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interference of small analytes against S-protein-ACE2 binding at low analyte concentration and small volume
(0.1 pg/mL and ~1 pL, estimated total analyte consumption < 4 pg) within 21 min. Thus, a few potential in-
hibitors of S-protein-ACE2 binding were identified. This includes (2S,3aS,6aS)-1-((S)-N-((S)-1-Carboxy-3-phe-
nylpropyl)alanyDtetrahydrocyclopenta[b] pyrrole-2-carboxylic acid (ramiprilat) and (2S,3aS,7aS)-1-[(2S)-2-
[[(2S)-1-Carboxybutyl]amino]propanoyl]-2,3,3a,4,5,6,7,7a-octahydroindole-2-carboxylic acid (perindoprilat)
that reduced the binding affinity of S-protein to ACE2 by 72% and 67%; and SARS-CoV-2 in vitro infectivity to the
ACE2-expressing human oral cavity squamous carcinoma cells (OEC-M1) by 36.4 and 20.1%, respectively,
compared to the PBS control. These findings demonstrated the usefulness of the developed biosensing platform
for the rapid screening of modulators for S-protein-ACE2 binding.

1. Introduction

Since December 2019, Severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) has infected more than 122 million people and
caused over 2.7 million deaths worldwide (Dong et al., 2020). To curb
the spread of the Coronavirus disease 2019 (COVID-19) pandemic,
research and clinical communities have invested numerous efforts into
repurposing the presently available drugs against the infection (Harri-
son, 2020), and several potential therapeutic leads, including remdesi-
vir, lopinavir-ritonavir combinations, chloroquine, and
hydroxychloroquine, were enrolled in the WHO’s Solidarity Therapeu-
tics Trial (Singh et al., 2020). Despite the initial reports of success, a
recent interim report released by the World Health Organization’s Sol-
idarity Therapeutics Trial concluded that remdesivir, hydroxy-
chloroquine, lopinavir/ritonavir, and interferon regimens have little or
no effect on 28-day mortality or the in-hospital course of COVID-19
among hospitalized patients (Pan et al., 2020), while the progression
of other drug-repurposing activities was generally slow, although some
are under clinical trials (Singh et al., 2020).

The technical complexity and high expense involved in screening
new leads through conventional computational and biological experi-
mental approaches are among the main factors that impede drug-
repurposing efforts (Singh et al., 2020). This study reported the use of
electrochemical impedance spectroscopy (EIS)-based biosensing tech-
niques for the rapid screening of new therapeutic leads against
SARS-CoV-2 infection from the pool of FDA-approved drugs, as a new
alternative approach to conventional drug-repurposing approaches.
EIS-based  biosensing can  detect interactions  between
bio-macromolecules with high sensitivity, selectivity, and reliability (Li
et al., 2013; Rocheville et al., 2013; Tepeli and Ulkii 2018). The use of
this technique in the studies of receptor-ligand interactions, drug
screening (Kilic et al., 2018a, 2018b; Lundstrom 2017; Rocheville et al.,
2013), viral protein detection (Li et al., 2013; Santos et al., 2018; Tepeli
and Ulkii 2018), and cancer diagnosis (Chang et al., 2019a) has been
increasing. This study hypothesized that this technique may be adopted
to detect changes in the receptor-ligand interactions upon exposure to
pharmacological inhibitors of such interactions.

Previous reports have found that SARS-CoV-2 spreads mainly
through the respiratory tract (Tai et al., 2020). It affects type II alveolar
(AT2) cells through interaction with the cell surface
angiotensin-converting enzyme 2 (ACE2) via its spike protein (Wan
et al., 2020; Xu et al., 2020; Zhao et al., 2020). This explains the
development of acute respiratory syndrome in COVID-19 patients (Wan
et al., 2020; Zheng et al., 2020). This also suggests that the spike
protein-mediated SARS-CoV-2 attachment, fusion, and entry into the
cells may be an interesting target for the development of antibodies and
entry inhibitors, as a means to reduce the risks or attenuate the pro-
gression of the infection (Singh et al.,, 2020). Therefore, this study
developed an EIS-based biosensing platform consisting of a recombinant
ACE2 protein-coated palladium nano-thin-film (ACE2-Pd-NTF) elec-
trode as the core sensing element to detect alterations that may occur in
the binding of SARS-COV-2 spike protein (S-protein) to ACE2 when
exposed to modulating molecules (Scheme 1), as an efficient tool to
identify potential pharmacological inhibitors against SARS-CoV-2-ACE2

binding.

The potential of the current EIS-based biosensing platform for
identifying pharmacological inhibitors for SARS-CoV-2-ACE2 binding
was assessed through the screening of a panel of the U.S. Food and Drug
Administration (FDA)-approved peptide analogs predicted to promote
hydrogen bonding interactions with ACE2 via computational structural
superimposition analysis. In this study, we report the screening results of
selected peptide analogs that exhibited inhibition against SARS-CoV-2-
ACE2 binding at both the molecular and cellular levels. A few peptide
analogs exhibited positive modulation of SARS-CoV-2-ACE2 binding.
These findings demonstrate the capability of the developed biosensing
platform to screen modulators of SARS-CoV-2-ACE2 binding at the
molecular level.

2. Materials and methods
2.1. Computational structural modeling-receptor superimposition analysis

The crystal structures of ACE2 (1R4L) and angiotensin-converting
enzyme (ACE) (1UZE, 2X94, 1086, and 2X92) were obtained from the
Protein Data Bank (rcsb.org) (Berman et al., 2000) and superimposed to
assess the structural similarities. To select the candidates for the
biosensing-based SARS-CoV-2-ACE2 binding inhibitor screening exper-
iments, the chemical structure of a panel of peptide analogs known to
inhibit ACE (e.g., lisinopril, enalaprilat, perindoprilat, and ramiprilat,
PDB ID: 1086, 1UZE, 2X94 and 2X92, respectively) were superimposed
virtually onto MLN-4760 (ACE2 inhibitor)-ACE2 complex (PDB ID:
1R4L) and examined via superimposition function in Discovery Studio
Visualizer to generate their respective interaction diagrams.

2.2. Recombinant expression and characterization of ACE2 and SARS-
CoV-2 S-protein

The recombinant ACE2 and SARS-CoV-2 S-protein receptor-binding
domain (referred to as S-protein) were expressed through the Escher-
ichia coli system (Chang et al., 2019a). Gene sequences for ACE2 and
S-protein were obtained from SWISS-MODEL (Waterhouse et al., 2018)
and were synthesized using the chemical synthesis method by Genomics
Co. (Taipei, Taiwan). The synthesized ACE2 and S-protein gene frag-
ments were then sub-cloned into pUC expression vectors (Fig. S1), and
the resulting vectors were transformed into the XLI-Blue strand E. coli
host (Chang et al., 2019a). To overexpress the recombinant ACE2 and
S-protein, the refreshed host in 250 mL Luria-Bertani (LB) medium was
induced with 0.5 mM isopropyl p-D-thiogalactopyranoside (IPTG) at
37 °C for 18 h. Recombinant ACE2 and S-protein were isolated from the
bacterial inclusion body and refolded with the quasi-static over-critical
folding process. Briefly, denatured ACE2 or S-protein from the inclusion
body was dissolved in a denature buffer (Chang et al., 2002). The de-
natured proteins were then refolded by reducing the concentration of
denaturant and salts in the protein solution and gradually adjusting the
solution pH from 12 to 8.8. The ACE2 and S-proteins were expected to
refold after a series of buffer changes. Upon completion of the protein
refolding, western blotting (using anti-ACE2 and anti-S-protein anti-
bodies) was performed to confirm the identity and purity of the
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expressed ACE2 and S-protein (Xu et al., 2015). The concentrations of
ACE2 and S-protein were determined using ultraviolet-visible (UV-vis)
spectroscopy at a wavelength of 280 nm.

2.3. nCoV-S pseudovirus

The nCoV-S Luc pseudovirus was obtained from the National RNAi
Core Facility at Academia Sinica, Taiwan by using, pCMVdeltaR8.91 and
pcDNA3.1 to express S-proteins on the surface of the pseudovirus. The
entry of pseudovirus can be identified by the luminescence emitted from
the luciferase encoded in the transfer vector pLAS2w.FLuc.Ppuro.

2.4. ACEZ2 and S-protein dot blot binding assay

A dot blot binding assay was performed to assess the affinity of the
synthesized recombinant S-protein to recombinant ACE2. The PVDF
membrane was activated using 100% ethanol for 1 min before the
deposition and drying of ACE2 protein (0.2 mg/mL) onto the membrane
at the center of the grid (3-4 mm in diameter). The membrane was then
incubated in a blocking solution (5% skim milk in TBS-T) for 1 h, fol-
lowed by incubation with alkaline phosphatase-conjugated S-protein
(1.25-2500 pM) for 2 h at room temperature. The membrane was then
washed three times with TBS-T for 5 min and incubated with NBT/BCIP
reagent for 1-15 min. The density of the dark-colored dots developed on
the membrane was quantified using the densitometry program (ImageJ,
NCBI).

2.5. Design and characterization of electrochemical impedance
spectroscopy (EIS)-based biosensor

The Palladium nano-thin film (Pd-NTF) electrode was fabricated
according to a previously reported method (Chang et al., 2019a). Two
granule layers of Pd were deposited on the PET substrate by a sputtering
process to produce a Pd-NTF electrode. The crystalline structure of the
Pd thin film was investigated using a low-temperature X-ray diffrac-
tometer (XRD) (D8, Bruker, Billerica, MA, USA). The scan range was
from 20° to 60°, in increments of 0.05°/s. Thereafter, with a fixed
small-angle incident X-ray beam at 1°, the XRD signal was analyzed via
the Scherrer equation, as shown below:
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where, 7 denotes the grain size, K the dimensionless shape factor
(~0.89), 1 the X-ray wavelength, f the full width at half maximum of the
intensity (FWHM), and 0 the Bragg angle. The wavelength of X-ray in
this study was 1.54 A.

To fabricate the biosensing electrode, 1 pL of the recombinant ACE2
(0.8 mg/mL) was deposited onto the Pd-NTF electrode and incubated at
room temperature for 20 min to form a functional ACE2 layer through
the direct formation of Pd-S bonds between ACE2 and the active Pd
surface (Chang et al., 2019a,b). The ACE2-coated Pd-NTF electrode was
then rinsed with double distilled water to remove excess protein, fol-
lowed by blocking with 1 pL of 1- octadecanethiol (0.1 mM) at room
temperature for 10-15 min. Subsequently, the ACE2-Pd-NTF electrode
was coupled to the impedance spectroscopy device/amplifiers to form
the complete ACE2-Pd-NTF biosensor-EIS setup. The Raman spectra of
ACE2 immobilized on the Pd-NTF electrode were obtained using a
custom-built micro-Raman system (Chang et al., 2019a). The Raman
signal was analyzed using an ANDOR KYMERA-328i-A instrument with
an ANDOR DR-05880 (Andor Tech. Ltd., Oxford Instruments, Belfast,
UK). The prepared ACE-Pd-NTF electrode was also analyzed using
impedance spectroscopy. The successful coating of ACE2 onto the
Pd-NTF was determined by the increase of Rt on Pd-NTF after the ACE2
coating. Subsequently, the ACE2-Pd-NTF biosensing electrode was
coupled to the impedance spectroscopy device/amplifiers to form the
complete ACE2-Pd-NTF biosensor-EIS setup.

2.6. Identification of SARS-CoV-2 — ACE2 binding modulators via EIS-
based biosensing platform

In this study, we assessed the modulating effects of ACE2-interacting
peptide analogs of the angiotensin-converting enzyme inhibitor (ACEi)
class, such as enalapril, enalaprilat, lisinopril, captopril, perindopril,
perindoprilat, ramipril, and ramiprilat, on S-protein-ACE2 interaction.
The surface of ACE2-Pd-NTF electrode was pre-treated with 1 pL of these
ACEi (prepared in PBS at a concentration of 0.1-4 pg/mL), as well as PBS
(blank control) for 10 min at room temperature. The treated ACE2-Pd-
NTF electrode was then gently rinsed with distilled water and drained
dry prior to connecting to the EIS device for impedance measurement.
The R value obtained from the treated ACE2-Pd-NTF electrode was
taken as the baseline R¢;. The treated ACE2-Pd-NTF electrode was then
exposed to a series of PBS solutions containing ascending concentrations
of S-protein (0.1-100 pM, 2 pL per electrode) for 10 min at room tem-
perature, followed by EIS measurement. The net changes in R value

Palladium-nano-thin film electrode ( Pd-NTFE)

Scheme 1. The EIS-based biosensing platform with ACE2-Pd-NTF electrode as biosensing probe against SARS-CoV-2’s S-protein.
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(AR¢y) were calculated by subtracting the baseline R, signals of ACE2-
Pd-NTF electrode from that treated with PBS of S-protein. All AR
values were further normalized and expressed as the percentage of S-
protein-ACE2 interaction by using the ARct values of the PBS-control
group and the saturated S-protein-treated group as the 0% and 100%
S-protein-ACE2 interaction, respectively (GraphPad Prism 8.3 soft-
ware). A dose-response curve (S-protein concentration vs. AR.) was
then plotted for the respective ACEi- and PBS-treated groups. The dose-
response curves of the ACEi-treated groups were compared to those of
the PBS-treated controls to assess the effect of the peptide analogue on
the ACE2-S-protein interaction. To verify the binding selectivity of the S-
protein to the ACE2-Pd-NTF electrode, the binding of the S-protein to
the plain and non-ACE2 protein-coated Pd-NTF electrodes (in the
absence and presence of selected model drugs, i.e., perindoprilat and
lisinopril), were assessed. The binding of S-protein, albumin, and lyso-
zyme to ACE2-Pd-NTF electrodes were also tested.

2.7. Cell culture and western blot analysis

OEC-M1 cells were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS), 100-unit penicillin, 100 pg strep-
tomycin, and 0.25 pg Fungizone (all from Gibco, Thermo Fisher, Wal-
tham, MA, USA) per milliliter. The cells were seeded into a 6-well plate
at a density of 3 x 10° cells/well for 18 h at 37 °C and 5% CO, before
treatment. The expression of ACE2 in OEC-M1 cells in the absence or
presence of selected peptide analogs (after 30 or 60 min of treatment at
20 pM) was evaluated by western blotting. Briefly, the cells were lysed in
lysis buffer (20 mM Tris-HCI pH 7.5, 150 mM NaCl, 2 mM EDTA, and 1%
Triton X-100) to obtain crude extract. The proteins were subjected to
10% SDS-PAGE and transferred onto a PVDF membrane (Millipore,
Burlington, MA, USA) in a wet transfer system (Bio-Rad, Hercules, CA,
USA) for 120 min at 400 mA. The PVDF membrane was then incubated
in blocking solution (5% milk powder in PBS containing 0.1% Tween
20), followed by probing with primary antibodies [rabbit anti-ACE2
(ab108252, 1/1000 dilution, Abcam, Cambridge, UK) and mouse anti-
a-tubulin (GTX628802, 1/20,000 dilution, GeneTex, Irvine, CA, USA)].
Anti-mouse and anti-rabbit IgG-conjugated horseradish peroxidase an-
tibodies (1:10,000) were used as secondary antibodies. Peroxidase ac-
tivity was visualized using Enhanced Chemiluminescence kit (Millipore,
Burlington, MA, USA). Chemiluminescence imaging was performed
using a BioSpectrum Imaging System (UVP, USA), and densitometric
analyses were performed using Alphalmager 2200 software (Pro-
teinSimple, Santa Clara, CA, USA).

2.8. Preparation of S-protein conjugated quantum dot (QD-S-protein)

A cadmium selenide core - zinc oxide shell (CdSe@ZnO) quantum
dot (QD) (particle size = 2.5 nm, excitation and emission wavelengths at
400 and 525 nm, respectively), was a gift from Professor Dai-wen Pang
of Nankai University, China (Liu et al., 2011). The QD-labeling of
S-protein was done by adding carboxyl-modified QD to the S-protein at a
molar ratio of 1:5 in 500 pL of deionized water containing 0.1M 1-eth-
yl-3-(3-dimethylaminopropyl) carbodiimide (EDC, Merck KGaA, St.
Louis, MI, USA) (East et al., 2011). The reaction mixture was then
incubated for 12 h at 4 °C on a rotating wheel in the dark. Thereafter, the
reaction mixture was dialyzed in a dialysis tube with 3 kDa molecular
weight cut off against 50 mM Tris-HCI buffer pH 7.5 for three rounds
(10 h/round) to remove excess EDC from the mixture. Estimation of the
QD-labeled S-protein concentration in the dialyzed product was then
performed via UV spectroscopy (at a wavelength of 280 nm with the
S-protein extinction coefficient (¢) of 45240 M7 em™D). The mechanism
of QD labeling of the S-protein is illustrated in Fig. S2.
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2.9. Confocal microscopy for S-protein uptake by oral squamous cell
carcinoma (OEC-M1) cells

To detect S-protein uptake by OECM-1 cells, the cells were seeded on
glass cover slides in 24-well plates and left to attach overnight. The cells
were then treated with 800 nM purified QD-S-protein for 30, 60, and
120 min. After removing QD-S-protein from the medium and washing
thrice with PBS, the cells were fixed with 4% paraformaldehyde. Fluo-
rescent and cellular morphology images were captured with a digital
camera and a charge-coupled device image sensor with a differential
interference contrast channel (FluoView FV1000, Olympus, Tokyo,
Japan). High-resolution images were scanned from bottom to top (z-
sections) to evaluate QD-S-protein in vitro binding.

2.10. In vitro SARS-CoV-2 infectivity

ACE2-expressing OEC-M1 cells (2 x 10° cells) were pretreated with
20 pM of enalapril, enalaprilat, lisinopril, captopril, perindopril, or
ramipril for 30 min, followed by exposing to 1 MOI (multiplicity of
infection) of SARS-CoV-2/human/TWN/CGMH-CGU-01,/2020 for 60
min in the presence of the respective peptide analogs (20 pM). A blank
control was also included, in which the cells received similar treatment
except for the peptide analogs in the cell culture media. After incuba-
tion, all cells were washed with PBS and incubated at 37 °C for another
24 h. At the end of the 24-h incubation, cell culture media were
collected, and SARS-CoV-2 RNA was extracted from the media using
LabTurbo Viral Mini Kit, with LabTurbo 48 Compact System (LabTurbo,
Taipei, Taiwan). cDNA was synthesized using the MMLV Reverse
Transcription Kit (Protech, Taipei, Taiwan). The primers and probes
were targeted to the viral E gene of SARS-CoV-2. The primer and probe
sequences for the E gene were as follows:

Primer: forward 5- ACAGGTACGTTAATAGTTAATAGCGT- 3
reverse 5'-ATATTGCAGCAGTACGCACACA-3'.

Probe: 5-FAM- ACACTAGCCATCCTTACTGCGCTTCG-BBQ-3'.

The Roche LightCycler®480 System (Roche, Basel, Switzerland) and
2 x qPCRBIO Probe Blue Mix Lo-ROX (Kapa Biosystems, Wilmington,
MA, USA) were used for quantitative detection of nucleic acids.

3. Results
3.1. EIS-based biosensor design and characterization

In this study, we developed an EIS-based biosensing platform (Chang
et al.,, 2019a, 2019b) to identify potential pharmacological inhibitors
from the selected FDA-approved ACE/ACE2-interacting peptide analogs
to the ACE2-SAR-CoV-2’s S-protein interaction.

First, a unique Stranski-Krastanov-like palladium thin film (Pd-NTF)
electrode was fabricated through the epitaxial sputtering of two or three
layers of Pd nanoparticles onto a polyethylene terephthalate (PET)
substrate according to previous methods (Chang et al., 2019a, 2019b).
The fabricated Pd-NTF electrode was found harboring a retainable Pd
surface with specifically coordinated Pd (111) and Pd (200) nano-
crystalline structures (granule size respectively at ~3.81 nm and ~6.09
nm, estimated based on the Scherrer equation) that favors the conju-
gation of biomolecules.

To protect the electrode surface from reacting with the environ-
mental elements, a thin layer of indium tin oxide (ITO) was used to cover
the surface. Immediately before bio-conjugation, the ITO coating was
removed via oxalate acid etching. The XRD analysis indicated that the
ITO coating and removal processes did not change the Pd surface
structure or the bio-conjugation efficiency (Chang et al., 2019b)
(Fig. 1A). Subsequently, the fabricated Pd-NTF electrode was exposed to
the recombinant ACE2 protein (0.8 mg/mL) to allow its rapid immobi-
lization (within 20 min) on the electrode surface to form the
ACE2-coated palladium nano-thin-film (ACE2-Pd-NTF) electrode
(Fig. 1B). Prior to this, recombinant ACE2 and SARS-CoV-2 S-protein
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Fig. 1. Characterization of ACE2-Pd-NTF elec-
trode. (A) The XRD spectra of Pd-NTF covered
with ITO (upper panel) and after removal of ITO
(lower panel). The black lines denoted the noise
reduction XRD spectra. The red dash lines
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denoted the Gaussian fitting peaks of Pd (111) or
{ Pd (200). (B) Time-dependent ACE2 bio-

conjugation. (C) Raman spectra of ACE2 on Pd-
NTF (Black line) and Pd-NTF only (Red line).
The black arrows denoted the vibration mode of
Pd-S bonding (Chang et al., 2019a; Merkle et al.,
1999). The red asterisks denote the typical PET
signal, and S-S denotes the vibration mode of
protein disulfide bonds. The A regions represent
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were expressed and confirmed by Western blots. The biding of S-protein
to ACE2 was verified by dot blots assay (Fig. S3).

Raman spectroscopy analysis (Fig. 1C) indicated that ACE2 was
immobilized on the Pd-NTF surface via Pd-S linkage with a “Braggite-
like” Raman shift from 326 to 392 cm’! (Chang et al., 2019a; Chang
et al., 2019b; Merkle et al., 1999). The Raman shifts from 500 to 1700
cm™ contained signals for the ACE2 protein and the PET substrate
(Fig. 1C) (Lippert et al., 1976; Stewart and Fredericks 1999; Tuma 2005;
Zhu et al., 2015). These results indicated that ACE2 could bind to the
Pd-NTF surface within 20 min with only 0.8 pg. The ultrasensitive
detection of Raman spectroscopy signals at low sample amounts in the
current analysis may be attributed to the induction of a local surface
plasmon resonance (LSPR) phenomenon and an enhanced surface elec-
tric field by the unique Pd metal nanostructure on the surface of the
biosensing electrode (Xu et al., 2015). Furthermore, the enhanced sur-
face electric field generated may reduce the surface impedance of the
electrode, thus elevating the sensitivity of signal detection in electro-
chemical impedance spectroscopy (EIS).

The binding of the viral S-protein or virus to the immobilized ACE2
and the interfering effects of pharmacological inhibitors were detected
by monitoring the changes in the electrical impedance at the interface of
the solution and S-protein/virus — ACE2-Pd-NTF electrode. Such elec-
trical impedance can be determined by applying a small sinusoidal
voltage at different frequencies to the S-protein/virus-ACE2-Pd-NTF
electrode, followed by measuring the resulting sinusoidal current re-
sponses. Moreover, impedance was calculated based on the current-
voltage ratio via an effective equivalent Randel’s model derived from
the model proposed by Ramanavicius et al. (2010), whereby the charge
transfer resistance (R) represented the impedance from the ACE2-spike
binding and was equivalent to the effective CPE in Ramanavicius’ model
(Chang et al., 2019a, 2019b; Cheng et al., 2011; Li et al., 2013; Ram-
anavicius et al., 2010). Further technical details of this EIS-based bio-
sensing platform were provided in the supplementary section.

The capability of this EIS-biosensing setup to detect the binding of
SARS-CoV-2 to ACE2 was first demonstrated through the successful

1400

1600

binding of the nCoV-S-Luc pseudovirus (a SARS-CoV-2 pseudovirus
obtained from the National RNAi Core Facility at Academia Sinica,
Taiwan) to the ACE2-Pd-NTF electrode in a dose-dependent manner
(Fig. 2A and Fig. S4). Although the nCoV-S-Luc pseudovirus is an
optimal substitute for the SARS-CoV-2 virus for a variety of physiolog-
ical and cellular studies, it is not suitable for the evaluation of phar-
macological inhibitor effects in this study because its stock
concentration can only be estimated by the relative infection unit (RIU).
Therefore, a recombinant viral spike protein receptor-binding-domain
fragment (herein referred to as S-protein) of SARS-CoV-2 virus was
adopted as a model system to investigate the effect of pharmacological
inhibitors on the interaction between S-protein and ACE2. Fig. 2B shows
a dose-response curve (with effective S-protein concentration to trigger
50% S-protein-ACE2 binding signals, ECs0.s @ baseline = 1.74 & 0.31 pM)
that reflects the dose-dependent interaction of recombinant viral S-
protein to the ACE2-Pd-NTF electrode.

3.2. Selection of SARS-CoV-2-ACEZ2 binding inhibitor candidates via
computational structural superimposition analysis

Through a computational structural superimposition analysis, the 3-
dimensional structures of ACE and ACE2 complexes were well aligned
with each other (Fig. 3). This was in line with previous reports that ACE
and ACE2 share 40% sequence identity and >60% sequence similarity
(Chappel and Ferrario 2006; Donoghue et al., 2000; Tipnis et al., 2000).
Based on these findings, we performed superimposition analysis on a
panel of peptide analogs known to inhibit ACE to assess their possible
interaction with ACE2.

Through the superimposition analysis, several peptide analogs of the
pharmacological ACE inhibitor (ACEi) class that possess a (2-oxoethyl)
glycine moiety (Fig. 3 and Fig. S5) resembled that of the classical ACE2
inhibitor MLN-4760 (Towler et al., 2004b) and its analogs, such as
lisinopril, enalaprilat, perindoprilat, and ramiprilat, were found to
promote important interactions with the key amino acid residues in the
active site of ACE2 via hydrogen bonding (Akif et al., 2010; Natesh et al.,
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Fig. 2. Electrochemical impedance sensing correlates with SAR-CoV-2 pseudovirus or S-protein binding. (A) Relative impedance change ratios (ARct ratio) in
response to the ascending concentrations of SARS-CoV-2 pseudovirus. (B) Dose-response curve of the S-protein interaction with the ACE2 (EC50-S @ baseline = 1.74

=+ 0.31 pM, generated via the biosensing platform). Error bars indicate SD.
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Fig. 3. Molecular modeling and small molecule
docking of ACE2. (A) Superimposition of ACE2/
MLN-4760 binary complex and ACE/ACEi com-
plexes. The overlapping regions colored in yellow
[main-chain root-mean-square deviation (RMSD)
values for aligned residues are < 2.0 A with 1R4L
as a reference] while the non-overlapping regions
are colored in red for ACE (main-chain RMSD
values for aligned residues are > 2.0 A with 1R4L
as reference) and blue for the related ACE2 re-
gions. (B) Superimposition of MLN-4760 (white),
enalaprilat (green), perindoprilat (pink), lisino-
pril (gold), and ramiprilat (orange) in ACEs
binding pocket. The carbon atoms of acetone-
glycine moiety are colored in yellow. (For inter-

pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

2003, 2004; Towler et al., 2004a) (Fig. 3B and Fig. S5). Hence, these
compounds were selected as candidates for the subsequent screening of
SARS-CoV-2-ACE2 binding inhibitors using the developed biosensing
platform.

3.3. Identification of SARS-CoV-2 — ACE2 binding modulators via EIS-
based biosensing platform

To further explore the potential of ACEi in modulating the interac-
tion of S-protein and ACE2, the ACE2-Pd-NTF electrodes were exposed
to the shortlisted ACEi, which included lisinopril, captopril, enalaprilat,
perindoprilat, ramiprilat, and the corresponding prodrugs, enalapril,
perindopril, and ramipril. Thereafter, the electrodes were incubated
with ascending concentrations of the S-protein. Changes in the electrode
impedance were subsequently documented and analyzed to reveal the
presence and mode of modulation brought by ACEi to ACE2-S-protein
binding.

Among the ACEi tested, perindopril, perindoprilat, ramipril, and
ramiprilat were found to elicit a concentration-dependent suppression of
the ACE2-S-protein interaction (Fig. 4). At 4 pg/mL, perindopril and
perindoprilat suppressed the ACE2-S-protein interaction by approxi-
mately 48% (Emax-s @ perindopril = 51.9 & 5.3%) and 67% (Emax-s @ peri-
ndoprilat = 33.0 £ 3.7%), respectively (Fig. 4A, B). In comparison, the
Emax-S @ baseline Was 99.5 & 11.0% (p < 0.01) for the baseline control.
Similarly, ramipril at 4 pg/mL suppressed the binding of S-protein to
ACE2 by approximately 42% (Emax-s @ ramiprii = 57.1% = 11.4%)
(Fig. 4C). Ramiprilat exhibited 30% stronger inhibition than ramipril
(72% suppression of the binding of S-protein to ACE2 with Enax-s @
ramiprilat = 27.6 = 7.5%) (Fig. 4C, D). Both active metabolites of peri-
ndopril and ramipril exhibited stronger suppressive effects than the

parent compounds. These findings indicate correlations of the suppres-
sive activities to the metabolic alteration of the inhibitors’ chemical
structures. Moreover, it suggests the potential of perindopril and ram-
ipril and their metabolites as pharmacological inhibitors of the SARS-
CoV-2 - ACE2 binding. The ability of the developed EIS-based bio-
sensing platform to identify inhibitors against ACE2-S-protein binding
has been clearly demonstrated for the first time in this study.

It should be noted that not all ACEi can exhibit inhibitory action
against S-protein — ACE2 binding. In this study, the EIS-based biosensing
platform surprisingly identified the positive modulators of the S-protein
- ACE2 binding from among the peptide analogs tested. For example,
enalapril, its active metabolite enalaprilat, and lisinopril were found to
enhance ACE2-S-protein binding in a dose-dependent manner
(Fig. 4E-G). At 4 pg/ml, enalapril, enalaprilat and lisinopril increased S-
protein binding affinity to ACE2 by 25- (ECs¢ = 0.07 + 0.01 pM), 174-
(0.01 + 0.003 pM) and 67-fold (0.03 + 0.005 pM), respectively,
compared to the baseline control (ECso.s @ baseline = 1.74 £ 0.31 pM) (p
< 0.001). However, captopril did not cause a significant alteration in the
ACE2-S-protein interaction compared to the control. For example, at 4
ug/mL captopril, the ECsg value (ECs50-s @ captopril = 5.1 £ 2.62 pM) was
not significantly different to that of the control (Fig. 4H).

In assessing the binding selectivity of the S-protein to the Pd-NTF
electrodes, S-protein was found to bind to the plain Pd-NTF electrodes
and to the lysozyme-coated Pd-NTF electrodes only at high S-protein
concentration, and the presence of perindoprilat and lisinopril did not
change the S-protein’s binding patterns to these electrodes significantly
(Fig. S6). Furthermore, a concentration-dependent elevation in S-pro-
tein-ACE2 binding signals was seen when ACE2-Pd-NTF electrode was
incubated in ascending concentrations of S-protein, but not in lysozyme
and albumin at equivalent concentration range (Fig. S7). These findings
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Fig. 4. Elucidation of the effects of the selected ACEi to ACE2-S-protein binding through the use of an EIS-based biosensing platform. The interaction of S-protein and
ACE2 in the presence of 0 pg/mL, 1 pg/mL, and 4 pg/mL of (A) perindopril, (B) perindoprilat, (C) ramipril, (D) ramiprilat; and O pg/mL, 0.1 ug/mL, 1 pg/mL and 4
pg/mL of (E) enalapril, (F) enalaprilat (G) lisinopril and (H) captopril were measured and analyzed on the EIS-based biosensing platform. Error bars indicate SD.

suggested selective interaction of S-protein with ACE2 protein-coated
Pd-NTF electrodes.

3.4. In vitro SARS-CoV-2 infectivity study

The modulation of ACE2-S-protein binding by the selected ACEi was
subsequently verified with an in vitro SARS-CoV-2 infectivity study
(Fig. 5). In this study, ACE2-expressing human oral cavity squamous cell
carcinoma cells (OEC-M1) pretreated with the selected ACEi (20 pM, 30
min) and saline (blank control) were exposed to 1 multiplicity of
infection (MOI) of SARS-CoV-2 (SARS-CoV-2/human/TWN/CGMH-
CGU-01/2020). The viral envelope protein gene (E gene) RNA in the cell
culture media was quantified 24 h post virus incubation to assess
infectivity. Before the study, the expression of ACE2 in OEC-M1 cells was
confirmed via Western blot analysis, and ACE2 expression was not
affected by treatment with the selected peptide analogs (Fig. 5A). The
ability of the expressed-ACE2 in interacting with the SARS-CoV-2 was
also demonstrated indirectly through the successful uptake of a quantum
dot-labeled S-protein (QD-S-protein) into the OEC-M1 cells (Fig. 5B and
§8), presumably through the ACE2 receptor.

Upon treatment with ramipril and ramiprilat, E gene RNA copies in
the culture media of OEC-M1 cells were reduced by 39.3% and 36.4%,
respectively (both p < 0.05 vs. blank control). In contrast, E gene RNA
copies reduced by approximately 18.8% and 20.1% with perindopril and
perindoprilat treatments (p < 0.05 for perindoprilat vs. blank control)
(Fig. 5C). However, E gene RNA copies were increased by 93.7%, 44.4%,
and 54.2% relative to the blank control (p < 0.05) in the media from
cells treated with enalapril, enalaprilat, and lisinopril, respectively.
Interestingly, the E gene RNA copy for the captopril-treated group was
elevated by 34.5%, suggesting possible positive modulation of SARS-
CoV-2 — ACE2 binding by captopril in vitro. These findings confirmed
the results of the EIS-based biosensing study and demonstrated the po-
tential use of the developed EIS-based biosensing platform for rapid
screening of inhibitors for SARS-CoV-2 — ACE2 binding.

4. Discussion

In this study, we have successfully developed an EIS-based bio-
sensing platform that is capable of identifying both positive and negative
modulators of the SARS-CoV-2’s S-protein-ACE2 binding. This sensor
platform offers sensitive and rapid detection of the binding of modula-
tors to ACE2 in a small sample volume (1 pL). With this detection system
the binding of as little as 4 pg or 0.1 pg/mL modulator could be detected.
The elevated detection sensitivity of this thin film biosensing platform
may be correlated to the enhanced local surface plasmon resonance and
electric field (for better Raman signals and EIS detection) on the bio-
sensing electrode by its multi-layered Pd surface nanostructure (Hong
et al., 2016; Li et al., 2018). Such a unique Pd nanogranule coating also
enabled direct immobilization of the recombinant ACE2 to the probes
within 20 min, with which the fabrication of the biosensing electrode
was greatly accelerated and simplified.

Through the EIS-based biosensing experiment, we showed that
selected peptide analogs of the pharmacological ACEi class may modu-
late the binding of SARS-CoV-2’s S-protein to the ACE2 receptor
differentially in a dose-dependent manner, depending on their chemical
structures. ACEi is a class of peptide analogs that competitively inhibit
angiotensin converting enzyme I (ACE) to suppress the formation of
angiotensin II, and consequently decreases the activation of angiotensin
I type 1 (AT1) receptor and related pharmacological events, such as
vasoconstriction, sodium and water retention, and sympathetic activa-
tion (Messerli et al., 2018). At present, these compounds are among the
commonly prescribed medications for the management of cardiovascu-
lar diseases and hypertension (Messerli et al., 2018; Ponikowski et al.,
2016; Sommerstein et al., 2020).

From the EIS data, ACEi that possess a bulky group of the rigid fused
ring in their structure, such as the cyclopenta[b]pyrrole-2-carboxylic
acid moiety in ramipril/ramiprilat (Fig. 6a) and the 1H-indole-2-car-
boxylic acid moiety in perindopril/perindoprilat (Fig. 6b), may antag-
onize ACE2-S-protein binding (Fig. 4A-D); ACEi without such bulky
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group, such as enalapril/enalaprilat and lisinopril (Fig. 6¢), may posi-
tively modulate the ACE2-S-protein binding (Fig. 4E-G). The antago-
nizing effect of ramiprilat and perindoprilat (Figs. 6d and 4B, D) and the
positive modulating effects of enalaprilat and lisinopril (Fig. 6e) may be
further enhanced by their carboxyl-terminal at the glycine moiety. In
contrast, an n-butyl amine (C4Hg-NHy) side chain at the L-lysyl moiety
of lisinopril (Fig. 6f) may weaken its positive modulatory effect on
ACE2-S-protein binding.

The observed differential modulation effects of the selected ACEi
were further confirmed through an in vitro SARS-CoV-2 infectivity study.
As shown in Fig. 5C, the SARS-CoV-2 infectivity was suppressed upon
exposure to ramipril, ramiprilat, perindopril, and perindoprilat, but;
however, it was enhanced upon cell exposure to enalapril, enalaprilat,
and lisinopril, as reflected by the changes in the viral E gene RNA copies
in the media. These findings demonstrated the potential use of the
developed EIS-based biosensing platform for rapid screening of modu-
lators for SARS-CoV-2 — ACE2 binding.

Furthermore, captopril, which had a neutral effect on ACE2-S-
protein binding in the EIS-biosensing experiment (Fig. 4H), tended to
enhance the SARS-CoV-2 infectivity (Fig. 5C. The absence of ACE2-S-
protein binding modulation by captopril in the biosensing experiment
is most likely due to its chelation (via its sulfhydryl group) of the Fe**
ions of the electrolyte (KoFe(CN)g), making it unavailable for interaction
with ACE2 on the electrode. Nevertheless, further studies are required to
confirm the actual effects of captopril on SARS-CoV-2 infectivity, as the
increase in the E gene RNA expression induced by captopril was found to
be statistically insignificant in this experiment.

The findings on the attenuation of the ACE2-S-protein binding and
SARS-CoV-2 infectivity by ramipril, ramiprilat, perindopril, and peri-
ndoprilat may suggest a direction in the development of molecules with
similar bulky group of rigid fused ring structures (e.g., quinapril,
benazepril, trandolapril, cilazapril, and moexipril) but devoid of the
pharmacological effects of these compounds as adjunctive agents for the
treatment of SARS-CoV-2 infection. In addition, the positive modulatory
effects of lisinopril, enalapril, and enalaprilat on ACE2-S-protein binding
and SARS-CoV-2 infectivity were unexpected and could be of clinical
importance, as it may suggest an increased risk for SARS-CoV-2 infection
in ACE2-expressing cells of patients who are on these medications.

To date, several preliminary clinical/meta-analysis studies have
suggested that there is no significant association between ACEi use and
the risk, severity, and mortality of COVID-19 (Fosbgl et al., 2020; Ghosal
et al., 2020; Mehta et al., 2020; Reynolds et al., 2020). One study also
suggested that the use of ACEi may reduce the mortality of COVID-19
patients compared to those not receiving these drugs (Ghosal et al.,
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Fig. 6. Chemical structures of ACEi screened via the EIS-based biosensing platform. The “a” denoted the cyclopenta[b]pyrrole-2-carboxylic acid moiety; “b” denoted
the 1H-indole-2-carboxylic acid moiety; “c” denoted the pyrrole-2-carboxylic acid moiety; “d” denoted glycine moiety; “e” denoted the glycine-carboxyl terminal and

“f” denoted the C4Hg—NH, side chain at the L-lysyl moiety.
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2020). However, many of these studies were found to perform their
analysis without taking into consideration the type of ACEi administered
(some included angiotensin receptor blockers in the analysis) (Fosbgl
et al., 2020; Ghosal et al., 2020; Mehta et al., 2020; Reynolds et al.,
2020). This study suggests that not all ACEi are equal and that different
ACEi may impose different modes of modulation on SARS-CoV-2 cell
uptake and infectivity. Therefore, epitomizing clinical data of COVID-19
patients who are on different types of ACEi may complicate the analysis
and affect the accuracy of the outcome. Thus, a careful coupling of the
patients’ ACEi prescription records to their clinical history of COVID-19
may be critical for ascertaining SARS-CoV-2 infection risk and
prognosis.

5. Conclusions

In this study, a sensitive EIS-based biosensor was developed to screen
modulators of SARS-CoV-2 S-protein-ACE2 interaction. A few potential
pharmacological leads, such as ramipril and perindopril, and their active
metabolites ramiprilat and perindoprilat, that suppress SARS-CoV-
2-ACE2 binding, were successfully identified. However, their thera-
peutic potential in attenuating the progression of infection requires
further investigation. This study offers an alternative approach for the
rapid screening of existing therapeutic drugs in drug-repurposing efforts
to curb the COVID-19 pandemic. This study also provides updated data
that support the use of electrochemical biosensing platforms as a simple,
reliable, and rapid approach for the screening of potential inhibitors and
modulators of pharmacological ligand-receptor interactions. Such an
approach is yet to be fully explored at present. However, it has good
potential for becoming a mainstream approach for efficient, time-
saving, and cost-effective drug discovery and repurposing in the future
(Kilic et al., 2018b). In addition, this report also suggests a new insight
on how ACEi of different molecular structures may impose paradoxical
modulation on the S-protein-ACE2 binding, which affects the
SARS-CoV-2 infection risks and prognosis. However, the current find-
ings are mainly in vitro, and further in vivo and clinical investigations are
necessary to confirm the potential risks associated with the use of some
ACEi in COVID-19 patients.
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