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ARTICLE INFO ABSTRACT

Keywords: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) enters the cells through the binding of spike
SARS-CoV-2 protein to the host cell surface-expressing angiotensin-converting enzyme 2 (ACE2) or by endocytosis mediated
Immunosensor by extracellular matrix metalloproteinase inducer (CD147). We present extended statistical studies of the mul-
i\nél]):zdame montioring tisine dynamic electrochemical impedance spectroscopy (DEIS) revealing interactions between Spike RBD and
CD147 cellular receptors ACE2 and CD147, and a reference anti-RBD antibody (IgG2B) based on a functionalised boron-

doped diamond (BDD) electrode. The DEIS was supported by a multivariate data analysis of a SARS-CoV-2 Spike
RBD assay and cross-correlated with the atomic-level information revealed by molecular dynamics simulations.
This approach allowed us to study and detect subtle changes in the electrical properties responsible for the
susceptibility of cellular receptors to SARS-CoV-2, revealing their interactions. Changes in electrical homogeneity
in the function of the RBD concentration led to the conclusion that the ACE2 receptor delivers the most ho-
mogeneous surface, delivered by the high electrostatic potential of the relevant docking regions. For higher RBD
concentrations, the differences in electrical homogeneity between electrodes with different receptors vanish.
Collectively, this study reveals interdependent virus entry pathways involving separately ACE2, CD147, and
spike protein, as assessed using a biosensing platform for the rapid screening of cellular interactions (i.e. testing
various mutations of SARS-CoV-2 or screening of therapeutic drugs).

Multivariate statistical analysis

1. Introduction the family of Coronaviridae. The genome of the virus encodes four major

structural proteins, namely spike (S), envelope, membrane, and nucle-

The worldwide SARS-CoV-2 pandemic triggered an urgent need for
effective sensing and therapeutic solutions to efficiently detect, prevent,
and treat the resulting COVID-19 disease. Since the beginning of 2020,
rapid progress has been made on understanding the molecular basis of
viral infection, therefore inhibiting the initial, crucial steps of viral-host
cell recognition. These, in turn, have been identified as promising stra-
tegies for therapeutic solutions/treatment/intervention [1].

SARS-CoV-2 is an enveloped, single-stranded RNA virus belonging to
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ocapsid [2,3]. Among them, protein S plays an essential role in viral
attachment, fusion, entry, and transmission [4]. Protein S comprises an
N-terminal S1 subunit responsible mainly for virus-receptor binding and
a C-terminal S2 subunit responsible for virus-cell membrane fusion. S1
can be further divided into an N-terminal domain (NTD) and a
receptor-binding domain (RBD), where RBD interaction with cellular
receptors is essential for SARS-CoV-2 infectivity [5].

To gain entry into human cells, SARS-CoV2 uses primarily the
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metallocarboxyl peptidase angiotensin receptor (ACE2) [6,7]. ACE2 is a
cellular membrane-bound, zinc-containing carboxypeptidase. This type
I single-pass membrane protein is predominantly expressed in the car-
diovascular system and kidneys, where it plays a role in maintaining
water electrolyte homeostasis [8]. However, it has been shown that
immune cells can also be potentially targeted by SARS-CoV-2. ACE2 is
rarely expressed in immune cells; therefore, it was assumed that there
might be other receptors for virus entry in different cell types. Indeed,
other recently reported host cell components (co-factors) have also been
suggested to play a vital role for viral attachment or entry, such as
GRP78 or CD147 (also known as EMMPRIN, or Basigin) [9,10]. Among
them, CD147 is a type I integral membrane glycoprotein that belongs to
the immunoglobulin (Ig) superfamily. It is expressed in a wide variety of
cells and plays the role of a transmembrane receptor that interacts with
several extracellular and intracellular partners and forms trans-
membrane supramolecular complexes. It participates mainly in tumour
development, plasmodium invasion, and bacterial/viral infections [11,
12]. Moreover, the studied receptors are regulated by age, underlying
chronic inflammation, or comorbidities, therefore potentially predis-
posing patients to SARS-CoV-2 infection [13]. Thus, a deep under-
standing and quantitative analysis of these receptors-target interactions
are essential for detecting the virus itself, but more importantly, for
fighting emerging SARS-CoV-2 variants, which provides a platform for
testing attractive/promising therapeutic strategies.

Nowadays, the reverse transcription-polymerase chain reaction (RT-
PCR)-based test for viral RNA detection is considered the standard gold
method for the diagnosis of COVID-19 [14]. However, the price of a
single test and the time it takes have forced the entire scientific com-
munity to research and develop new ways to quickly and cheaply detect
SARS-Cov-2 [15,16]. Recently, impedimetric [17-20] and resistive [21,
22] biosensors were considered as selective and rapid platforms for the
determination of the SARS-CoV-2 spike S1 protein. Despite their ad-
vantages (high sensitivity or selectivity), these methods have important
limitations. Measurements are usually made at a predetermined poten-
tial at which the presence of SARS-CoV-2 indicates a change in resis-
tance. This potential is dependent on multiple factors, such the electrode
preparation methodology, the type and concentration of the electrolyte,
the dynamics of the phenomena occurring at the electrode, or even the
amplitude of the AC signal perturbation [23].

Multisine impedimetric probing based on Dynamic Electrochemical
Impedance Spectroscopy (DEIS) is one of the techniques that has
received growing attention in electrochemical sensing in the last few
years, but has not been manifested in SARS-CoV-2 detection. This
electrochemical method utilises a multifrequency perturbation signal
with all of the elementary frequencies superimposed and applied
simultaneously in the studied system. The excitation signal is generated
continuously during the experiment, and the registered changes in po-
tential and current are sequenced into appropriate portions and trans-
formed using Fourier transform. Such a process produces a series of
instantaneous impedance spectra, thus offering the opportunity to
investigate non-stationary processes [24,25]. For example, the impedi-
metric (resistive or capacitive) response may be studied in real time
upon specific or non-specific binding occurring at the electrode surface.
Importantly, DEIS provides a unique opportunity for rapid monitoring as
a function of an independent variable, such as time, polarisation po-
tential, or analyte concentration. The approach is particularly advan-
tageous in studying complex analyte interactions during flow injection
analysis [26] and at charged-up electrode surfaces [27]. Unlike classic
impedance spectroscopy measurement, in DEIS the system stationary
condition does not need to be fulfilled. Thus, the approach is particularly
advantageous if the initial electrode conditions are not well established,
which forms the primary challenge towards high the uncertainty of
macromolecular detection. The initial electrode state is highly depen-
dent on internal (i.e., electrode polycrystallinity, functionalisation
thickness, and density) and external (i.e. surface contamination, local
PH or oxygen concentration changes) factors.
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This work presents a novel alternative approach to studying the
SARS-CoV-2 Spike RBD complex interaction by multisine impedimetric
probing at a functionalised boron-doped diamond (BDD) sensor, using
various cellular receptors, namely ACE2, CD147, and a monoclonal anti-
RBD antibody (IgG2B) as the reference. Identification of patterns in the
impedimetric response and resulting from the unique molecular recog-
nition mechanisms by all of the studied receptors may be used in two
ways: (i) recognition of optimal detection conditions (i.e. frequency
range and polarisation), and (ii) in the future creating a multi-receptor
sensing platform with substantially improved detection selectivity and
specificity. To achieve our goal, a statistical and multivariate data
analysis of the multisine DEIS impedimetric monitoring data was per-
formed for the first time. This allowed us to study and detect subtle
changes of the electric properties at the charged, biofunctionalised
electrode surface, including changes in spatial homogeneity or surface
blockage. The proposed approach makes it possible to assess the opti-
mised polarisation conditions, efficiently differentiating results of the
electric parameters between the analyte and blank samples. The ob-
tained results expand the understanding of the frequency- and
polarisation-dependent electrochemical characteristics of the sensors.
Furthermore, studies allows for a rapid screening of physiological fac-
tors influencing cellular interactions, mutations of SARS-CoV-2, or in-
vestigations of future therapeutic drugs.

2. Experimental
2.1. Reagents

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-Hydrox-
ysuccinimide (NHS), nickel (II) chloride, No,No-Bis(carboxymethyl)-L-
lysine hydrate (NTA), bovine serum albumin (BSA), tetraethylammo-
nium tetrafluoroborate (Et4N(BF,4)), tetrafluoroboric acid (48 wt%
water), sodium bicarbonate and sodium carbonate were purchased from
Sigma Aldrich. Potassium ferric hexacyanoferrate, potassium hex-
acyanoferrate(ii) trihydrate, sodium nitrate and methanol were pur-
chased from Chempur. Avantor Performance Materials delivered
acetonitrile and diethyl ether. P-aminobenzoic acid (P-ABA) was bought
from Merck KGaA. Monopotassium phosphate and dipotassium phos-
phate for phosphate buffer solution (PBS) were purchased from P.P.H.
“STANLAB”. Double-distilled water (dd H,0) was used to prepare all
aqueous solutions. Air Products delivered refrigerated argon. All re-
agents were used without prior purification and stored according to the
manufacturers’ instructions.

Biological materials utilised in this work, i.e., monoclonal mouse
IgG2B anti-SARS-CoV-2 Spike RBD antibodies (MAB1054), recombinant
SARS-CoV-2 Spike RBD (HEK: 10500-CV, CHO: 10534-CV), recombi-
nant Human ACE2 (933-ZN), and recombinant Human CD147 Fc
Chimera (972-EMN) were obtained from R&D Systems. IgG2B and
CD147 were labelled with a C-terminal 6-His tag, and ACE2 was labelled
with a C-terminal 10-His tag. All materials were used without prior
purification and were prepared and stored according to the manufac-
turers’ instructions.

2.2. Boron-doped diamond electrode fabrication procedure

The BDD electrodes were prepared using a microwave plasma-
enhanced chemical vapour deposition (MWPECVD) system (SEKI
Technotron AX5400S, Japan). BDD electrodes were grown on p-type
(100)-oriented silicon substrates. The nucleation of the substrates was
carried out via sonication in a nanodiamond suspension (crystallite size
of 5-10 nm) for 1 h [28]. During deposition, the process temperature of
the substrate was kept at 700 °C. Microwave radiation (2.45 GHz) was
used to excite plasma ignition. The plasma microwave power, optimised
for diamond synthesis, was kept at 1300 W. The gas mixture ratio was
1% of the molar ratio of CH4—H> at the gas volume of 300 sccm of the
total flow rate. The process pressure was kept at 50 Torr, and the base
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pressure was approximately 10" Torr. All samples were doped using a
diborane (B;Hg) dopant precursor; [B]/[C] ratio was 10,000 ppm in the
plasma. Synthesis was carried out for 12 h resulting in a film thickness of
ca. 6 um [29,30].

2.3. Biofunctionalisation procedure of boron-doped diamond electrode

The BDD electrodes used in these studies were biofunctionalised to
enhance the antibody-antigen interaction of the sensor. Before bio-
functionalisation, the BDD electrodes were washed in an ultrasonic
cleaner with methanol and dd HyO for 5 min each. The electrochemical
properties of each electrode were then evaluated. All electrodes studied
had an anodic-to-cathodic peak ratio close to one (for [Fe(CN)e] 4/ 3'),
with peak separation AE < 100 mV. The charge transfer resistance of the
unmodified electrode did not exceed 150 Q in the studied electrolyte.
These results indicate a reversible, diffusion-controlled electrochemical
process at the unmodified BDD electrode surface. Consecutive mea-
surements were carried out at each subsequent modification stage to
determine the changes taking place on the surface of the sample.

In the first biofunctionalisation step 1 (FS-1), the electrode was
modified with diazonium salt molecules, whose synthesis is presented
elsewhere [31]. The obtained reagent was stored in the dark at — 20 °C.
For electrode modification, a 50 mM solution of Et4N(BF,4) in acetoni-
trile was prepared, deoxygenated, and cooled. The synthesised diazo-
nium salt was then added to obtain a solution with a concentration of
2.5 mM. This solution was used directly for electrografting, which was
performed by polarising the working electrode (0.39 cm?) from 0.1 V to
— 1.0 V vs. Ag=AgCl|3 M KCl for six cycles using a scan rate of 100
mV/s. A current reduction peak at approximately 0.2 V indicated that
the process was successful (Supplementary Information file, section
S1). [32-34] Additional confirmation is given by the subsequent CV
studies, where the AE increased to 380 mV and significant peak asym-
metry was found due to the formation of a sealed monolayer hindering
the charge transfer at the electrode interface [35,36]. Next, the sample
was washed with methanol and dd HO and dried with an argon stream.

Biofunctionalisation step 2 (FS-2) consisted of incubating the sample
in 100 mM EDC solution (pH = 5.7) and 50 mM NHS (pH = 8) in PBS
both for 30 min at room temperature, and functionalisation step 3 (FS-3)
in 60 mM NTA solution in a bicarbonate buffer (pH = 10.4) for 2 h at
room temperature. Next, the electrode was incubated for one hour in an
aqueous NiCly solution at the same temperature as in the previous
stages, which constituted the next functionalisation step (FS-4). In the
next step (FS-5), the electrode was incubated in a solution of one of the
three receptors in PBS (pH = 7.4) for 16 h at 5 °C. The receptors used are
summarised with the parameters in Table 1 together with the acronyms
that are further used in the text. The concentration of each receptor was
always 3.33 ug/mL. In the last functionalisation step (FS-6), the elec-
trode was incubated in 0.05% BSA in PBS (pH 7.4) for 15 min at 5 °C to
saturate the free spaces on the surface of the electrode and prevent the
non-specific binding of the protein [37]. After each step, the electrode
was rinsed with dd H,O and dried with argon. The volume of solution
used for the modification was always 75 uL. After modification of the
electrodes, the system’s response to the blank test was checked. For this
purpose, 75 pL of PBS solution (pH = 7.4) was applied, and the EIS
measurement was performed. When the value of R¢y was close to the

Table 1
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value of the previous step, the system was considered stable. The func-
tionalisation steps are schematically shown in Fig. 2, and the simplified
schema of functionalisation with one extra step is shown in the Sup-
plementary Information file, section S2.

The PBS solution (pH = 7.4) containing the tested analyte and the
SARS-CoV-2 spike S1 protein RBD (SARS-CoV-2 RBD) with a concen-
tration range of 0.30-64 ng/mL, was put on the electrode. The drop-
casted volume was 75 pL and the solution was left for 15 min incuba-
tion at a temperature of 5 °C. The electrodes were washed with dem-
ineralised water, gently dried with a stream of argon, and taken for
electrochemical measurements.

2.4. Dynamic electrochemical impedance spectroscopy procedures

All electrochemical measurements were carried out in a three-
electrode system using a potentiostat SP-300 (Biologic). Classic elec-
trochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV)
were performed next to the DEIS measurements. The electrolyte was 1
mM Ks[Fe(CN)g] and 1 mM K4[Fe(CN)g] in PBS (pH 7.4), deoxidised by
passing through a stream of argon prior to measurement. The electrolyte
volume was 1 mL. A platinum wire was used as the counter electrode.
The reference electrode was an Ag=AgCl|3 M KCl for CV and EIS mea-
surements and a silver wire coated with silver chloride for the DEIS
studies. The working electrode was the functionalised BDD with an
electrolyte-exposed surface area of 0.196 cm?. During the DEIS mea-
surements, the reference was a silver wire coated with silver chloride.

The Dynamic Electrochemical Impedance Spectroscopy measure-
ments were conducted in potentiodynamic polarisation mode (pDEIS),
where the multisine AC perturbation is superimposed with the linearly-
variable DC polarisation (CV scan). The AC perturbation signal was
composed of 30 elementary sine waves in the frequency range of 24.5
kHz to 3 Hz. The phase shifts of each elementary signal were selected
using optimisation software written in the LabView environment to
minimise the resultant multisine signal peak-to-peak amplitude, which
did not exceed 15 mV in this case. Details on the construction of the
multisine perturbation signal are presented elsewhere [38]. The
response signal was sequenced into portions (one second in length) and
Fourier-transformed. When choosing a scan rate, the limiting factor is
the length of the single portion of the signal used for the Fourier
Transformation. The polarisation scan rate was set at 5 mV/s. The length
of a single portion was selected as 1 s, keeping in mind the lowest fre-
quency of the elementary signal used. These conditions made it possible
to obtain quasi-stationary conditions throughout the measurement
duration, without spectra leakage. Three consecutive DC polarisation
scans were carried out starting from the formal redox pair potential (E”
~ 0.12 V), in the polarisation range between — 0.50 and + 0.75 V vs.
Ag=AgCl. The exemplary resultant 3D pDEIS spectrum in the Nyquist
plot, with applied polarisation potential at the Z-axis, is presented in
Fig. 1A. Impedance spectra were collected every 10 s. The correspond-
ing, simultaneously registered CV scan is given in Fig. 1B. Fig. 1C-F
depict pDEIS impedance spectra, each obtained under notable polar-
isation conditions, i.e. near the cathodic and anodic polarisation limits
(Fig. 1C and D, respectively), Fe(CN)g' oxidation peak (Fig. 1E), Fe(CN)g’
reduction peak (Fig. 1F).

The resultant instantaneous impedance spectra were subjected to the

SARS-CoV-2 receptors used for biofunctionalisation of the BDD electrodes in FS-5. Dimensions and atom counts of receptors are calculated from their crystal structures
(I1gG2B, ACE2) or models (CD147). Isoelectric points and total charge (in |e|) are calculated from their sequences using Protein Calculator v3.4 (protcalc.net).

Receptor Acronym Atom count Dimensions Isoelectric point (pl) Charge (at pH=7)
1gG2B anti-SARS-CoV-2 Spike RBD antibodies (MAB1054) 1gG2B ~20,000 16 x 11 nm (144.9 kDa) 7.42 + 5.8
angiotensin-converting enzyme ACE2 (933-ZN) dimer ACE2 ~ 23,400 16 x 2 nm (170 kDa) 5.94 -33.8

CD147 Fc Chimera (972-EMN) CD147 ~ 6600 15 x 6 nm (47.5 kDa) 6.53 -5.0

Protein Calculator v3.4: protcalc.sourceforge.net
Source:Sourceforge.
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fitting procedure using an equivalent electric circuit (EEC). Dedicated
software in the LabView environment was written for this purpose due
to the many individual spectra to be analysed. The EEC used for the
analysis was a modified Randles circuit, characterised by series resis-
tance (Rg) and parallel connection of charge transfer resistance (Rcr)
and constant phase element (CPE), used instead of a capacitor to
describe the quasi-capacitive character of the electric double layer and
receptor-functionalised film at the heterogeneous electrode surface
[39]. The impedance of CPE is defined as (1):

1
Zcre = Q)" €y

where Q is the quasi-capacitance, « is the so-called homogeneity factor
(x =1 for an ideal capacitor), o is the angular frequency, and j is the
imaginary number. The quasi-capacitance Q unit (Fs'™®) has no physical
meaning; however, effective capacitance, Cef, in F may be estimated
with surface or normal time-constant dispersion models. We have
calculated Ces using the surface distribution function proposed by
Hirschorn et al. [39] (2):

o <—R5R" ) (i) @

Rs + Rer

The Warburg element was not included due to the frequency range
used in the pDEIS experiment, with 3 Hz as the lowest elementary fre-
quency used in the multisine perturbation signal. The EEC used in the
PDEIS examination was labelled R(QR). More information about the
specific pDEIS conditions and the EEC used for the purpose of electro-
chemical biosensing by our group can be found elsewhere [27].

For reference purposes, classic CV measurements were performed
from — 0.5 to + 0.75 V vs. Ag=AgCl|3MKCl with a polarisation rate of
50 mV/s over three cycles. After determining the formal redox pair
potential (EOY) from the voltammogram, the EIS measurement was per-
formed for the sample polarised for 30 s to the potential E® before the
measurement. The measurement was performed in the frequency range
from 10 kHz to 0.1 Hz at 11 points per decade. The amplitude of the
excitation signal was 10 mV. The EEC used for the EIS studies was

Cor =
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Fig. 1. pDEIS data recorded for ACE2 receptor
grafted onto BDD with and without the pres-
ence of SARS-CoV-2 RBD. A) 3D impedance
spectra with the applied polarisation potential
on the Z-axis, and B) corresponding cyclic vol-
tammogram registered during the pDEIS mea-
surement. pDEIS impedance spectra clippings in
the classic Nyquist projection obtained during
polarisation at characteristic polarisation po-
tential values: C) — 0.4V, D) +0.6V, E)
+ 0.2 V (anodic scan) and F) + 0.1 V (cathodic
scan). Scan rate 5 mV/s.

similar to pDEIS, with the Warburg element added in series with Rer.
This EEC was labelled R(Q(RW)) and is often found in electrochemical
biosensor studies [40,41].

2.5. Physicochemical studies

After each functionalisation step, the high-resolution X-ray Photo-
electron Spectroscopy (XPS) spectra were recorded to verify their effi-
ciency. These studies were carried out in the core level binding energy of
C1s,N1s,01 sand Ni 2p photoelectron peaks, using an Escalab 250Xi
multispectroscope (ThermoFisher Scientific). An X-Ray AlKa spot
diameter of 650 um was used, with a pass energy of 20 eV. The electric
charge was controlled through a low-energy electron and low-energy
Ar+ ion flow, with final peak calibration using adventitious carbon C
1 s at 284.6 eV. The deconvolution procedure was performed with the
Advantage v5.9925 software (ThermoFisher Scientific).

2.6. Statistical and multivariate data analysis

The complete data matrix, including the EEC fit results of the DEIS
measurements at different polarisation potentials, contained 2628 var-
iables (Rg, Q, o, Rcr, Cefr, t, E, I for each of the 375 potential steps and the
information about the receptor type, functionalisation step, and protein
concentration) for 37 observations (experiments). Here, t, E, and I
represent the instantaneous values of time, polarisation potential, and
current recorded during the DEIS measurement, respectively. Data
manipulation and elaboration were performed in R [42]. Principal
Component Analysis (PCA) and Partial Least Square (PLS) regression
were performed after mean-centreing, scaling, and removing the outliers
from the dataset using the FactoMineR [43] and mdatools [44] pack-
ages. A restricted dataset consisting of 95 variables was obtained by
dropping the highly correlated variables (corr>0.95), using the Find-
Corr function [45]. A schematic description is reported in the Supple-
mentary Information file, section S6.

2.7. Molecular modelling of biosensing interface

The model of the recombinant Human ACE2 was prepared based on
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the crystal structure of this protein (PDB code: 6M17) [46]. The crystal
structure of ACE2 was modified by: (a) manually adding residues 18-20,
(b) removing residues 750-805, and (c) replacing residues 740-750
with a 10-His-tag by preserving the backbone of the protein and in-silico
mutation of the IWLIVFGVVM fragment to HHHHHHHHHH. [46]. This
ACE2 model was placed on a model of a BDD electrode consisting of 100
(10 x 10) NTA molecules, terminated with a methyl group and aligned
in the xy plane with the spacing corresponding to the optimal spacing of
the NTA molecules on the BDD electrode. NTA molecule models were
created based on the DFT-optimised NTA geometries used earlier [47],
but did not contain Ni®* ions and had all carboxyl groups protonated, so
their formal total charge was equal to zero. ACE2 was placed on the BDD
electrode model in such a manner that two terminal His residues (749
and 750) were close to one NTA molecule and the positions of the NE2
atoms of each of those HIS residues were restrained using a 10,
000 kcal/mol force constant in each dimension, together with the po-
sitions of the two terminal carbon atoms of each NTA molecule.

The model of the CD147 receptor, consisting of basigin and IgG1l
fragments connected with a linker and terminated with a 6-His tag was
prepared using the RoseTTAFold method implemented in the Robetta
software [48]. This model was placed on the same BDD electrode as
above in such a manner that two terminal His residues (424 and 425)
were close to one NTA molecule and the positions of the NE2 atoms of
each of those HIS residues were restrained using a 10,000 kcal/mol force
constant in each dimension, together with the positions of the two ter-
minal carbon atoms of each NTA molecule.

These two model systems were subject to 10 ns NVT equilibration
followed by 500 ns of NPT MD runs using the CHARMMS36 force-field
[49] and the GROMACS 2020 software [50]. Fig. 6 was prepared
using QuteMol ver 0.4.1 and PyMOL (The PyMOL Molecular Graphics
System, Version 2.0 Schrodinger, LLC.) [51]. Protein-protein docking to
model the interface between the CD147 and spike RBD protein was
performed using the HADDOCK2.4 web server [52] and the obtained

=

A) (Bare BDD) (FS-1)
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results were similar to the results obtained earlier [53].
3. Results and discussion

3.1. Effect of BDD electrode biofunctionalisation and its response to
SARS-CoV-2 RBD

The biofunctionalisation procedure is presented in detail in Section
2.2, while its schematic representation is shown in Fig. 2A. The effi-
ciency of each functionalisation step was confirmed using high-
resolution XPS analysis. The key O 1 s and Ni 2p spectra are presented
as a part of Fig. 2A, while all of the registered XPS results are presented
and discussed in detail in the Supplementary Information file, section
S3.

An increase in the amount of C=0 bonds was found due to benzoic
acid electrografting (FS-1), tracked with O 1 s signals at approximately
532.2 and 531.1 eV, corresponding to carbonyls and hydroxyls,
respectively [54,55]. A simultaneous increase in the C 1 s C=0 peak
intensity can be tracked in the Supplementary Information file, Fig. S3
and Table S1. Next, successful incubation in an aqueous NiCl, solution
(FS-4) was confirmed by the formation of a nickel ligand complex,
represented by a Ni 2ps/» signal at 856.0 eV, in the typical binding en-
ergy range of Ni-OH bonds [56]. A strong Ni 2p3,» Ni(OH), satellite
feature was also recognised at approx. 862 eV. The macromolecular
compounds introduced during the anchoring of the receptor protein
(ACE2 as an example) within FS-5 were too complex for a detailed XPS
analysis. However, a few characteristic features can be distinguished,
including a significant increase (by 50%) in the N 1 s signal attributed to
C-N bonds from proteinogenic amino acids [27,57]. The XPS results
allowed us to observe an increase in the functionalisation layer thickness
based on the intensity of the C 1 s spectra.

Furthermore, EIS and CV studies were carried out after each func-
tionalisation step. A detailed analysis of these results is presented in the
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Fig. 2. A) Schematic BDD electrode functionalisation steps for ACE2 receptor, and key high-resolution XPS spectra recorded in the O 1 s and Ni 2p binding energy
range, verifying successful electrode surface functionalisation; B,C) BDD-ACE2 biosensor verification: B) EIS spectra in the Nyquist projection and C) Rcr vs. SARS-
CoV-2 RBD concentration function. Measurements at formal potential E = 0.12 V.
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Supplementary Information file, section S4, allowing us to draw the
following conclusions. The discussed changes in electric parameters hint
at the formation of a benzoic acid layer, which reduces the electro-
chemically active surface area (EASA) after FS-1. On the other hand,
activation of carboxyl groups with EDC and NHS (FS-2), and further NTA
anchoring (FS-3) prove, in turn, the increase in electron transfer ki-
netics. Such phenomena were confirmed previously in the literature
[58-60], suggesting that the functional groups formed at the electrode
surface promote efficient charge transfer. Finally, anchoring the
electrically-inactive receptor (FS-5) and BSA (FS-6) significantly hinders
the charge transfer process. Thus, both the XPS and electrochemical
analyses corroborate each other, affirming the efficacy of the applied
functionalisation steps. Additionally, thanks to the monitoring of the
electrochemical parameters of each sample before the functionalisation
process and subsequently at each functionalisation step for multiple
samples, the reproducibility of the functionalisation process has been
confirmed and enhanced by eliminating samples with inappropriate
parameters.

The detection capability of the sensors was first verified by tracking
Rcr changes in a classic EIS study for different concentrations of SARS-
CoV-2 RBD. The objective of this study was to evaluate the quantitative
analysis capabilities and to evaluate the limits of detection (LOD) where
the RBD binding is changing the electrode response for Fe(CN)g”*
which is dissolved in solution. Fig. 2B presents the impedance spectra of
BDD functionalised with the ACE2 receptor, incubated in a solution of
PBS without RBD (blank) and with different concentrations of SARS-
CoV-2 RBD. The EEC fittings are given in the Supplementary Informa-
tion file, section S4, together with and the results for the two remaining
receptors. The estimated Rcr values changing with the protein S con-
centration for the ACE2-functionalised electrode are presented in
Fig. 2C. Each ACE2 peptidase domain can be treated as an active

5>

) m
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adsorption centre, accommodating one RBD molecule [46,61]. 20 resi-
dues of ACE2 and 17 residues from the RBD make direct networks of
hydrophilic, side chain interactions with an interface area of 863 A [4].
The Rcr increases as the RBD concentration increases, showing high
correlation with the logarithmic function (as seen in Fig. 2C) in a wide
concentration range, which is connected with RBD adsorption at the
electrode surface. Proteins adsorption is commonly interpreted to follow
the Langmuir mechanism of adsorption, however, the fundamental as-
sumptions of this model are not met for very complex structures of
proteins and multiple properties affecting the adsorption [62,63]. The
logarithmic nature of the discussed relationship makes it impossible to
determine the LOD using the standard formula which utilises the slope
of the calibration curve presented in Fig. 2C and the standard deviation
of the response:

LOD =33 e (5)
a

where S is the standard deviation of the response, and a is the slope of
the linear calibration curve [64]. Instead, another approach was pro-
posed here, based on the concentration of protein S corresponding to the
exact same change of sample impedance as it would be for the blank or
any other negative sample. Using the R¢r of the blank (PBS) sample,
9.46 kQ, and the equation from Fig. 2C, the LOD value for ACE2 was
estimated as 0.157 ng/mL. The LOD estimates for the remaining two
receptors are: 0.025 ng/mL (IgG2B) and 0.096 ng/mL (CD147), see the
Supplementary Information file, section S5 (Figs S5A-C) for details.

3

3.2. Molecular modelling

Finally, to obtain more atomic-level information, we performed
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Fig. 3. Molecular dynamic of biofunctionalised BDD interface: A) rmsd and B) radius of gyration of ACE2 (red) and CD147 (blue) on the surface; C) Scheme of the
interaction of SARS-CoV-2 envelope protein with assay; D) visualisation of the spike protein from the crystal structure of SARS-CoV-2 S superimposed on the final
snapshot of ACE2 on the NTA-functionalised surface; E) visualisation of the spike protein from the crystal structure of the SARS-CoV-2 S-ACE2 complex [69]

superimposed on the final snapshot of CD147 on the NTA-functionalised surface;.
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molecular dynamics (MD) studies, (for other computational studies of
electrochemical experiments on proteins see [65-68]). We prepared
models of ACE2 and CD147 receptors on the functionalised sensor (see
Methods) and performed 500 ns MD runs. Fig. 3 shows the starting and
final conformations of the ACE2 protein on the sensor surface, together
with the selected statistical data (root-mean-square deviation (rmsd) of
the atomic positions with respect to the ACE2 crystal structure and
radius of gyration) along the entire simulation. One can see that visually
both receptors acquire different conformations and this is also reflected
by the relatively high rmsd and radius of gyration values, suggesting that
the conformational changes within both receptors immobilised on the
surface are relatively large. A more detailed analysis of the ACE2
interface directly interacting with the spike RBD (residues 18-45 and
350-355) reveals that it remains virtually unchanged in the course of the
simulation, with the rmsd of the 500 ns snapshot versus the crystal
structure of 0.93 A (all-atom) and 0.61 A (backbone), see Fig. 6E. The
same is true for CD147, as the CD147 interface is predicted to interact
directly with the spike RBD (residues 1-21, 109-116 and 165-171) with
a rmsd of the 500 ns snapshot versus the 0 ns snapshot of 5.30 A
(all-atom) and 4.33 A (backbone). As a result, we can expect that in both
cases the possibility of spike protein recognition remains very high,
which is likely the result of the fact that the spike RBD binding regions
are relatively far from the surface (around 8 nm from the surface for
both studied receptors, based on the final snapshots of the molecular
dynamics runs).

The density of the ACE2 coverage depends on the orientation of the
protein on the surface. Our studies suggest that the optimal orientation
is with the Spike protein-recognition region oriented away from the
surface and able to bind Spike protein. We can, however, estimate the
maximum theoretical coverage of ACE2 based on two extreme orienta-
tions, one with the receptors pointing away from the surface (as in
Fig. 3) and one with the receptors lying flat on the surface. Based on
estimate of surface coverage, one molecule of ACE2 in the minimum-
surface coverage orientation takes up surface area of approximately
7500 }0\2, which results in a density of 13,000 ACE2 molecules/pmz,
while in the maximum-surface coverage orientation it is 12,500 A% and
8000 ACE2 molecules/pm?, respectively. For CD147, these values are
2100 A2 (~48,000 CD147 molecules/pmz) for the minimum-surface
coverage orientation and 9800 A2 (~10,000 CD147 molecules/pmz)
for the maximum-surface coverage orientation.

3.3. PCA and PLS regression of pDEIS impedimetric data

PCA can be used to help identify clusters in the data or find outliers.
In particular, the latter one was used for data pre-treatment. When
dealing with large datasets, such as in the current example, where a
single experiment comprises thousands of derived variables, it is
important to have a tool able to screen the correctness of the measured
values quickly. The novelty is applying such a concept to two differently
structured datasets to find different types of outliers. Firstly, since the
dataset was generated by applying an automatic fitting algorithm on the
raw impedance spectra, the aim was to check the correctness of the EEC
fit results at a specifically applied bias. Secondly, the objective was to
identify possible experiment outliers caused by the loss of control during
the experiment. These two objectives were successfully pursued by
applying PCA at differently merged datasets. Conducting PCA on the
separated datasets (one for each experiment), where each row is
constituted by the 375 applied bias and the column by the results of the
EEC fitting, allowed us to find outliers caused by the algorithm. Instead,
conducting PCA on the aggregated dataset, where each row is one
experiment and the columns are the resulting EEC fitted parameters at
the 375 measuring steps, it is possible to highlight the experiments
which do not appear in clusters, thus, in which a loss of control during
the experiment may have happened. Moreover, PCA was employed to
explore the intrinsic patterns. To do so, the abovementioned data pre-
treatment and outlier detection and elimination was a necessary step.
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PCA was initially performed on the EEC fitting results at a different
potential, on a single test, in order to identify the outliers relative to the
single measurement of 13,875 observations, 5 were replaced with the
column-averaged value (see the Supplementary Information file, section
S6). Subsequently, the data was aggregated into 37 observations, each
row consisting of a single test, and the 2628 columns were the fitted EEC
components at different potentials. After performing scaling and cen-
tring of all of the variables, PCA was performed again on the cleaned
dataset to highlight possible clusters and outliers. Two tests were iden-
tified and removed from the dataset. After a more in-depth analysis, one
sample was characterised by an abnormal shift of the R¢r peak during
the polarisation scan, originating from the irreversible character of the
charge transfer process at the contaminated electrode surface. The other
sample was lost by experimental control. Due to the small potential step
applied between two subsequent pDEIS measurements, which may
cause similar system responses, and to the three polarisation sweep
repetition, multicollinearity was found among the variables. For this
reason, variables having a mean absolute correlation greater than 0.95
(arbitrarily set as the threshold) have been removed from the dataset
[45].

The details of the discussed PCA analysis are presented in the Sup-
plementary Information file, section S6. PCA was conducted on the
reduced dataset, and the first five principal components (PCs) explained
81.4% of the total variance; however, the first two components
accounted for only 23.1% and 18.5%, respectively (Fig. S8A). For this
reason, we decided to restrict the analysis to the description of the first
five axes. The SARS-CoV-2 RBD concentration was supplied as a
continuous supplementary variable, together with its log-
transformation, and positioned in the factorial spaces using the same
transformation applied to the active variables. As can be seen in
Fig. S8B, among the first five dimensions, the most significant contri-
bution is projected into PC2, PC3 and PC4. When considering the re-
ceptor type as a supplementary category, it is possible to see the highest
opposition in PC3 between ACE2 and the group formed by IgG2B and
CD147, and in PC4 between ACE2 and IgG2B. The projection of the tests
into the space defined by PC2 and PC3 is reported in Fig. S8D, and the
colour is representative of the SARS-CoV-2 RBD concentration.

The regression performed using the equivalent circuit parameters
provided the best correlations compared to the one performed on the
raw impedimetric data (Supplementary Information file, Fig. S6).
Moreover, in both cases, the preliminary reduction of highly-correlated
variables improved the quality of the features extraction. The optimal
number of components for the PLS regression was estimated by per-
mutation and was set to five (Fig. 4A). On the other hand, Fig. 4B shows
the correlation between the experimental values and those obtained by
the PLS prediction model using five latent variables. For ease of com-
parison, the Variable Importance in Projection (VIP) scores (Fig. 4D),
which estimate the significance of each variable in the PLS projection,
have been reported in addition to the typical averaged current—potential
plot for a specific electrode (Fig. 4C). A threshold of 1.2 was chosen to
further highlight the predictor variables that best explain the concen-
tration variance (Fig. 4D, dotted line).

It is possible to observe that most of the variables characterised by a
high VIP belong to the first cycle, at positive electrode polarisation po-
tentials (Fig. 4D, red). However, the highest VIP value belongs to the
average current, i, measured during electrode polarisation between
—0.20 and — 0.17 V in the second cycle, during anodic polarisation.
The full list of points of interest (POI) identified by the PLS regression is
reported in the Supplementary Information file, Table S3. To include the
receptor type in the PLS analysis, a dummy response variable was used,
equal to + 1 for objects belonging to a class and 0 for those that do not.
The CD147 receptor has the highest VIP, suggesting that it is more
sensitive to changes in protein concentration. However, it is interesting
to note that the CD147 and IgG2B coordinates in the new PLS space have
opposite signs. Furthermore, from the PLS regression results, using the
raw dataset (Supplementary Information file, Fig. S9), the VIP scores
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tration; C) example of i-E plot representative for one test; D) visualisation of the variable importance in projection as a function of E and the scan cycle.

suggest investigating the system at low (< 100 Hz) and high (>
19.1 kHz) frequencies. This feature will be studied in consecutive

studies.

3.4. Detailed pDEIS analysis of the first full polarisation scan

The PCA and PLS examination for a wide variety of the electric

parameters obtained from the pDEIS analysed using R(QR) EEC revealed
characteristic changes with the applied DC polarisation. According to
the variables kept after correlation and the VIP scores, the first polar-
isation cycle was found to provide the most meaningful and repetitive
data, and thus we decided to focus on it in further analyses. In Fig. 5, we
present the values of the pDEIS electric parameters, Rcr, Cefr, and a, with
changes in the electrode polarisation. All the recorded changes origin
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Fig. 5. To the left, the charge transfer resistance (Rcr), effective electric double-layer capacitance (Ccs), and CPE exponent (a) changes based on pDEIS results of the
first cathodic polarisation scan. The BDD electrode was functionalised with one of the receptor proteins (CD147, ACE2, IgG2B). The test was performed in
1 mM K3[Fe(CN)g] and 1 mM K4[Fe(CN)g] in PBS solution (black line) as well as with SARS-CoV-2 RBD at different concentrations: 0.301, 3.47 and 50.0 ng/mL
(coloured lines, darker with increasing concentration). The dashed line represents the corresponding cathodic currents. To the right, the magnified point of interest
(POI) polarisation ranges, characterised with the highest differentiation of electric parameters Rcr and Ceg with SARS-CoV-2 RBD concentration, based on PCA and

PLS analyses.
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from alteration in the electrode response for Fe(CN)g'/ 3- resulting from
receptor presence and RBD binding events. We have chosen to present
the first scan in the cathodic direction as it is the first scan in the full
polarisation range between + 0.75 and — 0.50 V vs. Ag=AgCl.

The results presented above shed light on the characteristic changes
in electric parameters at the studied electrode surface that occur
throughout the experiment. In general, the trend in changes of both Rer
and Cefr is similar regardless of the electrode-functionalised receptor
protein, suggesting a similar SARS-CoV-2 RBD interaction mechanism.
Small variations are only visible for the CPE exponent o between ACE2
and the remaining receptors (IgG2B and CD147), at a negatively charged
electrode surface.

The minimum of the R¢r=f(E) function is strictly connected with the
[Fe(CN)6]3' reduction peak regardless of the studied system and the
parameter only increases as a consequence of the relaxation process,
when the charge accumulated at the electrode surface is consumed by
the redox processes (Niedzialkowski et al., 2020). This effect surpasses
the expected increase in polarisation resistance as a result of the
lowering of the anodic overpotentials in the first phase (at positive po-
tentials). The Rcr values measured for each receptor functionalisation
may differ, which is a result of complex macromolecule interactions
with the electrode (i.e. complementarity in surface charge distribution,
geometry, hydrophobic interactions), functionalisation thickness and
density, subtle electrode pre-treatment differences, etc. Importantly, the
observed trends are independent of the initial electrode conditions.
Despite the similarity in the trend of the R¢r=f(E) function, there are
observable differences between the receptors when studying Rcr values
at the negatively-charged electrode surface, with significantly higher
resistance observed for ACE2 compared to IgG2B and CD147, further
increasing with the anchored RBD concentration. The ACE2 dimer is
negatively charged (—33.8) under the chosen experimental conditions
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(see Table 1), with strongly negatively charged sites, namely, a part of
the metalloprotease’s active site, or RBD docking region. Therefore, it
can be expected that during its interaction with a negatively charged
electrode surface, the electron transfer mechanism is hindered. More-
over, on reduction of the ferrocyanide ions, the negatively charged [Fe
(CN)]* migration may be affected by the repulsion force with the
electrode surface. However, thanks to the electrostatic potential at the
surface of the RBD’s binding site, this receptor-target pair is highly
complementary and is characterised with the strongest interaction
among all studied receptors (Kd equal to 7.037 x 10™° M) [70]. This
topic is discussed further when introducing plausible interaction
mechanisms (see Fig. 6G).

Nearing the potential of [Fe(CN)6]3' to [Fe(CN)6]4', the reduction
effects in Cefr drop regardless of the type of receptor functionalisation,
but the cause of this phenomenon is not fully understood. We speculate
that it is due to the adsorption of the redox probe at the electrode surface
and the restriction of the available EASA, according to Eq. (3) or/and the
reduction of the oxidised [Fe(CN)6]3' form available on the EASA.
Further deep cathodic polarisation leads to an almost constant Ce¢s value.
Only negligible differences in Cef values are observed between the re-
ceptors, most noticeably at positively charged surfaces. The influence of
the SARS-CoV-2 RBD concentration is visible at each polarisation step,
where the increase in concentration causes the Cef drop, as discussed
later on.

Finally, the a value increases at the beginning of the scan in the
cathodic direction, always peaking in the vicinity of the [Fe(CN)¢] 3 jons
reduction potential and decreasing afterwards. This drop is primarily
related to the increase in electric heterogeneity due to the appearance of
varying [Fe(CN)6]4’ and [Fe(CN)6]3' concentrations in the diffusion
layer. Here again, an important distinction between ACE2 and other
receptors has been observed. In the case of ACE2, the electric
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Fig. 6. A-D) pDEIS electric parameter changes with SARS-CoV-2 RBD concentration, values recorded for A) Rcr and B) Cegr at POI1; C) Cer and D) o at POI2. Solid
lines represents statistically significant relationship (p < 0.05). The POIs were determined based on PCA and PLS analyses. E-G) Schematic protein — protein
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thickness (d;_») at POI2, on RBD anchoring; G) other plausible changes caused by electrostatic forces and affecting functionalised layer thickness (t;_3) at the

negatively- and positively-charged electrode surface.
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homogeneity appears to secondarily increase at the negatively charged
electrode’s surface. We introduce a plausible explanation for this phe-
nomenon later, when discussing Fig. 6G.

Based on the PCA and PLS examination, POI's were selected
revealing the polarisation conditions at which the greatest influence of
the SARS-CoV-2 RBD concentration on the studied electric parameters of
the assay is anticipated. The instantaneous values of these parameters in
the aforementioned POI’s are plotted in Fig. 6A-D as a function of the
RBD concentration. In Fig. 6, the reference zero RBD concentration
studies were plotted at the respective LOD concentrations for each
studied receptor (Supplementary Information file, Fig. S5).

POI1 corresponds to the electrode polarisation range of the [Fe
(CN)6l %to [Fe(CN)6]4' reduction potential. Here, intuitively, the charge
transfer process is the most sensitive to the chemical state on the elec-
trode surface and RBD anchoring, thus tracking the R¢r parameter is of
particular value. It should also be noted that the [Fe(CN)g] 3 reduction
peak potential depends on the reversibility of the redox process and thus
may slightly differ between the studied receptors. Based on experi-
mental findings, POI1 was set-up as 0.07 V vs Ag=AgCl for CD147 and
ACE2 receptors and 0.04 V for IgG2B. The POI1 R¢y results reveal a very
good correlation coefficient (Rz) with logarithmic function, as previ-
ously observed in the EIS studies (see Fig. 6A). It is generally expected
that the Rer will increase with the increase in the analyte concentration
when anchoring at the electrode surface and, as a consequence, limit the
available EASA. This relationship was found for both the ACE2 and
CD147 receptors.

A surprising and difficult to explain reverse trend is observed for the
IgG2B receptor. Its nature, however, was confirmed by the high R? value
of the logarithmic function. The charge transfer kinetics depend to some
extent on the electrostatic and non-electrostatic interactions between
the electrode, the anchored layer and the redox probe, affecting the
migration of the latter at the electrode vicinity [27,71]. Thus, a plausible
explanation of the characteristic R¢cr vs. RBD concentration for the
IgG2B receptor may be hypothesised under the assumption of
negatively-charged sites at the RBD. RBD anchoring to
negatively-charged ACE2 and CD147 would maintain the negative
charge of the functionalisation layer (Fig. 6E, top). Here, the resultant
rise in Ry is solely due to restriction in the availability of the EASA with
the RBD concentration. However, in the case of a slightly
positively-charged IgG2B receptor (Fig. 6E, bottom), RBD anchoring
neutralises the overall charge of the functionalised layer. The higher the
RBD concentration, the lower the repulsive electrostatic interaction with
[Fe(CN)ﬁ]g', thus the lower measured Rct. Both of these effects are
competitive. However, this hypothesis is based on the assumption that
the RBD possesses negatively charged sites, while the RBD exhibits a
formal charge of + 7. The formal charge depends on the local pH and
pKa, which could vary in the system and fluctuate with the applied AC
potential. Additionally, these charges change when binding and inter-
acting with each other (protein-surface, RBD—protein, etc.) and unfor-
tunately there are no available computational methods to simulate a
large and complex system on such a scale. A similar outcome was
observed multiple times, in particular for nanoporous membrane-based
sensors, and explained by the specific binding quenching the surface
charge in the functionalized layer increasing the transient ionic con-
ductivity [71,72]. The functionalized layer acts as a polyelectrolyte and
may be characterized with nanopores based on the receptor grafting
density. Gosai et al. [73] hypothesizes that binding thrombin to func-
tionalized receptor locally increases counterion concentration required
to balance the charges on the grafted biomolecules, resulting in an
impedance decrease with analyte concentration.

According to the PLS results, the quasi-capacitance represented by
Cefr Offers the best defined character of changes with the SARS-CoV-2
RBD concentration at POI1. This parameter is presented in Fig. 6B.
Indeed, the Ce¢s trends are expectedly opposite to those observed for Rcr.
The dependence of Cegr on the RBD concentration reveals an inversely
proportional logarithmic trend for the ACE2 and CD147 receptors. This
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effect was not observed for the IgG2B receptor, likewise for changes in
Rcr. Since Cefr depends on Rer by Eq. (2), it is possible that the ambig-
uous charge transfer mechanism affects both parameters.

Nevertheless, the most prominent changes in quasi-capacitance take
place at high anodic potentials. The defined POI2 is the most suitable for
characterisation of the analyte at the sensor surface (see Fig. 6C), and
unlike at POI1, the Ces drop with the RBD concentration increase is
prominent regardless of the studied receptor. The character of the
changes derives from the gradual increase in the functionalisation layer
thickness on RBD anchoring at the electrode surface and consecutive
EASA restriction, as visualised in Fig. 6F. Notably, the lowest Ce¢s values
in Fig. 6C are seen for the ACE2 receptor, which is spatially the largest
among all of the studied receptors. A similar observation was made by
[74] while [75] suggest capacitance reduction due to displacement of
counterions on RBD binding on the receptor. Notably, the surprising
behaviour found for the IgG2B receptor in POI1 is no longer observed.

Finally, the characteristics of the CPE-related homogeneity factor o
also graphed in POI2 (Fig. 6D) is too complex to show any reasonable
trend of changes with the concentration of SARS-CoV-2 RBD. Generally,
the results confirm the most electrically homogeneous film is formed by
the ACE2 receptor, while the IgG2B receptor anchoring results in the
most heterogeneous film. Being a significantly smaller molecule than
any studied receptor, it appears that the RBD anchoring has only a
negligible influence on the a value, but an increase in the RBD con-
centration still gradually decreases the observable differences between
each studied system. Here, at the positively charged electrode surface,
the deciding factors are believed to be the receptor-target binding con-
stant and the interaction type, where the noncovalent interactions of the
IgG2B receptor may lead to noticeable differences in the steric hindrance
of the macromolecular system studied.

The observed DEIS effects revealed the complexity of the studied
biosystems where the electrostatic and charging processes play an
important role in the protein-protein interactions [27,76]. Other plau-
sible charge effects affecting the migration of the redox ions by altering
the functionalisation layer geometry at the polarised electrode surface
are visualised in Fig. 6G. One should take into consideration that the
electrostatic electrode surface-receptor repulsion/attraction forces
(with or without anchored RBD) may alter both the functionalisation
layer thickness and non-specific interactions of proteins in the electric
field and steric hindrance effects. Ignoring factors other than the charge
of the biomolecules, at cathodic polarisation the functionalisation layer
thickness t; is expected to surpass t3. The largely negatively-charged
ACE2 receptor will be characterised by stronger repulsive forces
against the BDD electrode surface compared to the more inert CD147
and IgG2B. The resultant modification of the functionalisation layer
geometry may affect redox probe diffusion and migration pathways".
These effects will also be significantly less prominent on anodic polar-
isation of the electrode.

The electrostatic potential at the surfaces of the relevant docking
regions of ACE2 and RBD is highly complementary [70]. Therefore,
ACE2 is characterised with the strongest interaction with SARS-CoV-2
RBD among the studied receptors, with the binding constant (Kd)
equal to 7.037 x 107 M [70]. The plI of IgG2B equals 7.42, while its
charge is slightly positive (+5.8) in the measurement conditions. IgG2B
has a relatively homogeneous distribution of charges on the surface;
therefore, it is difficult to distinguish negatively or positively charged
sites. ACE2 is a transmembrane protein; however, the form immobilised
at the electrode’s surface is only the extracellular (EC) part of the protein
(GIn18-Ser740). Therefore, the transmembrane (TM) part, which is the
most hydrophobic part, is missing. Such changes do not influence the
binding of the target (RBD), but likely have an impact on the behaviour
of the protein at the sensor’s surface. The C-terminus of ACE2 located
closest to the electrode’s surface (see the results of the molecular dy-
namics simulations presented below) consists mostly of neutral,
nonpolar amino acids (e.g., VPPQNPPGLT - 739-730 aa). Therefore,
except for the steric hindrance of the sensor’s surface, this effect can be
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intensified through amino acid groups that make the electrode-protein
charge transfer more difficult. Additionally, the active site of ACE2
binds Zn?" ions, which may further modify the electronic properties of
the protein.

The control over the position and orientation of 1gG2B during the
covalent binding at the sensor’s surface is a challenge. Most widely used
conjugation/labelling methods do not provide sufficient control over the
label’s exact position, therefore, the optimal orientation of the IgG2B
cannot be guaranteed [77]. This, in turn, can pose problems with a
significant decrease in the antigen-binding activity. Each antibody may
bind two RBD molecules through its Fab regions. Antibodies can
approach and bind the RBDs at different angles. Usually, the RBD is
bound to IgG2B through weak and noncovalent interactions such as
electrostatic ones, hydrogen bonds, van der Waals forces, or hydro-
phobic interactions. The binding sites may overlap to different extents
with the ACE2 binding site but the exact mechanism of the IgG2B-RBD
interactions is still under debate. Depending on the binding site, the
interface may vary from 626 A® to 1248 A% and may include from 9 to 35
contacted residues, therefore the exact Kq of its binding with the RBD is
not known [78].

The CD147, in turn, is negatively charged under the studied condi-
tions, with a pl of 5.94, yet significantly weaker than ACE2 and is pre-
sumably neutralised on RBD anchoring. The heptapeptide and IgG1l
linked to CD147, closest to the sensor’s surface, will determine the
behaviour of CD147 during the electrochemical measurements. 1gG1,
like IgG2B, has a relatively homogeneous distribution of charges on the
surface [79], possibly limiting the discussed effects. One should also take
into consideration the significantly different Kg = 1.85 x 107 M [10] of
the RBD binding and the fact that this is the smallest (47.5 kDa) of the
studied compounds with possibly the smallest effects on steric
hindrance.

In molecular dynamics, the charges are fixed and do not change
during simulation, because the method does not allow it. Due to the size
of the overall system, no other alternative method can be used. It should
be noticed that additional effects may be effective in the real system, i.e.
the whole biosystem can transform itself, as in Fig. 6G, after the DC
signal is applied, which is not taken into account by the MD. The per-
formed molecular dynamics does not show this, but the MD does not
take into account AC signal transfer and the surface coverage with
different proteins may be different. The antibody is much larger in size
than ACE2 and CD147 and has a greater ability to “lie” partially on the
surface. In addition, counterions existing in the biosystem can also
determine charge transfer in the system.

4. Conclusions

In this study, an advanced multisine impedimetric analysis allowed
us to reveal interactions in the SARS-CoV-2 spike RBD protein assay
targeted by cellular receptors ACE2, CD147 and IgG2B. We also elabo-
rated on the origin mechanism inducing variations of electrical param-
eters attributed to the molecular interactions driving RBD binding and
recognition in presence of the redox probe dissolved in the electrolyte.
Importantly, the impedimetric response, as described by the resistance
of electric charge transfer through the electrode/electrolyte interface
(R¢r) and receptor-functionalised film quasi-capacitance (Ceff) differed
for the studied receptors as a result of the different complementarity of
the surface charge distribution for the molecules, their geometry, hy-
drophobicity, and the thickness and density of the functionalisation
biosystem. The designed assay with ACE2 provides a LOD value of
0.157 ng/mL. The LODs estimated for the other two receptors reached
0.096 ng/mL (CD147) and 0.025 ng/mL (IgG2B). This result is highly
competitive to previous published findings, both in terms of LOD and
test duration (see Supplementary Information file, Table S4 for more
details).

The application of PCA to the experimental dataset allowed us to
easily identify outliers and discriminate between the different receptors,
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while, the conducted PLS analysis, highlighted several POIs, which
maximized the covariance between the logarithmic RBD concentration
and the fitted EEC parameters, on which to conduct further analysis.
These were in the vicinity of the redox reduction peak (POI1) and at
anodic polarisation exceeding + 0.5 V vs. Ag=AgCl (POI2). At POI1, a
different nature of Rcr changes was observed as a function of the RBD
concentration for IgG2B. For ACE2 and CD147, Rt increases with the
concentration, which was attributed to the blocking of the electro-
chemically active electrode surface. There may be paths of conduction
through the IgG2B in this state. The observation was followed by the
inversely proportional quasi-capacitance changes, as expected. For the
negatively charged electrode surface, Rer was significantly higher for
ACE2 than for IgG2B or CD147.

Significant differences in the electric quasi-capacitance of the func-
tionalisation layers were recorded at POI2, especially for the positively
charged electrode surface, while the trend of changes versus the polar-
isation function was analogous for each receptor. The lowest quasi-ca-
pacitances were noticed for ACE2, which we associate with the fact that
this molecule is geometrically the largest, thus producing the thickest
biosystem on the electrode surface. The discrepancies in the electrical
homogeneity on the electrode surface, measured by the size of the fre-
quency dispersion of the capacitance, were determined. Importantly, for
ACE2 we observed the lowest capacitance values, regardless of its con-
centration, which can be explained by the size and charge of this
macromolecule. Interestingly, changes in electrical homogeneity as a
function of the RBD concentration do not provide unambiguous infor-
mation, but the data confirm that the ACE2 receptor delivers the most
homogeneous surface. This observation is especially correct for low RBD
concentrations, while for higher RBD concentrations the differences in
electrical homogeneity between electrodes with different receptors
vanish.

The conducted DEIS study revealed a new insight into electrical ef-
fects which are consistent with previous observations [70] manifesting
strong docking behaviour of ACE2 and RBD driven by the electrostatic
potential. On the other hand, CD147 manifests significantly weaker in-
teractions than ACE2 and is presumably neutralised on RBD anchoring.
The presented approach allows for extended and ultra-sensitive studies
such as rapid screening of physiological factors influencing cellular in-
teractions, testing various mutations of SARS-CoV-2, and assessment of
therapeutic drugs supporting and accelerating further in vitro, in vivo,
and clinical investigations.
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