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ABSTRACT: Antiviral treatments of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) have been extensively
pursued to conquer the pandemic. To inhibit the viral entry to the
host cell, we designed and obtained three peptide sequences via
quartz crystal microbalance measurement screening, which showed
high affinity at nanomole to the S1 subunit of the spike protein and
wild-type SARS-CoV-2 pseudovirus. Circular dichroism spectros-
copy measurements revealed significant conformation changes of
the S1 protein upon encounter with the three peptides. The
peptides were able to effectively block the infection of a
pseudovirus to 50% by inhibiting the host cell lines binding with
the S1 protein, evidenced by the results from Western blotting and
pseudovirus luciferase assay. Moreover, the combination of the
three peptides could increase the inhibitory rate to 75%. In conclusion, the three chemically synthetic neutralizing peptides and their
combinations hold promising potential as effective therapeutics in the prevention and treatment of COVID-19.

1. INTRODUCTION

An outbreak of coronavirus disease 2019 (COVID-19) caused
by the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has widely spread worldwide. According to the WHO
Coronavirus Disease dashboard, the overall mortality rate
reached 2.1%.1 The full spectrum of COVID-19 ranges from
mild, self-limiting respiratory tract illness to severe progressive
pneumonia, multi-organ failure, and death, which poses a
serious global health emergency.2−4 So far, there are no specific
antiviral treatments available, and the lack of targeted
molecular therapy for patients with SARS-CoV-2 infection
has led to high mortality.5

SARS-CoV-2 is an enveloped, positive-sense, single-stranded
RNA virus with a large genome of approximately 30,000
nucleotides in length. The virus-encoded membrane (M),
spike (S), and envelope (E) proteins constitute the majority of
the protein that is incorporated into the SARS-CoV-2 envelope
lipid bilayer. The S protein is composed of 1273 amino acids
and structurally belongs to the type I membrane fusion protein
with two subunits, S1 and S2; the S1 is necessary for the host
cell binding, while the S2 is necessary for membrane fusion.
The S protein can form homotrimers and protrude from the
envelope to show the coronal appearance, invading susceptible
cells by binding angiotensin converting enzyme 2 (ACE2).4,6

Although several vaccines were enrolling in clinical trial and
marketing7 and conferred protection against viruses before
exposure, there are still challenges to contain the COVID-19

pandemic. To bridge this gap, a therapeutic strategy for the
diagnosed patients is keenly needed. Earlier efforts against
COVID-19 have focused on finding out medicines for seriously
ill patients, including antiviral and immune-modulating
chemical compounds, such as Redemsivir that inhibited RNA
replication.8 In addition, antibody therapy has made rapid
progress, and blocking the binding of SARS-CoV-2 to host
cells represents one of the most promising strategies for
medicine design. Since the S protein determines its binding
efficiency with ACE2, it provides an important target for
molecular recognition and neutralization.9 It has been
documented that antibodies for S protein could inhibit viral
engagement with ACE2 and therefore could be beneficial for
the treatment of COVID-19.10−14 Convalescent plasma has
been approved by the FDA for emergency use in COVID-19
patients. Moreover, several neutralizing synthetic antibodies by
Regeneron (casirivimab and imdevimab or REGEN-COV)15

and Eli Lilly (bamlanivimab and etesevimab)16 have already
been granted emergency use authorization. Single-domain
antibodies were also a viable option; for instance, Chi et al.
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generated a panel of humanized single-domain antibodies
(sdAbs) from a synthetic library using the receptor-binding
domain (RBD) of the S protein as bait, and the sdAbs either
completely block or significantly inhibit the association
between SARS-CoV-2 and ACE2.17 Since ACE2 on a cell
membrane serves as a receptor of SARS-CoV-2, targeting
ACE2 also represented one of the alternative strategies. A
recombinant protein generated by connecting the extracellular
domain of human ACE2 to the Fc region of the human
immunoglobulin IgG1 could neutralize virus pseudotyped with
SARS-CoV-2 spike proteins in vitro as well.18

Chemically synthetic peptides have a targeting function,
smaller molecular weight, and are more economically costly to
produce compared with antibodies or other protein-based
antivirals. For example, a dimeric lipopeptide fusion inhibitor
that blocks the binding step of infection and daily intranasal
administration to ferrets completely prevented SARS-CoV-2
direct-contact transmission during 24 h co-housing with
infected animals, under stringent conditions that resulted in
infection of 100% of untreated animals.19

In this study, we screened and obtained three peptides and
showed that each of the peptides had a high affinity to the
recombinant SARS-CoV-2 S1 protein and pseudovirus of
SARS-CoV-2, and hence effectively inhibited the pseudovirus
with the SARS-CoV-2 S protein to bind to the host cells and
blocked the infection. The inhibitory effect could be further
enhanced significantly by preparing a “cocktail” with the three
peptides in combinatorial experiments.

2. RESULTS AND DISCUSSION
2.1. The Peptides Showed High Affinity to the S1

Protein and Pseudovirus. In this study, a group of peptide
fragments of the targeted proteins were formed in search of
peptide ligands with high binding affinities (Table 1). The

mutations and optimizations of the peptides were supported by
the principles of inter-amino-acid recognition revealed by
binding energies between homogeneous oligopeptides of the
20 common naturally occurring amino acids in our previous
studies20 and have been illustrated in our previous studies.21−24

The affinity of peptides to the recombinant SARS-CoV-2 S1
protein was quantified by the quartz crystal microbalance with
dissipation monitoring (QCM-D). Specifically, peptides were

thiol-immobilized onto a gold QCM-D chip by adding a
CCPPPP- sequence at the N terminal. The decrease in
frequency was a measure of increased mass on the surface of
the chips. When the recombinant SARS-CoV-2 S1 protein was
applied, the frequency of the chips decreased, indicating that
the flowing S1 protein was captured by the immobilized
peptides (Figure 1A). Moreover, the flowing SARS-CoV-2
pseudovirus could also be captured by the immobilized
peptides (Figure 1B), which not only indicated the affinity of
the peptides to the pseudovirus but also showed promising
potential for rapid detection of the SARS-CoV-2 virus, for
example, the peptides conjugated with iron oxide nanoparticles
can be expected to act as a detecting probe with peroxidase-like
enzyme activity.
The avidity index between the peptides and S1 protein was

also calculated. The Kd value was calculated by fitting the
saturated binding mass (Δm) as a function of peptide
concentration (nM) using nonlinear regression analysis
(Figure 1C−E).The Kd values of peptides N1N, R14N, and
C15N were estimated to be 5.6, 37.5, and 76.9 nM,
respectively. It was also shown that the peptides showed
stronger binding than the scramble peptides with the same
amino acid composition (Figure 1F−H).
The results of the screening process suggested three peptides

that had high affinities to the recombinant SARS-CoV-2 S1
protein and pseudovirus of SARS-CoV-2. This approach could
also enable the effective search for mutations and optimization
of peptide segments targeting new proteins.
It is well established that the conformation or the secondary

structures of proteins can be altered due to their interaction
with other molecules, which may affect the protein−protein
interactions. Herein, in order to investigate the structural
change of the S1 protein upon introduction of peptides (N1N,
R14N, and C15N), the circular dichroism (CD) spectra of the
S1 protein with and without the three peptides’ interaction
were obtained in ddH2O. As shown in Figure 2, the CD
spectrum of S1 protein alone (black curve) in solution
exhibited a maximum value near 190 nm and negative values
around 210 nm, corresponding to the characteristics of mixed
structures of α-helix, β-sheet, and random coils. Upon
introduction of the N1N peptide (0.01, 0.1, 1, and 10 μM)
into the S1 protein solution, the characteristic peaks near 190
nm were strengthened, while the characteristic peaks near 210
nm were weakened, and the positive band shifted to the left
little by little, indicating that the β-sheet structure and random
coils of the S1 protein gradually transformed into an α-helical
structure after interacting with N1N. Meanwhile, upon
introduction of R14N and C15N peptides into the S1 protein
solution, the characteristic peaks near 190 nm were weakened,
while the characteristic peaks near 210 nm were strengthened,
and the negative band shifted to the left little by little,
indicating that the α-helical structure of the S1 protein
gradually transformed into random coils after interacting with
R14N and C15N.
Analysis of the CD spectra using software supported the

transformation of the secondary structures of the S1 protein by
mixing with peptides including N1N, R14N, and C15N at
different mole ratios (Table2). The percentages of the α-helix,
β-sheet, and random coil structures of the S1 protein were 20,
59.4, and 20.6%, respectively. After mixing with the peptide
N1N, the β-sheet structure and random coils of the S1 protein
was induced into an α-helix structure, manifesting so that the
percentage of the α-helical structure increased to 100%, while

Table 1. Amino Acid Sequences of the Three Synthetic
Neutralizing Peptides and the Scramble Peptides with the
Same Amino Acid Composition

name of peptides amino acid sequence purity

N1N GDGVYYPRDVFDSSVLDSTQR 98.38%
thiolated N1N CCPPPPGDGVYYPRDVFDSSVLDSTQR 96.58%
N1N-scramble GGVRDYDYPVFRSSDVQLDST 98.37%
thiolated N1N-
scramble

CCPPPPGGVRDYDYPVFRSSDVQLDST 98.03%

R14N GDLFDDSNLDPFRDRISTRR 97.56%
thiolated R14N CCPPPPGDLFDDSNLDPFRDRISTRR 97.10%
R14N-scramble DGDLSFDNDRPLSFRITRDR 98.02%
thiolated R14N-
scramble

CCPPPPDGDLSFDNDRPLSFRITRDR 98.29%

C15N GDRIARTTRAVDRPQTLRR 97.36%
thiolated C15N CCPPPPGDRIARTTRAVDRPQTLRR 97.15%
C15N-scramble GRRIATDTVLRDQRAPRTR 98.25%
thiolated C15N-
scramble

CCPPPPGRRIATDTVLRDQRAPRTR 96.53%
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the β-sheet structure and random coils disappeared when the
mole ratio of the S1 protein and N1N was 1:0.1. Meanwhile,
after mixing with the peptides R14N and C15N, the α-helical
structure of the S1 protein was induced into random coils,
manifesting so that the percentage of the α-helical structure
decreased to 9.5 and 8.2%, while the percentage of random
coils increased to 27.8 and 35.2% when the mole ratios of

S1:R14N and S1:C15N were 10:1. Therefore, the CD spectra
revealed that the addition of three synthetic neutralizing
peptides could lead to the conformation change of S1 protein,
which may inhibit the following interaction between the S1
protein and ACE2 receptors.
Circular dichroism (CD) spectroscopy is a valuable and

commonly used spectroscopic technique to characterize and

Figure 1. Peptides showed high affinity to the S1 protein. Representative QCM-D frequency variations (Δf/n) of peptide-immobilized chips when
the S1 protein (A) and SARS-CoV-2 pseudovirus (B) are flowing through. Fitting curves between the variation of mass (Δm) and the peptides’
concentrations (C−E). QCM-D frequency variations (Δf/n) of chips immobilized with the peptides N1N, R14N, and C15N or scramble peptides
with the same amino acid composition after the S1 protein flowing through (F−H).

Figure 2. Conformational transformation of the S1 protein manifested by the variations of secondary structures, induced by three synthetic
neutralizing peptides including N1N (A), R14N (B), and C15N (C). Every CD spectrum data used was the average of three scans and corrected
for the background of the peptides and solvent.
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determine the structural information of peptides in solu-
tion,25−27 and how peptides interact with each other, so as to
understand the mechanism of action.28 It has also been used to
obtain the dissociation equilibrium constant Kd of HSA with
peptides in solution and detect the change of secondary
structures of peptides.29,30 In the obtained CD spectra of the
peptides, no characteristic peaks can be observed. Further-
more, the CD spectrum showed that the secondary structure of
the mixed solution was dominated by that of S1 protein. The
observed conformational changes could be attributed to
noncovalent interactions (electrostatic, hydrophobic, hydro-

philic, and van der Waals) between the peptides and S1
proteins, which has been illustrated in the previous efforts on
exploring allosteric effects for pharmacological applications of
therapeutic ligands.29,31 Such allosteric modulation of protein
structures induced by the binding ligands is essential for the
understanding of mechanisms and regulation of biological
activities and has been reported in a variety of protein−ligand
interactions.32−35

2.2. Safety Profiles of the Peptides. The cytotoxicity of
the peptides on A549 cells and 293 T-ACE2+ cells was
examined using CCK-8 assay. After being treated with 1 nM−

Table 2. Analysis of Secondary Structures of the S1 Protein after Treatment with Three Synthetic Neutralizing Peptides

ratio (%)

n (N1N):n (S1) n (R14N):n (S1) n (C15N):n (S1)

structure S1 0.01 0.1 1 10 0.01 0.1 1 10 0.01 0.1 1 10

helix 20 29.3 100 100 76.9 80.8 21.9 29.8 9.5 18.2 22.7 22.0 8.2
sheet 59.4 46.4 0 0 0 0 58.0 32.8 62.8 56.6 52.6 51.4 56.6
random 20.6 24.3 0 0 23.1 19.2 20.1 37.4 27.8 25.2 24.7 26.6 35.2
total 100 100 100 100 100 100 100 100 100 100 100 100 100

Figure 3. Relative cell viability of A549 cells (A−C) and 293 T-ACE2+ cells (D−F) after being incubated with peptides N1N, R14N, and C15N for
48 h, respectively. (n = 3, data represents mean ± SEM)

Figure 4. Peptides inhibited the host cell binding of the S1 protein on A549 cells (A) and 293 T-ACE2+ cells (B).

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.1c01440
J. Med. Chem. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01440?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01440?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01440?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01440?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01440?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01440?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01440?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01440?fig=fig4&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c01440?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


100 μM of peptides for 48 h, the cell viability was hardly
affected for both cell lines (Figure 3), indicating that the
peptides did not show any detectable cellular toxicity and
suggesting that the peptides would be safe in the biological
system.
2.3. The Peptides Inhibited the Host Cell Binding of

the S1 Protein. Infection by SARS-CoV-2 begins with
membrane fusion between the viral envelope and the host cell
membrane. The fusion process is mediated by the binding
between the S1 protein on the viral envelope and ACE2 on the
surface of the host cells. As SARS-CoV-2 appears to mainly
infect respiratory tract cells in patients,36,37 we chose to use
human pulmonary alveoli basal epithelial A549 cells as a model
cell line to examine the host cell binding inhibitory effect of the
peptides. Herein, the S1 protein was pre-incubated with the
peptides and then applied to A549 cells. Results showed that
the S1 protein bound to the A549 cells after incubation (left
lane in Figure 4A), and the pre-incubation with peptides put a
brake on the binding of the S1 protein to A549 cells (Figure
4A). The inhibitory effect was also observed in the well-
established 293 T mammalian cell system with ACE2
overexpression (Figure 4B).
2.4. The Peptides Effectively Neutralized the Pseu-

dovirus. The peptides inhibited the binding between the S1
protein and the host cells; we then examined whether the
peptides could also block the infection of SARS-CoV-2.
Herein, we utilized the pseudovirus-expressing S protein on the
surface to evaluate the neutralizing effect of the peptides. The
pseudovirus was pre-incubated with the peptides and then
incubated with 293 T-ACE2+ cells for 1 h. After that, the
pseudovirus was removed and the fresh medium was
supplemented. The cells were incubated for an additional 47
h. Results showed that pre-incubation with the peptides
decreased the luciferase activity and the fluorescence intensity
of the GFP of the cells, indicating that the peptides effectively
inhibited the infection of SARS-CoV-2 pseudovirus. The
infection rate was calculated according to the luciferase activity
(Figure 5), indicating that the three peptides were able to
inhibit the infection of SARS-CoV-2 pseudovirus to 293 T-
ACE2+ cells at a dose ranging from 1 pM to 100 μM. However,
every single peptide could not totally inhibit the infection,
probably due to the multiple sites in the spike protein that
participated during the infection.
2.5. Peptide Cocktail Showed Higher Efficacy of the

Inhibitory Effect. Although the three peptides could
effectively inhibit the infection of SARS-CoV-2 pseudovirus,
the inhibitory rate for each of them only reached about 50%.
Considering that the three peptides were targeted to the

different regions of the S1 protein, we applied a cocktail
strategy to enhance the inhibitory effect. Results showed that
the combination of the three peptides at a molar ratio of 1:1:1
(at a concentration of 10 μM) achieved a significantly higher
inhibitory rate of SARS-CoV-2 infection (Figure 6), therefore
providing a more effective therapeutic or preventive strategy
for COVID-19.

It has been documented that the RBD region in the S1
protein attributed to the binding to ACE2, and RBD-bound
antibodies elicited by SARS-CoV-2 infection inhibited the viral
engagement spike with ACE2, thereby blocking viral entry.38

However, there were also antibodies against other regions of
spike exhibiting neutralizing activity such as the N-
terminal,39−41 which suggested that not only the RBD domain
but also the other regions of the S1 protein were essential for
the infection. It is, therefore, plausible to consider that
synergetic effects due to the cooperativity of multiple
inhibitory interaction sites associated with the neutralizing
peptides are beneficial to improve the therapeutic effects and
reduce viral transmission.
Targeting viral entry in the early stages can be an effective

way to treat COVID-19.42 Due to the neutralizing effect of the
peptides and safety considerations, we would suggest that both
hospitalized and nonhospitalized patients could be given the
peptide “cocktails” once diagnosed, which may reduce the
severity and shorten the disease recovery rates. As potential
therapeutics against COVID-19, the peptides can be
formulated through nebulization or as dry aerosol powders
for direct delivery to the lungs, and intranasal formulation may
be the optimal one when using the peptides to treat COVID-
19.

Figure 5. Infection rates of the pseudovirus (PSV) for the pre-incubation with or without peptides N1N (A), R14N (B), and C15N (C) to 293 T-
ACE2+ cells. *, P < 0.05; **, P < 0.01.

Figure 6. Cocktail of the peptides showed a more effective inhibitory
effect of infection. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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3. CONCLUSIONS
In this work, we have screened and obtained three peptides
that were able to effectively bind to the S1 protein and SARS-
CoV-2 pseudovirus, leading to the inhibition of the binding of
the S1 protein and SARS-CoV-2 pseudovirus to A549 cells and
293 T-ACE2+cells, therefore inhibiting the infection of SARS-
CoV-2pseudovirus. Furthermore, the cocktail composed of the
three peptides significantly enhanced the inhibitory effect,
showing promising potential for the prevention and treatment
of COVID-19.

4. EXPERIMENTAL SECTION
4.1. Cell Culture. A549 cells were purchased from the Cell

Resource Center of the Chinese Academy of Medical Sciences
(Beijing, China) and cultured in a McCoy-5A medium supplemented
with 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL
streptomycin. ACE2-overexpression 293T cells(293 T-ACE2+) were
purchased from Sino Biological (Beijing, China) and cultured in a
DMEM high-glucose medium supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, 100 μg/mL streptomycin, and 500 μg/
mL hygromycin.
4.2. Synthesis of the Peptides. The sequence of the peptides is

shown in Table 1. The peptides were manufactured by the solid-phase
peptide synthesis and identified as target peptides by the high-
performance liquid chromatography and mass spectrometry (Guoping
Pharmaceutical, Hefei, China). All peptides used in this study are
>95% pure by HPLC analysis (Table 1 and Figures S1−S12).
4.3. QCM-D Measurement. Thiolated peptides were used for

QCM-D measurement. The gold sensor surface was coated with the
thiolated peptides by incubating with aqueous solution of the peptides
at room temperature for 30 min. After coating with peptides, the gold
sensors (5 MHz) were embedded in a reaction chamber, and the
recombinant SARS-CoV-2 S1 protein (Sino Biological) was applied as
a mobile phase at a flow rate of 300 μL/min at 37 °C in PBS.
The variation of mass (Δm) was calculated using the Sauerbrey

relation:

Δ = − × Δm f n17.7 / , ng/cm2

The Kd value was calculated by nonlinear regression using the
following equation:

Δ =
[ ] +

Δ × [ ]
m

K
m
conc of peptides

conc of peptides
d

max

4.4. CD Spectroscopy Assay. CD measurements were performed
using a spectropolarimeter (J-1500, JASCO, Tokyo, Japan) under a
constant flow of nitrogen gas. Measurements were performed at room
temperature in a quartz cell with a 1 mm path length. The solutions of
the S1 protein at 1 μM were prepared in ddH2O with different
concentrations of N1N, R14N, and C15N peptides, respectively. The
CD spectra of the S1 protein were recorded between 190 and 260 nm
with a scanning speed of 500 nm/min, a spectral bandwidth of 1.0
nm, and a data pitch of 1.0 nm. For each CD spectrum data of the S1
protein, three runs were averaged and corrected by subtracting the
contribution of the solvent and peptides at identical concentrations.
4.5. Cell Viability Assay. Cells of 293 T-ACE2+ or A549 were

incubated with the peptides at 1 nM, 10 nM, 100 nM, 1 μM, 10 μM,
and 100 μM or with the fresh medium as a control group. After 48 h
incubation, cells were washed with PBS, and then 100 μL of fresh
medium containing 10 μL of CCK-8 reagent was added to each of the
wells and incubated at 37 °C. The absorbance value (optical density,
OD) was read at 450 and 630 nm and normalized with the control
group.
4.6. Western Blot. A549 and 293 T-ACE2+ cells were cultured in

6-well plates. The recombinant SARS-CoV-2 S1 protein was mixed
and incubated with peptides at 37 °C for 1 h before being added to
the cells. After incubation with cells for 1 h, the cells were washed
with PBS, lysed with RIPA (Applygen, Beijing, China), supplemented

with PMSF (Solarbio, Beijing, China) and a protein phosphatase
inhibitor (Applygen), and then centrifuged at 12,000 rpm at 4 °C for
15 min. After being denatured by boiling in loading buffer
(Applygen), an equal amount of protein was loaded and separated
by SDS-PAGE, transferred to polyvinylidenedifluoride (PVDF)
membranes (0.45 μm; Millipore, Bedford, MA), and blocked with
5% bovine serum albumin (BSA) for 1 h before being probed with
specific primary antibodies against ACTB (CST, 8H10D10, Mouse
mAb), S1 protein (Sino Biological, Rabbit pAb), and HRP-conjugated
secondary anti-mouse and anti-rabbit antibodies (Jackson ImmunoR-
esearch, West Grove, PA). The immune complex on the membrane
was visualized using an automatic chemoluminescence image analysis
system (Tanon, Shanghai, China) with HRP substrate, luminol
reagent, and peroxide solution (Millipore).

4.7. Pseudovirus Affinity and Infection. SARS-CoV-2
pseudovirus was used to test the affinity and the infection blocking
effect of peptides to the virus. SARS-CoV-2 pseudovirus was
purchased from Genomeditech (Shanghai, China). The pseudovirus
expresses the SARS-CoV-2 S protein on the surface and contains a
defective HIV-1 genome encoding luciferase and a green fluorescent
protein as a reporter; hence, the luciferase and green fluorescent
protein (GFP) would be expressed when the pseudovirus enters the
host cells.

QCM-D was utilized to determine the affinity of peptides to the
pseudovirus. Briefly, the peptides were coated on the gold sensor
surfaces and the pseudovirus was applied at a flow rate of 100 μL/min
at 37 °C in PBS.

The pseudovirus was also used to test the infection blocking effect
of the peptides. Briefly, the pseudovirus was pre-incubated with
serially diluted peptides at 37 °C for 1 h before being added to cells.
The culture was refreshed with a fresh medium 1 h later and
incubated for an additional 47 h. Luciferase activity was measured by
a luciferase detecting kit according to the manufacturer’s instructions
(Promega).

4.8. Statistical Analysis. All data are expressed as mean ±
standard error of the mean (SEM). One-way ANOVA was used for
statistical analysis and was performed in Graphpad software (v8.0). P-
value < 0.05 was considered statistically significant.
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