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ABSTRACT: Hand, Foot, and Mouth Disease (HFMD), caused primarily by Enteroviruses A71 (EV-A71) and Cox-
sackievirus A16 (CV-A16), poses a significant public health concern, particularly in children. The 3C protease
(3Cpro) enzymes of these viruses are attractive drug targets for potential antiviral therapies. This study employed
computational techniques to identify potential inhibitors for the 3Cpro of EV-A71 and CV-A16. Utilizing rupintrivir
as a reference, we developed pharmacophore models and screened a flavonoid database, resulting in the selection of
diosmin, epigallocatechin gallate (EGCG), and RTH-011 as promising candidates. Molecular docking studies revealed
favorable binding interactions for diosmin and EGCG, suggesting their potential as inhibitors. Experimental validation
demonstrated the non-toxic nature of diosmin and EGCG to human Rhabdomyosarcoma (RD) cells and their antiviral
activity against EV-A71 and CV-A16. These findings highlight the potential of diosmin and EGCG as promising antiviral
agents for HFMD, warranting further drug development efforts.
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INTRODUCTION

Enteroviruses A71 (EV-A71) and coxsackievirus A16
(CV-A16), single-stranded, sense RNA viruses belong-
ing to the Picornavirales order’s Enterovirus genus,
are primary pathogens for hand, foot, and mouth
disease (HFMD). This disease has spread throughout
Asia-Pacific countries, including Australia, Cambodia,
China, Japan, Malaysia, Taiwan, Vietnam, and Thai-
land. The enteroviruses can spread quickly through
air via coughing and sneezing of infected individuals.
Children under five years are sensitive to HFMD infec-
tion. Infected patients have mild fever and rashes on
their hands, feet, and mouth [1]. Currently, there are
no specific antiviral treatments available for EV-A71
and CV-A16 infections. While supportive care, such as
pain relievers and fever reducers, is used to manage
symptoms, there is no targeted antiviral therapy or
vaccine widely available for these infections, despite
ongoing researches in these areas.

A single-stranded sense RNA with a single open
reading frame encoding a viral polyprotein precursor
is present in both EV-A71 and CV-A16 viruses. The

viral polyprotein produced is cleaved by 3C protease
(3Cpro) enzyme into four structural (Vp1 to Vp4) and
seven nonstructural (2A, 2B, 2C, 3A, 3B, 3C, and 3D)
proteins [2]. The 3Cpro (Fig. 1A) is a cysteine protease
that favors cleaving peptide bonds between glutamine
(Q) and glycine (G) in the viral protein through a
reaction involving a catalytic triad (H40, E71, and
C147) [3].

The 3Cpro is a prime target for developing anti-
HFMD drugs due to its critical function in the life
cycles of EV-A71 and CV-A16. The antiviral candidate
rupintrivir (AG7088) is a potent peptidomimetic in-
hibitor of human rhinovirus (HRV) 3Cpro. Addition-
ally, rupintrivir shows broad-spectrum antibiotic activ-
ity against other Picornaviridae family members, such
as CVB2, CVB5, EV6, and EV9 [4–7]. Interestingly,
its activity is significantly lower against EV-A71 than
HRV [8]. Rupintrivir inhibited EV-A71’s 3Cpro with a
half-maximal inhibitory concentration of 1.65 µM [2]
and Vero cell growth with a half-maximal effective
concentration (EC50) of 0.78 µM [9].

Flavonoids are natural polyphenolic compounds
widely found in plants with various biological func-
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Fig. 1 (A), Superimposed 3Cpro of EV-A71 (PDB ID: 3R0F) and CV-A16 (PDB ID: 3SJI) complexes with rupintrivir (shown
in ball-and-stick representation); (B), Workflow for identifying potential compounds against EV-A71 and CV-A16: (i) generating
pharmacophore models using simulated EV-A71/rupintrivir and CV-A16/rupintrivir structures, (ii) pharmacophore-based virtual
screening of flavonoids, (iii) molecular docking of screened compounds, and (iv) cell-based assay of selected compounds; (C), 2D
and 3D pharmacophore models depicting rupintrivir in association with 3Cpro of EV-A71 and CV-A16, alongside interacting residues
extracted from the last 50 ns of 500-ns MD simulations [21]. The pharmacophore characteristics are illustrated using green arrows
(HBD), red arrows (HBA), and yellow spheres (hydrophobic properties).

tions [10]. They have become compounds of inter-
est for natural drug discovery research. Flavonoids
have several pharmacological properties, including an-
tioxidant, anti-inflammatory, anticancer, and antiviral
activities [11]. Quercetin demonstrated inhibitory
activity against the NS3, a serine protease, of hepatitis

C virus (HCV) [12]. Additionally, several flavonoids,
including myricetin, astragalin, rutin, epigallocatechin
gallate (EGCG), epicatechin gallate, gallocatechin gal-
late, and luteolin, exhibited more than 40% inhibition
of the NS2B-NS3 protease of Zika virus [13]. While
NS3, crucial for HCV replication and 3Cpro of EV-A71
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and CV-A16, belong to distinct protease families, their
shared function in cleaving viral polyproteins has led
to the evolution of structural similarities, particularly
within their active sites. Despite these similarities,
the sequence identity between EV-A71 and CV-A16
remains relatively low at 18.50% and 27.50%, respec-
tively. Although NS3 and 3Cpro have distinct overall
folds, they share several structural elements, including
alpha-helices and beta-sheets, that contribute to their
catalytic function. A key similarity lies in their catalytic
triads, essential for proteolytic activity. NS3’s catalytic
triad consists of H1083 and D1107 in the N-terminal
domain and S1165 in the C-terminal domain [14];
while 3Cpro’s triad includes H40, E71, and C147. Both
enzymes also possess specific substrate binding sites
that recognize and cleave viral polyproteins.

A pharmacophore-based screening approach is a
highly efficient computational tool for rapidly and
accurately sifting through vast databases containing
millions of compounds. This method leverages the
three-dimensional (3D) interaction patterns, or phar-
macophore models, of known drug-like compounds to
identify potential candidates that share similar bind-
ing characteristics. By focusing on these essential
features, researchers can significantly narrow down
the search space and prioritize compounds with a
higher likelihood of biological activity [2, 10–12]. In
the context of drug discovery, pharmacophore mod-
eling can help to identify potential drug candidates,
optimize existing drugs, and design new drugs [15].
Several computational techniques have become the
most effective drug discovery and development meth-
ods. For instance, novel HCV polymerase inhibitors
were identified through a pharmacophore-based vir-
tual screening of the Asinex Ltd chemical library, using
HCV-796 as a reference inhibitor. Among the 18 hits,
compounds 1 and 2 demonstrated inhibitory activities
of 54% and 48%, respectively, against HCV polymerase
at a concentration of 20 µM [16]. Through pharma-
cophore modeling, natural product library for potential
inhibitors of SARS-CoV-2’s main protease (Mpro) were
screened [17]. Eight terpenoid compounds emerged
as promising candidates. The diterpene nucleus, a
common structural feature among these compounds,
demonstrated potential as a scaffold for developing
novel Mpro inhibitors, underscoring the therapeutic
value of natural products in combating COVID-19 [18].
In another study, a pharmacophore model was con-
structed to identify potential inhibitors for the al-
losteric site of dengue virus NS5 RNA-dependent RNA
polymerase (RdRp). A screening of an approved drug
database yielded four promising candidates: desmo-
pressin, rutin, lypressin, and lanreotide [19]. Finally,
a pharmacophore model was employed to screen a
database of 1437 compounds for potential HIV-1 inte-
grase inhibitors from BindingDB. Molecular dynamics
(MD) simulations revealed key structural features es-

sential for inhibition, including a hydrophobic region,
a hydrogen bond donor, and a hydrogen bond acceptor.
These findings offer valuable insights for designing
novel HIV-1 integrase inhibitors [20].

In the present study, we aimed to identify novel
potential inhibitors within a set of flavonoids that
target the 3Cpro of EV-A71 and CV-A16, using
pharmacophore-based virtual screening and subse-
quent molecular docking techniques. We then eval-
uated the cytotoxicity and the antiviral efficacy of
screened compounds against EV-A71 and CV-A16 in-
fections in human rhabdomyosarcoma (RD) cells, as
depicted in the flowchart in Fig. 1B.

MATERIALS AND METHODS

Pharmacophore-based virtual screening

Pharmacophore model generation

A dataset of 7500 frames extracted from the final 50 ns
of a simulation involving 3Cpro of CV-A16 and EV-A71
complexed with rupintrivir [21] served as the basis
for generating pharmacophore models at the binding
site. This process was executed using the LigandScout
4.4.2 program within the KNIME analysis platform
[22, 23]. To load information onto complex structures
and trajectories, PDB reader and DCD trajectory reader
nodes were utilized. The pharmacophore features
of rupintrivir in conjunction with 3Cpro of EV-A71
and CV-A16 were created through the “Pharmacophore
creator” node within the KNIME program, employing
default parameters. Subsequently, a pharmacophore
clustering node was developed to cluster the distinct
pharmacophore models based on chemical features.
These unique pharmacophore models were further
organized into Representative Pharmacophore Mod-
els (RPMs) using the “Pharmacophore writer” node.
These RPMs were then employed as templates for the
screening of potential novel inhibitors.

Pharmacophore screening

Our in-house library of 39 flavonoid compounds un-
derwent screening against each RPM using the “get
best matching conformation” feature in retrieval mode,
and their exclusion volume was assessed utilizing the
pharmacophore-fit scoring function [24]. Potent com-
pounds were selected based on their resemblance to
the reference drug regarding pharmacophore features.
The identified hits were compiled in SDF format and
visualized using the Ligand Scout 4.2 program. Com-
pounds that exhibited a superior pharmacophore fit
score compared with rupintrivir were prioritized for
subsequent investigation.

Validation and comparison of screening results

The accuracy of the screening results was assessed
by constructing ROC curves and calculating their cor-
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responding AUC values, which served as a method
validation metric [25]. Active ligands were selected
based on their high pharmacophore fit scores, in-
dicating a strong structural similarity to the known
inhibitors. Decoy compounds (inactive ligands), de-
signed to structurally resemble active molecules but
lacking inhibitory activity against the enzyme, were
sourced from the ZINC database using the Decoy
Finder tool [26, 27]. ROC values were computed
based on the screening of active and decoy datasets
for each individual RPM. Subsequently, these values
were graphed and analyzed in terms of sensitivity
(true positive rate) and specificity (false positive rate),
calculated using the following equations:

Sensitivity=
Selected active ligands

All selected ligands
(1)

Specificity=
Discarded inactive ligands

All inactive ligands
(2)

Molecular docking

The crystal structures of rupintrivir complexed with
3Cpro of EV-A71 (PDB ID: 3R0F) and CV-A16 (PDB
ID: 3SJI) were retrieved from the Protein Data Bank
(PDB). The structures of the potent compounds were
generated and optimized using the HF/6-31G(d)
method within Gaussian09 software [28]. Protonation
states of the potent ligands at physiological pH 7.4
were predicted using MarvinSketch 21.20 [29, 30]. To
validate the docking system, rupintrivir, the reference
ligand, was redocked into the central region of each
protein’s active site utilizing the GOLD program with
a genetic algorithm. A docking sphere with a radius
of 15 Å around the docked compound and the GOLD
scoring function were employed for 3Cpro of both
EV-A71 and CV-A16 systems. One hundred docking
poses were generated for each system. Visualization of
protein-compound interactions was carried out using
UCSF ChimeraX ver. 1.3 and Accelrys Discovery Studio
2.5 (Accelrys Inc.) software.

Antiviral cell-based study

Cells and viruses

Human RD cells (ATCC CCL-136) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Langley, VA, USA) supplemented with 10% fetal bovine
serum (FBS, Sigma-Aldrich, St. Louis, MO, USA),
100 IU/ml penicillin and 100 µg/ml streptomycin (Bio
Basic Canada, Toronto, ON, Canada), and 10 mM 4-(2-
hydroxyethyl)-1-pperazineethanesulfonic acid (Sigma-
Aldrich) at 37 °C under 5% CO2. EV-A71 05876.1
(BRCR, AB204853.1) and CV-A16 (G10, U05876.1)
were courtesy of NIH, Thailand). The RD cell line was
propagated in DMEM supplemented with 1% FBS at
37 °C under 5% CO2.

Cytotoxicity

The RD cells were seeded at 1 × 104 cells per
well of a 96-well plate and incubated overnight.
Compounds were prepared at 6–10 different
concentrations in filter-sterilized DMSO (Merck,
Darmstadt, Germany) before being added to the
cells. The plates were incubated for 48 h, followed
by addition of MTS, 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium reagent (Promega, Madison, WI, USA) to
the cells, incubation according to the manufacturer’s
protocol, and analysis by spectrophotometer at A450 nm.
Each compound was tested in triplicate. CC50 (half-
maximal inhibitory concentration) was calculated by
nonlinear regression analysis. Results were reported
as mean and standard deviation (SD) of three
independent experiments. The final concentration of
DMSO in the experiment was 1%, as RD cells showed
no toxicity at this DMSO concentration and effectively
dissolved the compounds in the medium.

Antiviral efficacy of selected compounds

The RD cells were seeded at 5× 104 cells per well of
a 24-well plate and incubated in a growth medium
overnight at 37 °C under 5% CO2. Cells were in-
fected with EV-A71 and CV-A16 at the multiplicity
of infection of 0.1 for 1 h with gentle rocking every
15 min. Cells were washed with phosphate buffer
saline and incubated in DMEM supplemented with 1%
FBS, 100 IU/ml penicillin, and 100 µg/ml strepto-
mycin. The compounds selected after pharmacophore
modeling were prepared in DMSO and added to the
virus-infected cells during and after infection. Cells
were incubated for 72 h at 37 °C under 5% CO2 hu-
midified chamber. Supernatants were collected, and
viral infectivity was assessed [31]. Cells were fixed and
stained with 10% formaldehyde (Carlo Erra, Milano,
Italy), 5% isopropanol (Merck, Darmstadt, Germany),
and 1% crystal violet (Merck, Darmstadt, Germany)
for 1 h. The number of plaque-forming units per
ml was determined [31]. Data were plotted, and
the EC50 (half-maximal effective concentration) values
were calculated by nonlinear regression analysis. The
results were reported as mean and SD of the three
independent experiments. The selectivity index was
calculated from the CC50 to EC50 ratio.

Statistical analysis

Data were presented as mean and standard error of
the means (SEM). One-way analyses of variance were
used to compare groups, followed by Tukey’s test for
multiple comparisons. Pairing value differences were
assessed using an independent t-test. Mean differ-
ences were identified at the confidence level of p ⩽
0.05.
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RESULTS AND DISCUSSION

Pharmacophore models and hit compounds for
3Cpro of EV-A71 and CV-A16

Pharmacophores represent essential molecular elec-
tronic features for recognizing potent compounds that
interact with specific biological targets [32]. In this
study, pharmacophore characteristics of rupintrivir
were elucidated with 3Cpro of EV-A71 and CV-A16
using 7500 snapshots obtained from our previous MD
simulations [21]. The resulting pharmacophore mod-
els were aligned and clustered, yielding 100 unique
RPMs primarily characterized by hydrophobic prop-
erties (depicted as yellow spheres in Fig. 1C), hydro-
gen bond donors (HBDs, illustrated by green arrows),
and hydrogen bond acceptors (HBAs, shown as red
arrows). The pharmacophore features associated with
rupintrivir in the EV-A71 3Cpro complex included four
hydrophobic interactions (with L127, T132, A144, and
F170), three HBDs (with T142, I162, and G164), and
three HBAs (with S128, G145, and G164). Notably,
most pharmacophore features identified for the CV-
A16 3Cpro complex resembled those in the EV-A71
3Cpro complex. These included three hydrophobic
interactions (with F25, A144, and F170), three HBDs
(with T142, C147, and G164), and three HBAs (with
G145 and C147, and G164). Interactions occurring
with a frequency exceeding 50% were labeled as pri-
mary interactions for binding. Furthermore, it was ob-
served that the residues interacting with rupintrivir in
both proteins largely corresponded to the key binding
residues identified in a previous study [21].

Utilizing the RPMs of each complex as templates,
a search was conducted within the in-house database
containing 39 flavonoids to identify potential com-
pounds with inhibitory properties against the 3Cpro of
EV-A71 and CV-A16. This screening process resulted
in the identification of four promising compounds for
EV-A71 3Cpro and six for CV-A16 3Cpro (Table S1).
Subsequently, compounds exhibiting pharmacophore
fit scores comparable to or higher than the known in-
hibitor rupintrivir when bound to EV-A71 3Cpro (46.8)
and CV-A16 3Cpro (46.9) were pinpointed. Specifi-
cally, EGCG (47.6 and 47.7), diosmin (47.7 and 47.9),
and RTH-011 (47.0 and 47.4) were then selected for
further evaluation in subsequent steps.

Screening accuracy assessment

The receiver operating characteristic curve (ROC) and
its area under the curve (AUC) were employed to
validate the screening accuracy. The evaluation fo-
cused on the model’s capacity to differentiate between
144 decoys and four active compounds, including the
reference ligand, for EV-A71 3Cpro; and 216 decoys
and six active compounds for CV-A16 3Cpro, as il-
lustrated in the ROC plots (Fig. 2). An AUC value
exceeding 0.50 was indicative of reliable results. The
AUC values were as follows: 1.00 (1% coverage of the

database), 1.00 (5%), 1.00 (10%), and 0.72 (100%)
for EV-A71 3Cpro; and 1.00 (1%), 1.00 (5%), 1.00
(10%), and 0.82 (100%) for CV-A16 3Cpro. It was
noted that, the percentage coverage of the database, or
coverage calculation in AUC, refered to the percentage
of compounds in the database predicted to be active
at this threshold. These findings affirmed the model’s
ability to effectively distinguish true compounds from
decoys [33], underscoring the suitability of the hit
compounds obtained through pharmacophore-based
screening for further development as antiviral drugs.

Comparative docking of screened compounds in
3Cpro of EV-A71 and CV-A16

The binding interactions of the screened flavonoids,
namely EGCG, diosmin, and RTH-011, with 3Cpro
of EV-A71 and CV-A16 were assessed through molec-
ular docking utilizing the GOLD program [34]. As
presented in Table S1, diosmin exhibited the highest
efficiency among them, with fitness scores of 63.9 and
64.0 for EV-A71 and CV-A16, respectively, followed by
EGCG with scores of 60.6 and 60.5, and RTH-011 with
scores of 56.2 and 53.9. These docked potent com-
pounds closely aligned with the rupintrivir co-crystal
structure at the active site of both viruses [2, 35],
as depicted in (Fig. S1). Moreover, they displayed
intermolecular interactions with key binding residues
similar to those observed for rupintrivir, as illustrated
in Fig. 3. In these interactions, van der Waals forces
appeared to play a significant role in all flavonoid/3pro
complexes. EGCG formed seven hydrogen bonds (with
H24, R39, T142, G145, catalytic C147, H161, and
G164), five pi-alkyl interactions (with two catalytic
residues H40 and C147, as well as L127, A144, and
I162), and one pi-pi interaction (with H40) in the
case of EGCG/EV-A71. However, in the EGCG/CV-A16
complex, EGCG interacted with S41 instead of S128.
Diosmin exhibited fewer interactions with the men-
tioned residues but compensated with more binding
interactions involving N165-G169 in EV-A71; and Q42
and N165-G166 in CV-A16. On the other hand, RTH-
011 displayed the fewest interacting residues with both
proteins, characterized by 3-4 hydrogen bonds and 2-3
pi-alkyl interactions, which was reflected in its lowest
fitness score. The biological activity of these three
flavonoids against EV-A71 and CV-A16 was further
investigated.

Cytotoxicity and antiviral activity of diosmin and
EGCG

The cytotoxicity of diosmin and EGCG was determined
through the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assay. While diosmin and EGCG
readily dissolved in dimethyl sulfoxide (DMSO),
RTH-011 exhibited insolubility in DMSO, leading to
its exclusion from further investigation. Both diosmin
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Fig. 2 Receiver operating characteristic (ROC) curves depicting the pharmacophore models performance of: (A), EV-A71
3Cpro; and (B), CV-A16 3Cpro; with AUC values presented for database coverage at 1%, 5%, 10%, and 100%.

Fig. 3 Comparison of intermolecular interactions between the
screened flavonoids and rupintrivir with 3Cpro of EV-A71 and
CV-A16. The residues with black labels are substrate-binding
residues, while those with red labels are catalytic triad residues.

and EGCG demonstrated non-toxicity towards human
RD cells, with calculated CC50 values exceeding
100 µM for EGCG and over 500 µM for diosmin
(Fig. 4). This finding aligned with prior research
results, indicating that flavonoids such as chrysin and
quercetin exhibited no cytotoxic effects on RD cells at
concentrations of 200 µM [36, 37].

The viral inhibition was performed by infecting
RD cells with EV-A71 and CV-A16 at the M.O.I. of 0.1.
Diosmin and EGCG were prepared at various concen-
trations. Infected RD cells were washed and replaced
with the maintenance medium, diosmin, and EGCG
at their respective concentrations. Cells were then
incubated for 72 h, and supernatants were collected for
plaque titration. The EC50 values were determined via
nonlinear regression analysis, as shown in Fig. 5. Dios-
min exhibited EC50 values of 21.02±1.57 µM for EV-
A71 and 30.68±3.25 µM for CV-A16, whereas EGCG
demonstrated EC50 values of 12.86±1.30 µM for EV-
A71 and 15.54±1.50 µM for CV-A16. These results
indicated the capability of both compounds to reduce
the viral titer of EV-A71 and CV-A16. Furthermore, the
EC50 values of diosmin and EGCG aligned with and
resembled the values of various flavonoid compounds
previously reported on EV-A71, including chrysin (EC50
of 15.89 µM [38]), apigenin (10.3 µM [39]), and
quercetin (12.1 µM [40]). Moreover, antiviral activity
of EGCG against influenza A (EC50 of 22–28 µM [41]),
porcine epidemic diarrhea virus (12.39 µM [42]), and
Zika virus (21.4 µM [43]) were also highlighted. In
addition, both compounds exhibited similar selective
indices (Table S2). These findings suggested that dios-
min and EGCG might possess antiviral activity against
EV-A71 and CV-A16 infections, with notably lower EC50
values observed for EV-A71 than CV-A16.

Diosmin and EGCG are flavonoids known for their
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Fig. 4 Cytotoxicity against RD cells of diosmin and EGCG. The compounds were dissolved and diluted to various concentrations
before adding to the RD cells. Cells were incubated for 48 h before the analysis with MTS assay. Three independent experiments were
performed to confirm the finding.

Fig. 5 Inhibitory activity of diosmin and EGCG in RD cells infected with EV-A71 and CV-A16. Effective concentrations were derived
from non-linear regression analysis and errors indicated the standard error of the means (SEM) of three independent experiments.

antioxidant and anti-inflammatory properties [44, 45].
While their antiviral potential against HFMD has been
investigated, further studies are needed to fully un-
derstand their effectiveness. Diosmin, an approved
medication, offers a proven safety and efficacy profile.
Its antiviral activity against HFMD suggests potential
repurposing, although rigorous evaluation of dosage,
administration, and potential side effects is essen-
tial. If found effective, over-the-counter availability of

diosmin or EGCG could improve public accessibility.
Public preventive measures, especially for high-risk
populations, might benefit from these compounds, but
their efficacy requires robust clinical trials. Additional
studies, including animal models, are necessary for the
investigation of antiviral effects of diosmin and EGCG
on HFMD. Well-designed clinical trials are crucial for
evaluating their safety, efficacy, and optimal dosage.
Exploring combinations with other antiviral agents or
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immune modulators could potentially enhance existing
therapeutic benefits. Comprehensive research will
clarify the antiviral potential of diosmin and EGCG,
paving the way for their potential application in HFMD
prevention and treatment.

CONCLUSION

This study comprehensively explored pharmacophore
models and potential inhibitors for the 3Cpro of EV-
A71 and CV-A16. By analyzing MD trajectories of
rupintrivir, we elucidated its pharmacophore charac-
teristics, leading to the generation of 100 unique RPMs.
These RPMs, characterized by hydrophobic features
and hydrogen bond interactions, facilitated the screen-
ing of a 39-flavonoid database. Four promising com-
pounds for EV-A71 3Cpro and six for CV-A16 3Cpro
were identified, with diosmin, EGCG, and RTH-011
exhibiting higher pharmacophore fit scores than rupin-
trivir. Molecular docking analysis revealed diosmin as
the most potent compound, followed closely by EGCG.
The accuracy of our screening process was validated
using ROC curves and AUC values, demonstrating its
ability to distinguish true compounds from decoys. The
identified hit compounds showed potential as antivi-
ral drugs, as evidenced by their binding interactions
with key residues in the 3Cpro of EV-A71 and CV-
A16 co-crystal structures. Cellular toxicity assessments
confirmed the non-toxicity of diosmin and EGCG to
human RD cells. Moreover, these compounds exhib-
ited antiviral activity against EV-A71 and CV-A16, as
demonstrated by their EC50 values. Our findings sug-
gested that diosmin and EGCG could promisingly be
potential antiviral agents for EV-A71 and CV-A16, of-
fering potential avenues for the development of HFMD
therapeutics.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasia1513-1874.2025.
018.
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Appendix A. Supplementary data

Table S1 List of hit compounds, including their pharmacophore fit scores and GOLD fitness scores with the 3Cpro of EV-A71
and CV-A16.

Compound Structure Pharmacophore fit score GOLD fitness score

EV-A71 CV-A16 EV-A71 CV-A16

EGCG 47.6 47.7 60.6 60.5

Diosmin 47.7 47.9 69.3 64.0

RTH-011 47.0 47.4 56.2 53.9

RTH-010 – 45.5 – –

RTH-012 – 45.5 – –

Table S2 The cytotoxicity, inhibitory activity, and selective index of diosmin and EGCG toward RD cell infection caused by
EV-A71 and CV-A16.

Compound CC50 EV-A71 CV-A16

EC50 SI EC50 SI

Diosmin >500 µM 21.02±1.57 µM 23.80 30.68±3.25 µM 16.30
EGCG >100 µM 12.86±1.30 µM 7.78 15.54±1.50 µM 6.44

Fig. S1 Binding of the three screened flavonoids within the 3Cpro active sites of EV-A71 and CV-A16, structurally compared
with rupintrivir using available crystal structures (PDB IDs: 3R0F and 3SJI).
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