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A B S T R A C T

Viruses depend on host cell membrane trafficking machinery for most stages of their life cycle, including viral entry, assembly, and immune evasion. Accordingly, 
alteration in membrane lipid composition and organization may impair viral access to host cells. In this work, we synthesized a series of lipophilic derivatives of 
Epigallocatechin-3-gallate (EGCG) and evaluated their SARS-CoV-2 inhibitory activity in an in vitro model. Among them, EGCG-C18, a 4″-octadecyl EGCG derivative 
obtained by regio-selective alkylation of the natural polyphenol resulted as the most promising drug candidate. The localization of EGCG-C18 within the cell 
membrane was assessed by Fourier Transform InfraRed and Raman Microspectroscopy (FTIRM and RMS), while its interaction with mono
sialotetrahexosylganglioside (GM1), a glycosphingolipid present in specific microdomains of the plasma membrane, known as lipid rafts, was investigated using 
Molecular Dynamics (MD) simulation, flow cytometry, and confocal microscopy. EGCG-C18 seems to prevent viruses from entering cells by directly impacting the 
organization of GM1. In addition, we demonstrated that EGCG-C18 treatment decreases EGFR activation, introducing other potential actions of this compound. 
Finally, EGCG-C18 was evaluated against Herpes Simplex, Influenza B, and HIV-1, to test the hypothesis of a broad-spectrum antiviral activity, potentially driven by 
its ability to reorganize lipid raft components.

1. Introduction

Membrane-targeted therapies against SARS-CoV-2 represent a 
promising alternative to conventional antiviral strategies by modulating 
the physicochemical properties of the host cell plasma membrane and 
thereby interfering with virus–cell interactions and entry processes [1]. 
The initial contact between many viruses and host cells occurs at the 
level of the plasma membrane, where membrane organization and lipid 
composition critically influence receptor accessibility and viral attach
ment. In this context, cholesterol- and sphingolipid-enriched membrane 
microdomains, commonly referred to as lipid rafts (LRs), contribute to 
the lateral organization of the membrane and can act as dynamic plat
forms facilitating viral binding and internalization [2–4]. LRs are 
thought to promote the clustering of viral receptors and co-receptors, 
thereby enhancing infection efficiency for both enveloped and 

non-enveloped viruses. For instance, the engagement of 
angiotensin-converting enzyme 2 (ACE2) by the spike (S) glycoprotein is 
the early step in the entry process of SARS-CoV and SARS-CoV-2 into the 
host cells [5,6]. Similarly, HIV-1 entry [7] involves the interaction of 
viral gp120 with CD4 and the co-receptors CCR5 and CXCR4, whose 
signalling and membrane organization are regulated by cholesterol-rich 
domains [8–10]. Human herpes virus-6 (HHV-6) has also been reported 
to exploit membrane microdomain reorganization during cell entry by 
recruiting its cellular receptor CD46 into raft-enriched regions [11–14]. 
Multiple experimental and computational studies further indicate that 
viral entry frequently involves recognition of specific gangliosides, such 
as GM1, enriched in lipid rafts, with GM1–virus interactions thought to 
facilitate subsequent receptor engagement and internalization, thereby 
contributing to efficient infection [7,15–18]. Consistent with this 
concept, agents capable of inducing lipid raft or GM1 perturbations 
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[19], are expected to interfere with the sites of initial binding, activa
tion, internalization, and cell-to-cell transmission of enveloped viruses 
including Sars-CoV-2 [20–22]; for example, agents such as methyl-
β-cyclodextrins can have an anti-viral role [23] thank to their peculiar 
shape capable of sequestering cholesterol by forming an inclusion 
complex. It has been shown that cholesterol depletion in Vero E6 (Af
rican green monkey kidney) cells reduced pseudo-typed SARS-CoV 
infectivity by 90% by replacing ACE2 in a non-raft environment [24].

Amphiphilic compounds are particularly well suited to modulate 
membrane organization, as they can insert into lipid bilayers through 
interactions with both hydrophobic and hydrophilic environments [25]. 
By altering lipid packing and membrane order, such compounds may 
indirectly affect the size, stability, and functional properties of lipid 
rafts, ultimately impairing signaling pathways and protein localization 
associated with these domains [26]. In this context, 
epigallocatechin-3-gallate (EGCG), the most abundant polyphenol in 
green tea, has attracted considerable interest due to its reported antiviral 
activity against a range of viruses, including coronaviruses. While it 
primarily works by binding to the spike proteins on the virus surface, 
thereby preventing the virus from attaching to and entering host cells 
[27], evidence also suggests a preventive effect that may be partly 
related to its interaction with membrane lipids. EGCG has been shown to 
associate with the cell surface in a heterogeneous manner, with prefer
ential partitioning into raft-enriched membrane fractions [28]. Incor
poration of EGCG into cellular membranes can alter lipid order, 
potentially destabilising lipid raft-dependent processes involved in viral 
internalization [29]. Based on these observations, we synthesized a se
ries of lipophilic EGCG derivatives to enhance the ability of the parent 
compound to interact with the membrane lipid bilayer. To further 
investigate the structural requirements relevant to the potential 
membrane-targeting antiviral, we also prepared an Edaravone-C18 and 
an Epicatechin-C18. The antiviral activity of the synthesized compounds 
was evaluated in Vero E6 cells, identifying EGCG-C18 as the most 
effective molecule. Incorporation of EGCG-C18 into the plasma mem
brane was demonstrated by Fourier-transform infrared and Raman 
microspectroscopy (FTIR and RMS), supporting its ability to directly 
interact with the lipid bilayer.

Given that membrane organization critically regulates the activity of 
membrane-associated receptors, the effect of EGCG-C18 on epidermal 
growth factor receptor (EGFR) expression and activation was investi
gated as a functional readout of membrane perturbation. In parallel, the 
impact of EGCG-C18 on GM1, a glycosphingolipid enriched in lipid raft 
microdomains, was examined using molecular dynamics simulations, 
flow cytometry, and confocal microscopy, serving as an indicator of 
alterations in raft-associated lipid domains potentially involved in viral 
entry processes. Finally, based on the hypothesis that membrane- 
targeting drugs can act against different viral infections (unlike those 
against virus-specific targets) by destabilising common processes of viral 
infection, such as membrane fusion and cell entry, we tested EGCG-C18 
against Herpes Simplex virus, Influenza B, and HIV-1.

2. Results and discussion

2.1. Rationale of the drug choice and synthesis

Previous studies [27,30] have shown that the anti-SARS-CoV-2 ac
tivity of EGCG is primarily attributed to its ability to bind to the 
receptor-binding domain (RBD) of the viral spike (S) protein, thereby 
preventing the virus from interacting with the ACE2 receptor on host 
cells. However, a weak antiviral effect has been observed that may 
partly result from interactions of the polyphenol with the cellular 
membrane upstream of RBD binding [31]; the experimental evidence 
shows that in the interaction with cell membranes, EGCG tends to 
associate particularly with LR domains [28], suggesting a potential role 
in the modulation of their organisation and fluidity [32]. Since lipids 
with long and saturated alkyl chains preferentially partition into the 

LR-ordered domains [33], in this study, we employed a series of 4″-alkyl 
EGCG lipophilic derivatives obtained by regio-selective alkylation of the 
natural polyphenol at the 4″ hydroxyl group in the D-ring (Scheme 1) 
and previously synthesized by our group and by others to be used as 
lipophilic antioxidants or antitumoral [34,35].

To investigate how the length of the alkyl chain could affect antiviral 
activity, we chose three 4″-alkyl EGCG characterised by the presence of 
linear saturated alkyl chains containing 6, 10, and 18 carbon atoms 
connected to the epigallocatechin nucleus with an ethereal bond at 
position 4". We also synthesized an Epicatechin-C18 (EC-C18) using a 
synthetic route similar to that described for the 4″-alkyl EGCG de
rivatives along with an Edaravone-C18 (EdV-C18), featuring an 18-atom 
C chain (Fig. 1) and already known as a lipophilic antioxidant [36]. Both 
compounds were chosen to understand the influence of the drug's hy
drophilic portion in contrasting virus entry: EdV-C18 for its lack of hy
droxyl groups, and EC-C18 for having fewer phenolic groups than 
EGCG-C18.

2.2. In vitro evaluation of the antiviral efficacy of drugs against SARS- 
CoV-2

EGCG, EGCG-C6, EGCG-C10, EGCG-C18, EdV-C18, and EC-C18 were 
tested in an initial screening by treating Vero E6 cells before and after 
the infection to investigate their antiviral activity against SARS-CoV-2 
(Fig. 2, Method A). As no profound modifications of the entry process 
of SARS-CoV-2 were described from the onset of the pandemic to date, 
we limited our analysis to the early prototipic european strain (B.1).

Supernatants were collected 24 and 48 h post-infection (hpi) for viral 
genome extraction and quantification by real-time PCR. As shown in 
Fig. 3, EGCG, EGCG-C6, and EdV-C18 did not reduce the replicative 
capacity of SARS-CoV-2 even at the higher concentrations tested (80 
μM).

However, the viral load, expressed as viral copies per ml of super
natant (cp/ml), was reduced by EGCG-C10 and more by EGCG-C18. The 
50% inhibitory concentration (IC50) was calculated 48 h after infection 
(hpi). EGCG-C18 and EGCG-C10 inhibited SARS-CoV-2 with IC50 of 5.6 
± 2.6 μM and 33 ± 4 μM μM, respectively. Interestingly, EC-C18 shows 
poor ability to inhibit SARS-CoV-2 replication, with a very high IC50 of 
6937 ± 7 μM.

As a significant reduction in SARS-CoV-2 infection was observed 
when EGCG-C18 was added both before and after virus inoculation 
(Fig. 2, Method A), a second series of experiments was designed to 
clarify whether the most active compound more effectively prevents 
viral entry or replication. To determine if it interferes with the early 
stages of RNA replication/translation and/or the late stages of virus 
assembly/secretion, the administration of EGCG-C18 was performed 
only after viral infection (Fig. 2, Method B); in this case, no changes in 
the viral titer were observed compared to untreated cells; these findings 
indicated that EGCG-C18 does not interfere with SARS replication inside 
cells but acts by preventing the virus from entering the cell. It may 
achieve this by specifically interacting with a viral target to block entry 
into the host cell, or by interacting with the cell membrane to hinder the 
virus's ability to enter. To clarify this point, we investigated whether the 
compound has a direct virucidal effect by incubating the virus with 
EGCG-C18 before administering the mixture to the cells. (Fig. 2, Method 
C). Again, no antiviral activity was registered, indicating that these 
compounds do not exhibit virucidal activity against SARS-CoV-2; alto
gether these results show that EGCG-C18 prevents the SARS-CoV-2 entry 
by acting as a membrane-targeting drug, in contrast to what was re
ported for EGCG [37], where a pronounced virucidal effect upon pre
incubation with the virus suggested that SARS-CoV-2 surface proteins 
are major targets of EGCG.

These results underscore the significant influence of the lipophilic 
chain on the antiviral effect exhibited by compounds in the EGCG de
rivatives group. The elongation of the saturated alkyl group attached to 
the molecule reduces the IC50, likely because it facilitates a more 
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effective anchoring within the cell membrane, presumably at the site of 
lipid rafts, where the fatty-acid side chains of the phospholipids are more 
saturated than those in the surrounding membrane. The inhibition data 
of SARS-COV-2 replication concerning EdV-C18 and EC-C18 indicate 
that the polyphenolic moiety of EGCG-C18 cannot be substituted 
without diminishing or losing the antiviral potential; interestingly, 
EGCG-C18 and Eda-C18 show the same affinity for PC liposomes 
employed as disordered (liquid-crystalline) lipid phases membrane 
model [34,36]. Consequently, we hypothesize that the distinctive mo
lecular structure of lipophilic EGCG, characterised by a high number of 
phenolic hydroxyl groups, allows for a more efficient and selective 
interaction at the level of the ordered lipid phases of lipid rafts, which 

are characterised by a more complex composition and the presence of 
glycosylated lipids, enabling the formation of strong hydrogen bonds. To 
demonstrate the safety of EGCG-C18, its cytotoxicity was assessed in 
Vero-E6 and non-modified human dermal fibroblast (HDF) cells using 
the same Method A as the antiviral assays (see Fig. S1 in the supporting 
information). In Vero-E6 cells, neither compound reduced viability at 
0–100 μM. In HDF cells, a modest decrease in viability (12–15%) was 
observed only at 100 μM for both compounds. Given that the EGCG-C18 
IC50 against SARS-CoV-2 is 5.6 μM, antiviral activity occurs at con
centrations well below those causing cytotoxicity in normal cell types, 
indicating antiviral efficacy without detectable cytotoxic effects under 
the tested conditions.

Scheme 1. Synthetic route for 4″-alkyl EGCG derivatives, where n = 6, 10 and 18.

Fig. 1. Compounds tested for their antiviral properties.

Fig. 2. The different EGCG-C18 administration methods used in this study.
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2.3. Interaction of EGCG-C18 with lipid membrane: a combined 
experimental and in silico approach

To investigate the cell localization of EGCG-C18, we first employed 
FTIR and Raman microspectroscopies to demonstrate the presence of 
EGCG-C18 in the context of the cell membrane. These two techniques 
are mutually complementary because of their different physical origin. 
The IR absorption process is sensitive to polar and antisymmetric group 
vibrations, while Raman scattering is sensitive to polarizable and sym
metric group vibrations. Hence, when combined, these techniques can 
provide a more complete analysis of the biological specimen under 
investigation [37,38]. Moreover, FTIR and Raman microspectroscopies 
differ in the achievable resolution, with the former reaching ~10 μm 
and the latter even under 1 μm with a × 100 objective: this indicates that 
FTIR microspectroscopy is useful for obtaining a larger picture of the 
sample, while Raman microspectroscopy enables subcellular analyses 
[39].

Infrared spectra, pre-processed as described in Material and 

Methods, were integrated under the following spectral intervals: 2991- 
2820 cm− 1 (lipids, LIP); 2991-2949 cm− 1 (methyl groups, CH3); 2949- 
2883 cm− 1 (methylene groups, CH2); 1711-1485 cm− 1 (proteins, PRT); 
CELL is the sum of the integrated areas in the regions 2991-2820 cm− 1 

and 1760-946 cm− 1. The values of the integrated areas were then used to 
calculate specific band area ratios (Fig. 4).

The band area ratios LIP/CELL and LIP/PRT, representing respec
tively the total amount of lipids within the cell and the total amount of 
lipids with respect to proteins, showed a similar trend, with a significant 
increase in the groups treated with C18, confirming the incorporation of 
this compound within cells. Consistently, the groups treated with C18 
showed a significant increase in the CH2/CH3 band area ratio, which 
represents the length of the aliphatic chains.

Fig. 5 presents the microphotographs of representative single cells, 
the Raman maps obtained as previously described, and a representative 
Raman spectrum collected from the lipid-rich area of the cell. All 
experimental groups exhibited distributions of lipids consistent with 
their known localization in the cytoplasmic membrane. In the EGCG- 

Fig. 3. Inhibition of SARS-COV-2 replication in Vero-E6 cells due to EGCG (A), EGCG-C6 (B), EGCG-C10 (C), EGCG-C18(D), Epicatechin-C18 (E) and Edaravone-C18 
(F). Vero-E6 cells were pre-treated with serial dilutions of the compounds in triplicate for 24h. Cells were infected with 100 TCID50/50 μl of SARS-CoV-2 viral stock. 
The infected cells were treated with compounds. Supernatants were collected 48 hpi for viral quantification by Real-Time PCR using an international standard. 
Experiments were independently repeated three times, and each data point represents the mean of triplicates. The IC50 values were calculated by nonlinear regression 
analysis using GraphPad Prism software.
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C18 infected and uninfected groups, Raman spectra extracted from lipid- 
rich areas reveal some peculiar spectral features found in the Raman 
spectrum of pristine EGCG-C18, demonstrating a co-localization of 
EGCG-C18 with particularly abundant lipid quantities, presumably 
corresponding to lipid rafts.

Starting from the experimental evidence [28,40,41] that the natural 
EGCG preferentially binds with cell membranes in the lipid raft regions, 
we hypothesized that the polyphenol structure confers to EGCG-C18 a 
potential ability to interact with glycosylated lipids present in these 
domains, in particular GM1. For this purpose, we conducted an in silico 

Fig. 4. Statistical evaluation of the biochemical composition of the experimental groups in terms of: (A,C) lipids (LIP/CELL and LIP/PRT), (B) length of aliphatic 
chains (CH2/CH3). (Data are reported as mean ± SD. Different letters indicate statistically significant differences among groups (p < 0.05; one-way ANOVA and 
Tukey's multiple comparisons test).

Fig. 5. Raman mapping analysis of representative single cells from the experimental groups. Photomicrographs reporting the selected cells and overlapping false 
color maps showing the topographical distribution of lipids (black/blue corresponds to the lowest values, green intermediate, and red/dark red to the highest ones). 
Representative Raman spectra were extracted from lipid-rich areas. The spectrum of pristine EGCG-C18 is reported in blue. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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study of the interaction of both EGCG and EGCG-C18 with GM1, which 
plays a crucial role in clustering cellular membrane glycoproteins after 
the binding of viruses and is thus vital for their infectivity. A lipid raft 
model was created based on the composition reported in the current 
literature [42]. GM1 was inserted into the lipid raft membrane, while 
EGCG and EGCG-C18 molecules were added in the water phase, to 
mimic the experimental conditions better. In all lipid raft models, Chol 
acted as a sort of spacer between the hydrocarbon chains of the sphin
golipids, keeping the raft assembly together behaving like a glue, with 
this behaviour maintained throughout each MD time.

The EGCG interacted very quickly with the polar part of the mem
brane, interposing itself between the polar heads of lipids and the sugar 
portion of GM1 (Fig. 6). The catechin will maintain this position 
throughout the entire simulation duration, demonstrating a robust 
interaction at the water-lipid interface. To confirm this, the distance of 
EGCG from the lipid surface was monitored from the beginning to the 
end of the MD simulation. The analysis revealed that the distance be
tween catechin and the polar heads of lipid rafts was less than 0.2 nm 
(Fig. 6B), indicating high stability and a clear propensity for the mole
cule to remain in the specified position.

Concerning EGCG-C18, the aliphatic chain promotes the interaction 
with GM1. During the MD simulation, the catechin derivative alternated 
its use of the head and tail in the interaction with the sugar portion of 
GM1, also inducing a degree of mobility in the sugar components 
(Fig. 7).

Moreover, continuing to fluctuate at the proximity of GM1, in the last 
50 ns of simulation the tail of the EGCG-C18 was arranged to move the 
Chol residues apart, leading to an evident switch of a PSM molecule from 
GM1 and then generating a small cavity close to the GM1 (Fig. 7E and F) 
that is absent in the simulation with EGCG. Overall, a very high level of 
stability has been observed, and the chain of EGCG-C18 strongly in
teracts with GM1 throughout all the MD trajectory, and the Chol resi
dues that packs around the catechin derivative turned to behave like a 
glue for the raft (Fig. 8).

Based on the lipid shifting effect induced by the catechin derivative 
and the EGCG-C18's strong ability to interact with GM1, the computa
tional results indicate a likely intercalation of the drug within the lipid 
raft medium, leading to the consequent perturbation of the domains. 
Interestingly, analogous simulations performed on unsaturated systems, 
such as oleyl- and linoleoyl-containing EGCG derivatives, did not show 
stable interactions with GM1-enriched lipid raft domains (data not 

shown).

2.4. Effect of SARS-CoV-2 infection and EGCG-C18 treatment: GM1 
modulation

The ability of SARS-CoV-2 to induce receptor clustering at the cell 
surface is essential for its infectivity and internalization, with lipid 
microdomains playing a pivotal role as platforms where receptors are 
concentrated and can interact with the viral spike protein [7,15–17,43]. 
The FTIR and Raman microspectroscopy confirmed that EGCG-C18 in
corporates into the plasma membrane, while in silico simulations indi
cated a strong interaction of EGCG-C18 with GM1 within a membrane 
environment, potentially altering the organization of lipid rafts. Given 
that GM1 has been described as an additional entry point for 
SARS-CoV-2 [44] and acts directly as a cofactor for binding SARS-CoV-2 
to the cell membrane [23,45], the observed reduction in viral infection 
due to the EGCG-C18 treatment (see Fig. 3D) may be directly related to 
this interaction. Therefore, we employed fluorescently labeled cholera 
toxin subunit B (CTxB) to assess GM1 levels on the cell membrane by 
means of flow cytometry and confocal microscopy, as these are widely 
used methods to probe GM1 distribution and organization [46–49]. 
However, we acknowledge that the binding of CTxB to GM1 is highly 
dependent on the molecular context of the membrane—including fac
tors such as glycolipid composition, membrane order, cholesterol con
tent, and the presence of interacting compounds [50,51] like EGCG-C18. 
To address this, we included appropriate controls in our experiments, 
such as cells treated with EGCG-C18 alone, untreated cells, and cells 
infected with SARS-CoV-2. These controls allowed us to interpret the 
fluorescence signals as indicative of the accessible or "recognizable" 
GM1 pools on the cell surface under our specific experimental condi
tions, rather than a direct quantitative measure of total GM1 levels on 
the cell surface. Firstly, we assessed changes in GM1 expression 
following SARS-CoV-2 infection by measuring fluorescence of labeled 
CTxB. As shown in Fig. 9A, GM1-associated fluorescence increases by 
approximately 48% at 24 h post-infection (Fig. 9A). This significant 
increase in fluorescence likely indicates a cellular response to viral 
infection—potentially involving enhanced GM1 clustering or accessibi
lity—thus facilitating viral entry into the host cells.

Subsequently, GM1 levels were analyzed in infected and uninfected 
cells pre-treated with EGCG-C18 for 24 h. In the uninfected cells, 
treatment with EGCG-C18 did not result in any significant change in 

Fig. 6. Representative structure of the EGCG (green) between the sugar part of GM1 (blue) and the lipid raft (Chol, GM1, and POPC are highlighted in beige, gold, 
and coral, respectively) (A). Monitored distance between EGCG and Surface Lipid Raft (B). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)
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GM1 levels. By contrast, pre-treatment with EGCG-C18 led to a dramatic 
reduction in GM1 fluorescent signal in the infected cells, decreasing it by 
42% compared to untreated cells, and restoring GM1 levels to those 
observed in the absence of infection (106% vs. 100%, respectively) 
(Fig. 9A). Therefore, EGCG-C18 could directly impact the GM1 organi
zation or the membrane order of cell membrane of infected cells which 
prevents the virus from entering cells. In these experimental settings, 
experiments conducted with EGCG demonstrated that this compound, 
interestingly, had no impact on the ability of CTxB to bind to GM1 in 
either infected or uninfected cells.

The selective effect observed for EGCG-C18 highlights its potential 

advantage as a membrane-targeting antiviral: it can restore GM1 levels 
in infected cells while leaving uninfected cells largely unaffected. This 
targeted approach minimises potential side effects and helps maintain 
the integrity of membrane in uninfected cells, making it a promising 
option for effective therapy.

To visualize the localization of GM1 within the cells, confocal mi
croscopy was performed in parallel with the same experimental condi
tions analyzed by flow cytometry (Fig. 9C). The trend of fluorescent 
intensity overlaps with that described by flow cytometry. As seen in the 
left panel of the figure, the uninfected cells exhibited a lower signal for 
GM1 (FITC-green) compared to the infected cells in all three conditions 

Fig. 7. Dynamical behaviour of the EGCG-C18 within the lipid raft at 60 ns (a), 100 ns (b), 140 ns (c), and 200 ns (d). Front and top views of the EGCG-C18 induced 
lipid shifting effect (e, f). Chol, PSM, POPC, GM1, and EGCG-C18 are colored yellow, coral, orange, blue, and transparent green, respectively. The arrow and the circle 
highlight the switch of the PSM residue and the resulting empty space in the lipid system. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.)

Fig. 8. Representative structure of EGCG-C18 (green) in contact with GM1 (blue), and the three proximal Chol Molecules (yellow). The lipid raft is reported in 
transparent surface, and the Chol, PSM, and POPC, are colored in yellow, coral, and orange, respectively. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)
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examined (Fig. 9C right panels). In CTRL infected cells, where GM1 is 
more evident, the staining pattern is diffuse and present both in the 
plasma membrane and the cytoplasm. The EGCG-treated cells did not 
show any significant alteration upon infection compared with CTRL, 
neither in intensity levels nor in signal distribution. In the presence of 
EGCG-C18, the fluorescent intensity was lower compared with EGCG, 
and the staining pattern was primarily localised in the cytoplasm and 
suggestive of a perinuclear localization (more clearly visible in the 
inset).

2.5. Effect of EGCG-C18 pre-treatment on EGFR activation in SARS-CoV- 
2 infected cells

The epidermal growth factor receptor (EGFR), a transmembrane 
glycoprotein and member of the receptor tyrosine kinase (RTK) family, 
plays a crucial role in various cellular processes. Activation of wild type 
EGFR occurs when ligands such as EGF bind to its extracellular domain, 
leading to receptor dimerization that activates its cytoplasmic tyrosine 
kinase domain. This activation phosphorylates tyrosine residues, trig
gering multiple downstream signaling pathways, which are essential for 
cancer progression [52] and viral infections [53].

It has been shown that the S1 and RBD domains of the S protein of 
SARS-CoV-2 induced EGFR activation promoting EGFR phosphorylation 

Fig. 9. Quantification of GM1 expression on the membrane of Vero-E6 cells by flow cytometry and confocal microscopy. GM1 levels in cells with or without SARS- 
CoV-2 infection, pretreated or not with EGCG and EGCG-C18 measured at 24-h post-infection. (A–B) After trypsinization, cells were incubated with CTxB-FITC (1.0 
μg/mL) in PBS for 30 min and fixed with 2% PFA for 10 min at rt before the analyses. Top: representative FACS (fluorescence-activated single-cell sorting overlay 
plots) obtained from flow cytometry depicting GM1 level; down: histograms showing the CTxB mean fluorescence. (C) Confocal microscopy allows the visualization 
of the subcellular localization of GM1 (green) in cell culture (nuclei in blue). The data is the mean of triplicated experiments ±SD. *p < 0.05. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. Effect of C18-EGCG and EGCG on the EGFR activation by flow cytometry. Cells were pretreated with EGCG-C18 (5 μM) and EGCG (20 μM) for 24 h, followed 
by SARS-CoV-2 infection. Flow cytometry analyses were performed after 6 h and 24 h post-infection. (A) Representative FACS cytograms showing levels of phospho- 
EGFR and total EGFR after 6 h post-infection. (B)Bar graphs representing the percentage of EGFR activation normalized to uninfected cells expressed as the ratio 
phospho-EGFR/EGFR. a, b, c, d: p < 0.05.
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[54].
In line with the existing literature [53,55,56], our data presented in 

Fig. 10 demonstrate that SARS-CoV-2 infection leads to a significant 
increase in EGFR phosphorylation at Tyr1068 (Y1068), resulting in 
enhanced receptor activation, particularly within the first 6 h following 
infection (62% more than in uninfected cells). After 24 h, the levels of 
phosphorylated EGFR return to baseline, confirming that activated 
EGFR may play a role during the viral entry into host cells [53].

To gain a deeper understanding of the mechanism of action of EGCG- 
C18, we assessed the effects of pre-treatment with EGCG and EGCG-C18 
on EGFR activation following 6 and 24 h of SARS-CoV-2 infection. As 
illustrated in Fig. 10, pre-treatment with both compounds reduced EGFR 
phosphorylation at 6 h post-infection, although with different efficacy. 
EGCG-C18 demonstrated greater effectiveness, bringing the phospho- 
EGFR/EGFR ratio close to baseline levels observed in uninfected cells 
(96% compared to 100%). In contrast, EGCG reduced EGFR phosphor
ylation from 162% in infected cells to 129%. This is not surprising, as 
EGCG is a natural compound well-known for binding the cytoplasmic 
tyrosine kinase domain of EGFR, inhibiting its activation through an 
ATP-competitive mechanism [57,58]. Several studies have shown that 
EGFR activity can be modulated by its surrounding lipid environment. 
Since EGCG-C18 primarily localizes in the cellular membrane (Fig. 5) 
and modulates the organization of GM1 (Fig. 9), its capacity to reduce 
EGFR activation likely results from mechanisms related to its 
membrane-targeting properties. Future research should investigate 
whether this derivative affects the distribution or function of other 
membrane-associated lipids. For example, ganglioside GM3—but not 
GM1—has been shown to inhibit EGFR activation through direct inter
action [59]. Therefore additional experiments could elucidate other 
mechanisms by which this compound modulates EGFR signaling in cells 
infected with SARS-CoV-2.

2.6. In vitro evaluation of the antiviral efficacy of drugs against HIV, 
Herpes Simplex, and influenza B viruses

As a membrane and LR targeting drug, EGCG-C18 could potentially 
exhibit antiviral properties against a wide spectrum of enveloped and 
non-enveloped viruses. Indeed, although the steps immediately pre
ceding the membrane fusion process are the most influenced by lipid raft 
rearrangement, non-enveloped viruses also exploit cell membrane 
glycoprotein clustering through complex interactions among lipid raft 
components. To explore the compound's antiviral activity spectrum, 
various experiments were set up to quantify its inhibitory effects on 
infections by different enveloped viruses: Herpes Simplex type 1, 
Influenza B, and HIV-1. Each of these viruses was titered as described 
and used to challenge tissue culture cells: U87/CXCR4 for HSV-1 and 
HIV-1, MDCK for influenza B. Method A was used for the challenge with 
all three viruses. IC50 was calculated 48 h after infection and reported in 

Fig. 11. Although with different efficacy (for example, IC50 against HIV- 
1 was 5-fold higher than against influenza B: 35 ± 4 vs 7 ± 3 μM), EGCG- 
C18 demonstrated significant broad-spectrum antiviral activity against 
enveloped viruses, consistent with an effect on lipid raft–associated 
processes.

2.7. ADMET/drug-likeness prediction for EGCG-C18

To obtain preliminary insight into the pharmacokinetic, toxicolog
ical, and drug-likeness profile of the synthesized compound, in silico 
ADME–tox predictions were performed (Fig. 12) using the ADMET AI 
platform, a machine-learning–based approach commonly applied in 
early drug discovery to support the assessment of pharmacokinetic 
behavior and safety liabilities prior to experimental evaluation [60]. The 
full prediction panel is reported in the Supplementary Materials.

The predicted physicochemical and ADME properties indicate a 
highly lipophilic compound with multiple deviations from classical 
drug-likeness rules. According to Lipinski's rule of five, EGCG-C18 sat
isfies only one of the five criteria [61]. The high molecular weight 
(708.89 Da), elevated LogP (9.83), and large topological polar surface 
area (TPSA = 177.14 Å2) suggest limited passive diffusion across bio
logical membranes and very low aqueous solubility, as commonly 
observed for compounds outside conventional drug-like chemical space 
[61]. Despite these characteristics, the predicted human intestinal ab
sorption (0.97) and moderate oral bioavailability (0.45) indicate that 
absorption may still occur, likely driven by partitioning into lipid bi
layers rather than classical passive permeability mechanisms. The 
relatively low PAMPA permeability (0.32) combined with high pre
dicted intestinal absorption and pronounced lipophilicity is consistent 
with preferential association with lipid membranes and slow desorption, 
highlighting the compound's potential for membrane-targeted delivery 
[61]. In silico metabolism predictions indicate that EGCG-C18 is pri
marily cleared via CYP3A4-mediated pathways, with a high probability 
of being a CYP3A4 substrate (0.81; 89th percentile) and elevated 
intrinsic clearance in hepatocyte and microsomal models. Inhibition of 
other major CYP isoforms is generally low, although moderate CYP3A4 
inhibition (0.34; 74th percentile) suggests a potential for drug–drug 
interactions under high exposure conditions [62]. Toxicity predictions 
suggest an overall favorable safety profile, with low probabilities for 
clinical toxicity, mutagenicity, carcinogenicity, acute toxicity, endo
crine disruption, and skin reactivity (see Supplementary Material). 
However, the predicted hERG blocking potential (0.81; 79th percentile) 
represents a possible safety concern that should be evaluated experi
mentally due to cardiotoxicity risk [63]. Overall, the predicted ADME 
profile suggests pharmacokinetics governed by extensive tissue and 
membrane sequestration combined with rapid metabolic clearance upon 
hepatic exposure. The strong tendency for membrane and lipid-domain 
partitioning supports its suitability for lipid-focused targeting 

Fig. 11. Inhibition of HSV-1 and HIV-1 replication in U87/CXCR4 cells and FluB in MDCK cells due to EGCG-C18. Cells were pre-treated with serial dilutions of 
EGCG-C18 in triplicate for 24h. Cells were infected with viral stocks and treated with the compound. Supernatants were collected 48 hpi for viral quantification by 
Real-Time PCR. Experiments were independently repeated three times. Each point represents the mean. The IC50 was calculated using nonlinear regression analysis of 
GraphPad Prism software.
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approaches but the extremely low predicted aqueous solubility (log S =
− 6.95) represents a major biopharmaceutical limitation for its trans
lational feasibility. All these findings highlight the importance of 
formulation strategies for highly lipophilic compounds in modulating 
systemic exposure and support the potential suitability of lipid-based 
delivery approaches including liposomes, solid lipid nanoparticles, 
and raft-mimetic vesicles.

3. Conclusions

In this study, we synthesized a series of lipophilic derivatives of 
EGCG. The amphiphilic molecules were obtained through the intro
duction of saturated carbon chains of various lengths (6, 10, and 18 
Carbon atoms), bound to the skeleton of EGCG by an ether bond. Eda- 
C18 and Epicatechin-C18 were added to investigate the influence of 
the drug's hydrophilic portion on counteracting virus entry. The thera
peutic potential of the molecule pool has been assessed in terms of 
inhibiting SARS-Cov-2 replication in Vero-E6 cells, and EGCG-C18 
proved to be most effective in exerting a preventive effect. We hypoth
esized that, owing to its peculiar amphiphilic structure, characterised by 
a long C18 chain and multiple hydroxyl groups, the EGCG derivative 
could interact with cellular membranes, possibly within lipid 
raft–enriched domains, and alter their lipid organisation. Such changes 
could, in turn, interfere with the virus internalization process.We 
demonstrated the localization of the lipophilic polyphenol within a 
lipid-rich area of the cell membrane using Fourier Transform Infrared 
and Raman Microspectroscopy; through Molecular Dynamics simula
tion, flow cytometry, and confocal microscopy, we evidenced that 
EGCG-C18 interacts with GM1 present in the lipid rafts and that pre- 
treatment of infected cells with EGCG-C18 resulted in a dramatic 
reduction in GM1 expression, restoring its levels to those observed in the 
absence of infection. We also showed that pre-treatment reduced EGFR 
phosphorylation at 6 h post-infection, bringing the phospho-EGFR/ 
EGFR ratio close to baseline levels observed in uninfected cells. The 
action of EGCG-C18 as a membrane-targeting and broad-spectrum 
antiviral drug has been corroborated by demonstrating the antiviral 
effect against various viral infections, such as Herpes Simplex virus, 
Influenza B, and HIV-1.

4. Experimental section

4.1. Synthetic procedure

The materials and reagents used in the synthetic procedures were 

purchased from Sigma Aldrich Co. (Stenheim, Germany) and used 
without purification. All solvents were analytically pure and dried 
before use. TLC was carried out on aluminium sheets precoated with 
silica gel 60 F254 (Merck). Column chromatography was performed 
using silica gel 60 (230–400 mesh). High-resolution MS (HRMS) ESI 
analyses were performed on a Xevo G2-XSQTof (Waters) mass spec
trometer. Mass spectrometric detection was performed in the negative 
ion mode. The 1H and 13C NMR spectra were recorded at 400 and 100 
MHz, respectively, on an Agilent Technologies 400 MHz Premium 
Shielded spectrometer. Chemical shifts (δ) are reported in ppm relative 
to TMS and coupling constants (J) in Hz. EGCG-C6, EGCG-C10, EGCG- 
C18, and Edaravone-C18 were obtained as previously described [34,
36,64].

EGCG-C6. 1H NMR (Acetone-d6, 500 MHz): δ = 0.87 (t, J = 7.0 Hz, 
3H), 1.25-1.34 (m, 4H), 1.36-1.44 (m, 2H)), 1.67-1.74 (m, 2H), 2.95 (dd, 
J = 2.8, J = 17.2 Hz, 1 H), 3.04 (dd, J = 4.3 Hz, J = 17.2 Hz, 1 H), 4.08 (t, 
J = 7.0 Hz, 2 H), 5.07 (bs, 1H), 5.49 (bs, 1H), 6.02 (d, J = 2.3 Hz, 1H), 
6.04 (d, J = 2.3 Hz, 1H), 6.65 (s, 2H), 7.03 (s, 2H) 13C NMR (Acetone-d6, 
125 MHz): 13C NMR (Acetone-d6, 125 MHz): δ = 14.3, 23.3, 26.2, 26.6, 
30.6, 32.4, 69.7, 73.5, 78.0, 95.9, 96.6, 99.0, 106.7, 110.0, 126.2, 130.7, 
133.2, 139.6, 146.4, 151.1, 157.1, 157.5, 157.9, 165.9. Relative NMR 
purity >98% ESI-MS: (m/z.) 543.19 [M+ 1].

EGCG-C10: 1H NMR (Acetone-d6, 500 MHz): δ = 0.88 (t, J = 7.0 Hz, 
3H),1.21-1.35 (m, 12H), 1.36-1.47 (m, 2H), 1.67-1.78 (m, 2H), 2.97- 
3.09 (m, 2H), 4.05-4.15 (m, 2H), 5.07 (bs, 1H), 5.38 (bs, 1H), 6.05 (s, 
2H), 6.69 (s, 2H), 7.07 (s, 2H). 13C NMR (Acetone-d6, 125 MHz): δ =
14.4, 23.3, 26.3, 26.6, 30.8, 32.6, 70.4, 73.3, 78.3, 95.9, 96.6, 98.9, 
106.9, 109.9, 126.2, 130.5, 133.4, 139.6, 146.6, 151.4, 157.1, 157.5, 
157.9, 166.3. Relative NMR purity >98% ESI-MS: (m/z.) 599.25 [M+

1].
EGCG-C18. 1H NMR (Acetone-d6, 400 MHz): δ = 0.87 (t, J = 6.8 Hz, 

3H), 1.23-1.32 (m, 28H, overlapping), 1.34-1.45 (m, 2H), 1.67-1.76 (m, 
2H), 2.97 (dd, J = 2.4 Hz, J = 13.9 Hz, 1H), 3.03 (dd, J = 3.9 Hz, J =
13.9 Hz,1H), 4.07 (t, J = 7.0 Hz, 2H), 5.07 (bs, 1H), 5.52 (bs,1H), 6.01 
(d, J = 2.3 Hz, 1H), 6.03 (d, J = 2.3 Hz, 1H), 6.64 (s, 2H), 7.01 (s, 2H). 
13C NMR (Acetone-d6, 100 MHz): δ = 14.4, 23.3, 26.4, 26.6, 32.6, 70.0, 
73.3, 78.1, 95.8, 96.4, 98.8, 106.7, 109.8, 126.1, 130.5, 133.3, 139.5, 
146.5, 151.2, 157.1, 157.4, 157.8, 166.1. Relative NMR purity >98% 
ESI-MS: (m/z.) 711.37 [M+ 1].

Edaravone-C18. 1H NMR (CDCl3, 400 MHz): δ = δ 0.87 (t, J = 6.8 
Hz, 3H), 1.14–1.37 (m, 32 H), 1.78–1.90 (m, 1 H), 1.94–2.05 (m, 1 H), 
2.15 (s,3H), 3.26 (t, J = 5.6 Hz, 2H), 7.17 (t, J = 7.2 Hz, 1H), 7.39 (t, J =
8.1 Hz, 2H), 7.89 (d, J = 8.1 Hz, 2H), 13C NMR (CDCl3, 100 MHz): δ 
14.3, 16.0, 22.9, 25.6, 27.7, 29.4, 29.5, 29.7, 29.8, 32.1, 52.6, 118.9, 

Fig. 12. ADME in silico prediction for EGCG-C18: a radial plot is shown summarizing five key ADMET properties in terms of their DrugBank percentile. Blood-Brain 
Barrier Safe: The probability that the molecule does not cross the blood-brain barrier; hERG Safe: The probability that the molecule does not block the human ether-a- 
go-go (hERG) channel; Bioavailable: The probability that the molecule is orally bioavailable; Soluble: The aqueous solubility of the molecule, Non-Toxic: The 
probability that the molecule would not show clinical toxicity.
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125.0, 129.0, 138.2, 160.2, 173.6. Relative NMR purity >98% ESI-MS: 
(m/z.) 424.7 [M − 1]-.

Epicatechin-C18. Potassium carbonate (138 mg, 1 mmol, 1.5 eq) 
was suspended in anhydrous DMSO (5 ml), and the mixture was stirred 
for 15 min at 50 ◦C. (− )-Epicatechin (200 mg, 0.65 mmol, 1 eq) and then 
1-iodooctadecane (226 μl, 0.65 mmol, 1 eq) were added to the mixture 
under flow of argon. The reaction was stirred for 12 h, at 50 ◦C. After 
completion, the reaction was monitored by thin-layer chromatography 
(silica gel) and then acidified to pH 7 with aqueous HCl. After extraction 
with EtOAc, the volatiles were removed under reduced pressure. The 
raw material was purified by silica gel column chromatography, 
cyclohexane-EtOAc, 94:6. The product is a white solid. Yield: 55 mg, 15 
%, m.p: 100.4-101 ◦C. 1H NMR (600 MHz, DMSO‑d6): δ 0.85 (t, J = 6.9 
Hz, 3H, CH3), 1.24 (s, 28H, CH2), 1.37 – 1.44 (m, 2H, CH2), 1.65 – 1.73 
(m, 2H, CH2), 2.32 – 2.39 (dd, J = 15.9 Hz, J = 7.8 Hz, 1H, CH), 2.61 – 
2.68 (dd, J = 15.9 Hz, J = 5.3 Hz, 1H, CH), 3.82 (m, 1H, CH), 3.92 (t, J =
6.6 Hz, 2H, CH2), 4.51 (d, J = 7.5 Hz, 1H, CH), 4.88 (d, J = 5.2 Hz, 1H, 
OH), 5.69 (d, J = 2.3 Hz, 1H, Ar–H), 5.89 (d, J = 2.3 Hz, 1H, Ar–H), 6.69 
(dd, J = 8.4, 2.1 Hz, 1H, Ar–H), 6.77 (d, J = 2.1 Hz, 1H, Ar–H), 6.84 (d, J 
= 8.4 Hz, 1H, Ar–H), 8.80 (s, 1H, OH), 8.93 (s, 1H, OH), 9.17 (s, 1H, 
OH).13C NMR (150 MHz, DMSO‑d6): δ 13.9, 22.1, 25.5, 28.7, 28.8, 28.9, 
29.0, 31.3, 66.3, 68.4, 80.8, 93.8, 95.1, 99.0, 113.2, 114.4, 118.2, 127.3, 
129.8, 132.3, 146.4, 146.4, 155.2, 156.2, 156.4. Relative NMR purity 
>98% ESI-MS: (m/z) = 541.3 [M − 1]-.

4.2. Cell culture

Vero E6, U87/CXCR4 (engineered human glioma cell line), HDF 
(Human dermal fibroblasts) and MDCK (Dog kidney derived epithelium) 
cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM, 
Euroclone, Milano, Italy) supplemented with 10% fetal bovine serum 
(FBS, Euroclone), 100 U/ml penicillin/streptomycin (PS, Euroclone) 
and 1X MEM Eagle non-essential amino acids (NEAA) (1%, v/v). The 
culture media of U87/CXCR4 cell lines were supplemented with 
geneticin (300 μg/ml) and puromycin (1 μg/ml). Cells were maintained 
in T25 tissue culture flasks (CELLSTAR, Greiner Bio-One, Frickenhausen, 
Germany) at 37 ◦C in 5% CO2 and 95% humidity. For the Vero E6, U87/ 
CXCR4 and MDCK the confluent monolayer was passed once a week 
(1:5) following trypsinization. The HDF cells were used at passages 4-10 
and passed every 3 days (1:2).

4.3. Cell viability assay

To determine whether treatments affected viability, Vero E6, U87/ 
CXCR4 and HDF cells were exposed to increasing concentrations (1-160 
μM) of EGCG or alkylated EGCG every 24 h for an entire time of 72 h. 
Following treatments, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte
trazolium bromide (MTT) assay was performed as previously reported 
[65]. The 50% inhibiting concentration (IC50) was determined by 
non-linear regression analysis with a three-parameter fit by utilizing 
SigmaPlot 12.0 Software, USA, Systat Software, Inc. SigmaPlot for
Windows. Each experiment was performed at least five times in 
triplicate.

4.4. Virus stocks

The isolation of severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2, EPI_ISL_417491) was performed by infecting Vero E6 cells 
using RT-PCR positive nasopharyngeal swab collected at Virology Unit 
from Ospedali Riuniti, Ancona (Italy) as described by Alessandrini et al. 
[66]. Briefly, 2 × 106 Vero E6 cell suspension was incubated (1 h at 
37 ◦C in 5% CO2) with 500 μl of swab in 2 ml of complete medium. The 
suspension was transferred into a 25 cm2 tissue culture flask (6 ml final 
volume). Three days after infection, Vero E6 cells (4 × 106), seeded 24 h 
before in 75 cm2 flasks, were inoculated with 2 mL of the virus in a final 
volume of 13 mL to obtain a larger viral stock. Supernatant of the 

infected cells was collected three days after infection at 80% cytopathic 
effects (CPE), centrifuged at 1400 RCF for 10 min, filtered using 0.2 μm 
filter, aliquoted and stored at − 80 ◦C. The isolation of Herpes Simplex 
Virus type 1 (HSV-1) and Influenza B (Flu B) were performed, as 
described above, by infecting U87/CXCR4 and MDCK cells respectively, 
using RT-PCR positive bronchoalveolar lavage (BAL) collected at 
Virology Unit from Ospedali Riuniti, Ancona (Italy). The supernatant of 
HIV plasmid transfection (pNL4-3) containing infectious viruses was 
used as HIV-1 virus stock to infect U87/CXCR4 cells [67].

4.5. Titration of virus stocks

To determine the 50% tissue culture infectious dose (TCID50) of the 
viral stocks, 50 μl of ten-fold serial dilutions in culture media (ranging 
from 10− 1 to 10− 8) for virus stocks (SARS-CoV- 2, HSV-1 and Flu B) were 
incubated with cells (seeded 24 h before in 96-well microplates at 2.6 ×
104/well) for 2 h. The cells were washed twice using Dulbecco's Phos
phate Buffered Saline (PBS, Euroclone) and 100 μl/well of fresh culture 
media were added. Following 72 h incubation, the Reed and Muench 
method was used to calculate the TCID50/ml for each viral stock. The 
titer of HIV-1 virus stock was determined dosing the p24 antigen (HIV-1 
capsid) by chemiluminescent immunoassay (ARCHITECT system, 
Abbott, USA).

4.6. Virus inhibition test

4.6.1. Method A
Cells were seeded in 96-well plates at a density of 1.3 × 104 cell/well 

and incubated for 24 h at 37 ◦C in 5% CO2 and 95% humidity. They were 
then pre-treated with two-fold serial dilutions of the compounds starting 
from 80 μM (10μl/well) and the plates were incubated for another 24 h. 
Cell control wells were included. The non-adsorbed compounds were 
discarded, 100TCD50/50 μl of viral stock for SARS-CoV-2, HSV-1 and Flu 
B or 400 fg of p24 antigen/50 μl of HIV-1 viral sock were added to the 
cells and incubated for 2 h at 37 ◦C. The infected cells were subsequently 
washed using PBS and treated with the compounds as described above. 
Virus control wells were included. Supernatants were collected 24 and 
48 h post infection (hpi) for viral genome extraction.

4.6.2. Method B
Cells were seeded in 96-well plates at a density of 2.6 × 104 cell/well 

and incubated for 24 h at 37 ◦C in 5% CO2 and 95% humidity. Two-fold 
serial dilutions of the compounds (starting from 80 μM) were mixed with 
100TCD50/well of virus stocks for 10 min. Cells were subsequently 
inoculated with SARS-CoV-2 virus/compound mixtures for 2 h at 37 ◦C. 
Following the above washing procedure, cells were incubated with the 
culture medium. Supernatants were collected 48 h post infection (hpi) 
for viral genome extraction.

4.6.3. Method C
Cells were seeded in 96-well plates at a density of 1.3 × 104 cell/well 

and incubated for 48 h at 37 ◦C in 5% CO2 and 95% humidity. 
100TCD50/50 μl of SARS-CoV-2 viral stock were added to the cells and 
incubated for 2 h at 37 ◦C. The infected cells were subsequently washed 
using PBS and treated with the compounds as described above. Virus 
control wells were included. Supernatants were collected 24 and 48 h 
post infection (hpi)

4.7. Viral genome extraction and quantification by real-time PCR

Viral genome was extracted from supernatants using QIAsymphony 
DSP Virus/Pathogen Midi Kit according to manufacturer's instructions 
on the QIAsymphony automated platform (QIAGEN, Hilden, Germany) 
and quantified using Applied BiosystemsTM7500 Fast Dx Real-Time 
PCR Instrument (Thermo Fisher Scientific, Waltham, MA, USA). Real- 
time PCR assay of SARS-CoV-2 was performed using commercial set of 

C. Minnelli et al.                                                                                                                                                                                                                                Chemico-Biological Interactions 430 (2026) 111971 

11 



primers and probes (Integrated DNA Technologies, cat# 10006770) 
applying a protocol issued by the CDC (https://www.fda.gov/me 
dia/134922/download). Quantification of number of viral copies per 
milliliter of supernatant (cps/ml) was achieved using a calibration curve 
based on ten-fold serial dilutions (105 to 102 copies per reaction) of the 
WHO international standard for SARS- CoV-2 RNA (cat# 20/146), 
purchased from the National Institute for Biological Standards and 
Control (NIBSC). Calibration curve was included in each real-time ses
sion with a negative control. Real-Time PCR assay of HSV-1 was per
formed using oligonucleotide primers and probe (Forward primer: 5′- 
CGTCGGAGTTTTACCCAGAC-3’; reverse primer:5′-ACGCGAT
GAAGGCTTTC-3’; probe: FAM-AGTCAGGCCTGGTCGACTTTGTCACC- 
BHQ1) designed to detect HSV-1 gene encoding DNA replication 
origin binding helicase in EXPRESS qPCR universal mix (Thermo Fisher 
Scientific, Waltham, MA, USA) according to manufacturer's instructions. 
Quantification of cps/ml of HSV-1 DNA per supernatant was achieved 
using a calibration curve based on ten-fold serial dilutions (105 to 102 

copies per reaction) of standard plasmid containing specific gene. Cali
bration curve was included in each real-time session with negative 
control. Real-Time PCR assay of Flu B was performed using oligonu
cleotide primers and probe (Forward primer: 5′-TCCTCAAYT
CACTCTTCGAGCG-3’; reverse primer:5′-CGGTGCTCTTGACCAAA 
TTGG-3’; probe: FAM-CCAATTCGAGCAGCTGAAACTGCGGTG-BHQ1) 
designed to detect Flu B gene encoding NS proteins in EXPRESS qPCR 
universal mix (Thermo Fisher Scientific, Waltham, MA, USA) according 
to manufacturer's instructions. The infectious virus particles of HIV-1 
produced GFP-NEF fusion protein which made infected cells fluores
cent after 24 h and fluorescent emission increased after 48 h. For this 
reason, the relative fluorescence values (RFV) were measured directly 
on the culture plate using the Fluoroskan Ascent (Thermo scientific) to 
evaluate the replicative capacity.

4.8. Molecular dynamics

The lipid raft has been modeled following the composition reported 
in the current literature. In detail, the outer leaflet is composed of 
phospholipids, saturated sphingolipids, and cholesterol, while the inner 
leaflet contains phospholipids and cholesterol [42]. Moreover, the 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (760.1 
g/mol), palmitoyl-sphingomyelin (PSM) (703.03 g/mol), and choles
terol (Chol) (386,65 g/mol) are the most present lipid components, with 
a molar ratio of 2:1:1 respectively [68,69]. These conditions were then 
chosen to simulate the lipid raft efficiently. With the aim to respect the 
molar ratio, the outer raft leaflet has been modeled with 72 lipids, 
considering 16 POPC, 34 Chol, and 40 PSM molecules. The inner leaflet 
exhibited 73 lipids, comprising 61 POPC and 12 Chol molecules. The 
membrane model has been solvated with 6041 TIP3P water molecules 
and 15 Na+ and 15 Cl-ions have been included to reach the physio
logical condition of 0.15 M. The entire system has been generated using 
CHARMM-GUI [70] in a simulation box of 6.82 x 6.82 × 8.50 nm3, and 
periodic boundary conditions (PBCs) have been used along all axes.

This model has been used to create 4 different systems: (i) lipid raft, 
(ii) lipid raft with GM1, (iii) lipid raft with GM1 and EGCG, and (iv) lipid 
raft with GM1 and EGCG-C18. One molecule of GM1 has been inserted in 
the lipid raft membrane, with a molar ratio of 1.76% respect to POPC, in 
line with the range of variable amounts of GM1 in lipid rafts [71]. EGCG 
and EGCG-C18 molecules have been added in the water phase, to better 
mimic the experimental conditions. In both cases, one molecule has been 
considered to better focus on the interactions with GM1. Systems (i) and 
(ii) have been modeled and simulated as controls to be sure about the 
reliability of the computational results since the lipid raft has a partic
ularly complex structure and the presence of GM1 requires accurate 
treatment.

Each system underwent a minimization step followed by Molecular 
Dynamics simulations consisting of six cycles of equilibration, followed 
by a production phase of 200 ns using the NPT ensemble in semi- 

isotropic conditions.
For the evaluation of the direct interaction between EGCG-C18 and 

GM1, a TIP3P water box was built using CHARMM-GUI [70] of 10 x 10 
× 10 nm3, and periodic boundary conditions (PBCs) were used along all 
axes. The system after minimization underwent a full cycle of equili
bration (10 ns) which was followed by a production phase of 200 ns 
using NVT (equilibration)/NPT (production) ensemble,

All the simulations have been performed using GROMACS 2023.3 
version and CHARMM36 m force field [72]. Finally, the trajectories 
have been analyzed using Visual Molecular Dynamics (VMD) [73] and 
UCS Chimera software [74].

4.9. EGFR activation by flow cytometry

The level of the EGFR activation in Vero-E6 was evaluated by flow 
cytometry as previously described [57]. Cells were seeded in 6-well 
plates at a density of 2 × 105 cell/well and treated as previously 
described for the evaluation of the antiviral efficacy of drugs. Briefly, 
cells were pretreated with 5 μM EGCG-C18 for 24 h, followed by adding 
100TCD50/50 μl of viral stock and incubating for 2 h at 37 ◦C. The 
infected cells were subsequently washed using PBS and treated with the 
compounds as described above. Simultaneously, the same experiment 
was carried out as a control without infecting the cells. Cells were 
collected by incubation with 0.25% trypsin-EDTA and then fixed for 20 
min at room temperature using 2% paraformaldehyde. Before staining 
with antibodies targeting EGFR (Invitrogen, MA5-28104) and 
phospho-EGFR (Y1068) (R&D Systems, IC3570F), the cells were per
meabilized for 30 min on ice in PBS containing 0.5% BSA and 0.025% 
Triton X-100. The anti-EGFR and anti-phospho-EGFR antibodies were 
incubated for 1 h in the dark at 4 ◦C. A minimum of 5000 cells per 
sample was analyzed under identical conditions. To inhibit potential 
phosphatase activity, sodium fluoride (NaF) and sodium orthovanadate 
(Na3VO4) were added to the staining and permeabilization buffers, each 
at a final concentration of 1 mM. Data analysis was performed using FCS 
Express 7 (De Novo Software). EGFR activation was quantified by 
calculating the percentage of EGFR phosphorylation, which was deter
mined by dividing the geometric mean fluorescence intensity of 
phospho-EGFR by that of total EGFR.

4.10. Imaging and quantification of lipid raft by confocal microscopy and 
flow cytometry

Cellular lipid raft levels were estimated based on staining of GM1 
with cholera toxin stain. Cells were pre-treated with selected compounds 
concentrations for 24 h, infected with SARS-CoV-2 for 2 h and then 
treated again with EGCG, and EGCG-C18 for additional 24 h. For the 
lipid raft imaging, cells were seeded on glass coverslips, washed with 
PBS and incubated with CTxB-fluorescein isothiocyanate (CTxB-FITC; 
1.0 μg/mL; Ex/Em = 495/525 nm; C1655, Sigma) in the DMEM medium 
for 30 min in the dark. Cells were washed three times with PBS, fixed for 
10 min in 2% paraformaldehyde (PFA) and then counterstained with 
1.0 μg/mL of 4′,6-diamidino-2-phenylindole (DAPI; Ex/Em = 358/461 
nm). The coverslips were mounted with ProLong Glass Antifade 
Mountant (P36984, Invitrogen) and visualized with Nikon A1R confocal 
laser scanning microscope. The images were acquired under 20x and 
60x objectives by excitation with 405 and 488 wavelengths and finally 
processed using NIS-element software. For the quantification of GM1 
expression, cells were seeded in 6-well plates, cultured overnight, and 
treated as previously described. Then, cells were collected by trypsini
zation, incubated with CTxB-FITC (1.0 μg/mL) in PBS for 30 min, fixed 
with 2% PFA for 10 min at rt and analyzed with Guava easyCyte flow 
cytometer (Merk-Millipore, MA, USA).

4.11. Fourier Transform InfraRed microspectroscopy (FTIRM)

FTIRM measurements were performed in duplicate at the ARI Lab of 
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Department of Life and Environmental Sciences, Università Politecnica 
delle Marche (Ancona, Italy). A Hyperion 3000 Vis-IR microscope 
coupled with a INVENIO-R interferometer and equipped with a HgCdTe 
(MCT_A) detector (Bruker Optics, Ettlingen, Germany) was used. Cells 
were deposited on IR transparent CaF2 optical windows and let air-dry 
for 30 min. For each sample, ~50 microareas (30 × 30 μm2) contain
ing densely packed cell monolayers were selected by visible microscopy. 
On these areas, IR spectra were collected in transmission mode in the 
MIR region (4000–900 cm− 1), averaging 512 scans (spectral resolution 
4 cm− 1, zero-filling factor 2, scanner velocity 40 kHz). A background 
spectrum was acquired on a clean CaF2 window before each sample 
acquisition, with the same parameters used for cells’ measurements. All 
the collected raw spectra were pre-processed by correction of the 
contribution of atmospheric carbon dioxide and water vapor and vector 
normalization, with the Atmospheric Compensation and the Vector 
Normalization routines of OPUS 7.5 software (Bruker Optics GmbH).

4.12. Incorporation of EGCG-C18 in lipid-rich areas by Raman 
MicroSpectroscopy (RMS)

A Horiba Jobin-Yvon XploRA Nano Raman Microspectrometer, 
equipped with a 785-nm diode laser was used as a source. All RMS 
measurements were acquired by using a 5 × objective (Olympus, Tokyo, 
Japan). The spectrometer was calibrated to the 520.7 cm− 1 line of sili
con prior to spectral acquisition. 1800 lines per mm grating were cho
sen. A 200 μm confocal pinhole was used for all measurements. The 
spectra were dispersed onto a 16-bit dynamic range Peltier cooled CCD 
detector. RMS measurements were performed on ~10 single cells for 
each experimental group, to assess the incorporation of EGCG-C18. 
Raman maps were acquired on squared/rectangular areas covering the 
entire cell of interest, collecting spectra with a step size of 2 μm. On each 
Raman map, the following values were calculated: the area of the band 
centered at 1660 cm− 1, representing the Amide I band of proteins, and 
the area of the band centered at 1450 cm− 1, representing the CH2 
groups, mainly of lipids.

4.13. ADME properties prediction

The ADMET properties of EGCG-C18 were predicted using the 
ADMET-AI web server (https://admet-ai.com) [75]. The platform em
ploys pre-trained machine-learning models to estimate pharmacokinetic 
and toxicity-related endpoints. Canonical SMILES representations of the 
compounds were submitted to the web interface, and predictions were 
obtained for human intestinal absorption (HIA), blood–brain barrier 
(BBB) permeability, cytochrome P450 (CYP450) inhibition, AMES 
toxicity, and hepatotoxicity.

4.14. Statistical analysis

All data were presented as mean ± standard deviation. Statistical 
analyses were performed using GraphPad Prism (Version 8.4.2, Graph
pad Software, San Diego, CA, USA). Nonlinear regression was performed 
to calculate 50% inhibitory concentration values (IC50) using the in
hibitor versus response. The statistical significance was determined by 
unpaired t-test with Welch's correction and was defined as p < 0.05.
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Morales, J.F. Osuna-Ramos, G. Martínez-Mier, J. Quistián-Galván, A. Muñoz-Pérez, 
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