protein A concentration on the immunosensor response
(Fig. 3d). In this case, the concentration of 100 ug mL~! of protein A
exhibited the optimal ratio between the signal height and reproduc-
ibility. It is evident that the examined parameters are interdependent;
thus, the preparation of the immunosensor requires thorough optimi-
zation of each parameter to provide improved sensitivity and repro-
ducibility. The corresponding data related to the EIS measurements of
this optimization study are summarized in Tables $2-S5 in the Sup-
porting Information.

3.3. Analytical performance and sample analysis

The electroanalytical performance of the immunosensor was inves-
tigated in PBS samples and in simulated real samples of ANF, both
spiked with protein S1, and the corresponding EIS measurements are
presented in Fig. 4.

The raw impedance data were fitted using the equivalent circuit Rs-
(RgeLIIQ1)-((RctWIICH), and the related fitting parameters are sum-
marized in Tables S6-S7. Diffusion contribution was elucidated by
plotting the frequency-related admittance Cole-Cole plots, presented in
Figure S3. The small semicircle, i.e., the high-frequency semicircle
described by RggL1IQ; loop, can be assigned to the gelatin itself (inset of
Fig. 4a and c). The structural complexity of gelatin can result in a small
portion of its structure remaining unmodified, thus being exposed as the

charge transfer membrane that is characterized by a small resistance
pattern at high frequencies, which is essentially constant throughout the
biosensor’s fabrication procedure and its sensing operation. However,
only at the highest antigen concentration in PBS, i.e., 10 pg mL™}, the
contribution of the high-frequency semicircle becomes noticeable and is
excellently fitted by the proposed loop. Nevertheless, this adsorption-
based phenomenon does not compromise the analytical loop of the
proposed equivalent circuit, i.e., (RcrW)IIC;. When tested in PBS solu-
tion (Fig. 4a and 4b), the new immunosensor exhibited an excellent
linear operation in the examined concentration range of 0.001-10 ug
mL~! Spike S1 protein with r? of 0.99 and a favorably low limit of
detection of 169 pg mL7! (2.2 pM).

A good intraday repeatability value of 6.2% was obtained for the
impedimetric measurements carried out in a PBS solution containing
0.01 pg mL~! of Spike S1 protein (n = 5, Rcr=4996.8 + 138.9 Q). In
spiked ANF solution (Fig. 4c and 4d), the immunosensor also revealed
satisfactory linear operation in the same examined concentration range
of 0.001-10 pg mL~! witha slightly lower 2 of 0.98 along with an even
lower limit of detection of 90 pg mL™! (1.2 pM). An intraday repeat-
ability value of 9.5% was calculated for the measurements performed in
an ANF solution containing 1.0 ug mL ™! of Spike S1 protein (n =5, Re; =
3004.4 £ 116.7 Q).

To obtain additional insights into the electroanalytical performance
of the immunosensor, we investigated its operation in the presence of
model interferents, such as protein N (MW = 49.5 kDa) and BSA (MW =
68 kDa). The latter was chosen as an interferent because of its structural
similarity to Spike S1 protein in terms of molecular weight, although it
cannot be found in real samples, whereas the former was selected as
potentially present interference as a constituent of the SARS-COV-2
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Fig. 4. EIS responses for increasing concentrations of Spike S1 protein in PBS (pH=7.4) (a) together with calibration curve (b), and in simulated real samples (ANF
spiked with Spike S1 protein) (c) together with calibration curve (d); the inset in Fig. 4b depicts the equivalent circuit model. Measurements were carried out in

triplicates using the optimized sensor fabrication parameters.

virus. For this purpose, PBS solutions containing 10 pg mL™! of each
analyte were used in combination with 60 min incubation time. The
selectivity factor (o) was calculated by dividing the analytical (impedi-
metric) signal corresponding to the interferent by the signal of Spike S1
protein; the obtained results for a are depicted in Fig. 5 as a column
chart.

As can be seen, responses for protein N and BSA, i.e., 20% increase
and 32% decrease of the signal, respectively, compared to the signal of
Spike S1 protein, suggest certain level of interactions between the
sensing structure and chosen interfering proteins, meaning that their
presence in the sample could somewhat compromise the virus quanti-
fication. This is mainly attributed to the high affinity of the bio-
recognition antibody moieties, i.e., anti-SARS-CoV-2 Spike glycoprotein

3.0

2.5+

2.0+

-
o
i

Rct'RhIa nk: kQ

BSA
Analyte

protein N

Fig. 5. EIS response of the immunosensor (AR) in the presence of interferents
with corresponding o values.

S1 antibodies, and the insusceptibility of the sensing surface toward
interactions with the chosen interferents.

Additionally, we investigated the short-term stability of our sensor
by performing measurements of 0.1 g mL ™! Spike S1 protein in ANF,
after three and seven days of sensor storage in the refrigerator at 4 °C (n
= 2). On day 3, the EIS measurements revealed 106.2% of the Rct signal
measured on day 1, whereas on day 7, the immunosensor exhibited
102.2% of the signal measured on day 1. Interestingly, at the same time,
the relative standard deviation of the EIS measurements decreased from
the initial 6.0% on day 1 to 1.0% on day 7; such good stability and
overall electroanalytical performance can be primarily attributed to the
obviously absent denaturation of the antibodies due to the chosen
storage conditions, and more importantly, due to the immunosensor’s
surface integrity assured by the gelatine-based sensing platform,
retaining antibody orientation, and BSA blocking functionality.

As a final note, we have provided a short review of the proposed
impedimetric, label-free, Faradaic sensors for the detection of SARS-
CoV-2 in Table 2, showing their diverse characters through the
complexity of their structures and operating mechanisms. The reported
sensing platforms include molecularly-imprinted polymer detection [14,
16] and more common antibody-antigen-affinity sensors; some of them
also involving functional nanoparticles such as reduced graphene oxide
[12], graphene [11], or metal-organic frameworks [17]. In the context
of the biorecognition element immobilization, several protocols are re-
ported, including Au-thiol [13], biotin-streptavidin [15], cys-
teamine/glutaraldehyde [17], and EDC/NHS [12]. Some of the
proposed sensors even demonstrate limits of detection, which were
beyond belief just a decade ago [11]. Comparatively, we have proposed
a sensitive, simple, gelatin-based, and yet stable sensing platform,
combined with a label-free operation and excellent immunosensing
performances encompassing favorably low limits of detection, favorable
selectivity, and high linearity in the clinically-relevant concentration
range.
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Table 2
A brief overview of impedimetric Faradaic platforms for detection of SARS-CoV-
2.

Electrode material =~ Modifier and target analyte LOD
Macroporous Au- molecularly-imprinted ortho- 0.7 (and 40)
SPE [16] phenylenediamine: virus (and RBD) as target ~ pg mL ™!

SPCE [14] CNTs/WOs3 - molecularly-imprinted 3-ami- 57 pg mL ™
nophenol: virus as target

GCE [12] r-GO - EDC/NHS - Ab: RBD as target 150ng mL !

Graphene/carbon PBASE - Protein A - IgG as biorecognition 0.25 fg

SPE [11] element: RBD as target mL~!

SPCE [17] Si0,@Ui0-66 nanocomposite - cysteamine 100 fg mL™?
and glutaraldehyde: S1 as target

ITO [13] AuNPs - thiol - EDC/NHS - anti-RBD as 0.577 fg
biorecognition element: RBD as target mL™!

Au electrode [15] thiol - EDC/NHS, streptavidin, biotin, r. 0.05 - 10
peptide as a biorecognition element: S1 as pg mL~!
target

SPCE [this study] gelatin - EDC/NHS - protein A — Ab: S1 as 90 pg mL~?
target

Au-SPE - screen-printed gold electrode, CNTs - carbon nanotubes, r-GO - reduced
graphene oxide, RBD - receptor binding domain, GCE - glassy carbon electrode,
PBASE - 1-pyrenebutanoic acid succinimidyl ester, UiO-66 - metal organic
framework, ITO - Indium-doped tin oxide, AuNPs - gold nanoparticles. r — range.

4. Conclusions

We have developed a disposable and label-free impedimetric sensor
for sensitive detection of the SARS-CoV2 Spike S1 protein. This was
achieved by the introduction of a gelatin-based sensing platform in
combination with the supporting screen-printed carbon electrode
(SPCE), resulting in an improved electrochemical reproducibility of the
SPCE itself and excellent suitability for further surface modifications
with protein A and corresponding antibodies. Thorough optimization of
the design parameters revealed that a relatively low concentration of the
anti-SARS-CoV-2 Spike glycoprotein S1 antibodies (5 pg mL™!) was
efficient in achieving a high and stable impedimetric signal. A good
linear response was demonstrated in the clinically-relevant concentra-
tion range of 0.001-10 ug mL ™! Spike S1 protein in PBS, accompanied
by a fairly low detection limit of 169 pg mL ™! (2.2 pM). The immuno-
sensor disclosed a favorable functioning in the simulated real sample, i.
e., in spiked ANF, with an excellent limit of detection of 90 pg mL~! 1.2
pM). We can conclude that a gelatin-based sensing platform imparts
efficient integrity of the sensing layers and, together with diligently
optimized design and operational parameters, provides excellent
analytical performances that can compete favorably or even surpass the
existing immunosensing schemes.
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