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ABSTRACT: Dimeric polyphenols have been postulated to be Ld membrane Lo membrane

more e ective in preventing obesity than monomeric ones; | Molecular Bmdmgnm andmg“me
however, the mechanism through which polyphenols act on cells | dynamics V imm: i: l:

remains poorly understood. A leading hypothesis is the inactivation ~[Lsimulation ~zrom ~ 14 fold
of the intracellular lipid synthesis signaling pathway that leads to KPhosphollpul T Sphi lin / Chol

lipid accumulation in 3T3-L1 preadipocytes through interference ____-_-_______________R‘i“.“f‘i".".'!‘i‘i";"_"ls___‘_“_"_“_"_“3“_'1“_‘1‘1'Y‘_’*_‘°_“_°_'5_ ________
with the signaling activity of the raft domains of their plasma Langmuir assay £ Monolayerin 5 Monolayer in
membranes. Thus, understanding the behavior of polyphenols on £z Ld state £z Lo state

the membrane surface is essential to elucidating the mechanism L g% g%

through which they disrupt lipid raft structures di erently. In this E AN |\

study, we first established two bilayer membrane models of di erent M°“°'s‘:j/:f;:e°ve"“‘ Moan molecular area Y P————
composition, the liquid-ordered (Lo) membrane containing * &

cholesterol and sphingomyelin representing a raft domain, and

the liquid-disordered (Ld) membrane containing phosphatidylcholine representing a nonraft domain; the surface behavior and
consequent interaction of three representative polyphenols (one, a monomeric phenol and the other two, dimeric phenols) with the
two bilayer membrane models were then investigated, computationally, through molecular dynamics simulations. The dimeric
polyphenols were found to bind to both the Ld and Lo membranes through extensive hydrogen bonding, for the case of the Ld
membrane penetrating deeper within the membrane than monophenol, but for the case of the Lo membrane locating predominantly
to the lipid headgroups similar to monophenol. Moreover, the dimeric polyphenols exhibited significantly prolonged binding times
in both Ld and Lo membranes with a more pronounced e ect observed in the Lo membrane. Finally, Langmuir film balance
measurements were performed to provide complementary evidence and support the results from the simulations.

1. INTRODUCTION fractions, with Lo domains corresponding to lipid rafts in
Polyphenols have been postulated to be e ective in preventing biological membranes; this two-phase nature of the membrane
obesity by evidence obtained from cell culture, animal, and plays an_important role in 3T3-L1 preadipocyte di er-
human mode|s A pre\”ous study by our group found that entiation.”” In partlcular, the Lo domalnS, enriched in
two dimeric polyphenols that possess a galloyl moiety, cholesterol, sphingolipids, and signaling proteins, perform a
epicatechin-3-gallate-(43 -~ 8, 23 - - 7)-epicatechin-3- signaling transduction function during induction of the
gallate (ECG dimer) and epigallocatechin-3-gallate-(4B - 8, di erentiation of 3T3-L1 preadipocytes.>*® For example, the
2B - - T7)-epigallocatechin-3-gallate (EGCG dimer), were structural integrity of the Lo domains was found to be
shown to significantly inhibit lipid accumulation in 3T3-L1 necessary for transmitting the signal intracellularly and thereby
preadipocytes by inactivating the intracellular lipid synthesis initiating the insulin receptor-mediated lipid synthesis signaling
signaling pathway.” As a result, they were considered to be the pathway in 3T3-L1 preadipocytes.*>~*? Hence, such disruption
polyphenols possessing strong di erentiation-inhibitory ability of the Lo domain structure has, in the past, been seen as an

in 3T3-L1 preadipocytes, with the half-maximal |nh|b|tory
concentrations of 20.36 and 46.53 M, respectively.* While an

extensive study of the mechanisms of inhibition of their Rec_eive‘_j: October 8, 2025
intracellular signali ing pathways has been carried out by several Revised: _ February 10, 2026
the understanding of how dimeric Accepted:  March 12, 2026

research groups,”

polyphenols act on cells remains poorly understood.
According to the raft hypothesis, cell membranes consist of

liquid-ordered (Lo) and liquid-disordered (Ld) membrane
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Figure 1. 2D molecular structure of 3T3-L1 preadipocyte membrane lipids (A) and polyphenols (B) used in the present study: 1-palmitoyl-2-

oleoyl- -glycero-3-phosphocholine (POPC),

-palmitoylsphingomyelin (PSM), cholesterol (CHOL), epicatechin (EC), epicatechin-3-gallate-(4f

- 8,28 - O - T7)-epicatechin-3-gallate (ECG dimer), and epigallocatechin-3-gallate-(48 - 8, 28 - O — 7)-epigallocatechin-3-gallate (EGCG
dimer). The hydroxyl groups on the EGCG dimer are marked in red to distinguish its structural di erences from the ECG dimer.

important mechanism to inhibit 3T3-L1 preadipocyte di er-
entiation.™® Several studies have confirmed this hypothesis and
found that some polyphenols with galloyl groups can
significantly disrupt the structure of lipid rafts by a ecting
cell membrane fluidity™* and cholesterol binding.> Importantly,
polyphenols that are dimerized stand out significantly,
exhibiting notable capabilities in inhibiting preadipocyte
di erentiation and disrupting the structure of lipid rafts.
However, the mechanism through which this occurs is not
completely understood. Given that the cell membrane is the
initial point of contact for dimeric polyphenols with the cell,
understanding their behavior on the membrane surface is
essential to elucidating the role they play in disrupting lipid raft
structures and thus exerting the observed strong bioactivity.
Molecular dynamics (MD) simulation provides a means to
obtain atomistic level insights that can elucidate this
phenomenon.’® For example, this technique has been
successfully applied in the past to explore the details of
interactions between lipid raft components,*® the nature of
lipid raft formation,"” and the interactions of active molecules
with membrane rafts.*®

Therefore, in this study, we established two di erent bilayer
membrane models to represent the two di erent Lo and Ld
domains. The MD simulations were combined synergistically
with Langmuir monolayer experiments to investigate the
surface behavior of the dimeric polyphenols in di erent
membrane models. This work will contribute to a more
comprehensive understanding of the mechanism through
which dimeric polyphenols inhibit 3T3-L1 preadipocyte
di erentiation.
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2. METHODS

2.1. Construction for 3T3-L1 Preadipocyte Membrane
Structural Domains

The lipid compositions of 3T3-L1 preadipocyte cell membranes have
been measured and analyzed by Sanchez-Wandelmer et al. through a
combination of high-performance liquid chromatography and thin-
layer chromatography technology.'> The data showed that 3T3-L1
cell membranes were mainly composed of cholesterol, sphingomyelin,
phosphatidylcholine, and phosphatidylethanolamine, accounting for
87% of the total membrane lipids. Further membrane fraction analysis
indicated that sphingomyelin and cholesterol in a molar ratio of 1:2 is
the composition of the liquid-ordered (Lo) fraction of the bilayer
membrane, which represents lipid raft domains found in cell
membranes, while phosphatidylcholine with unsaturated acyl chains
was found to be the main constituent in the liquid-disordered (Ld)
bilayer membrane, representing nonraft regions; the chemical
structures of these lipids are shown in Figure 1. Thus, we chose 1-
palmitoyl-2-oleoyl- -3-phosphocholine (POPC) as the lipid for
the Ld extracellular leaflet membrane model, with 40 POPC lipid
molecules in each leaflet, which was chosen considering computa-
tional e ciency. For the Lo bilayer membrane model, we chose
palmitoyl-p-erythrosphingosylphosphorylcholine (PSM) and choles-
terol (CHOL), with 40 PSM and 80 CHOL in each leaflet, which was
chosen with a molar ratio of 1:2 matching the experimental results.
Thus, we chose these two di erent structural membrane models to
represent the domains in the 3T3-L1 preadipocyte membrane.
Subsequently, these di erent membrane models were constructed by
the CHARMM-GUI Membrane Builder (http://www.charmm-gui.
org/).** Meanwhile, the CHARMM36 lipid force field was used for
these membrane lipid models.?*~%2

The molecular composition details of the two di erent membrane
models can be found in Tables S1 and S2 (Supporting Information).

2.2. Molecular Dynamic Simulation Details

First, the two membrane models (Lo and Ld membranes) were
solvated using TIP3P as the water model.>>?* Next, the models were
equilibrated using the Parrinello—Rahman barostat for 100 ns under
physiological conditions at constant pressure (1 bar) and temperature
(310 K) using the GROMACS 2022 software package.”®

https://doi.org/10.1021/acs.langmuir.5c05280
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Table 1. Structural Properties of the Disordered Membrane (Ld) and Ordered Membrane (Lo) and the E

on Their Properties '

ect of Polyphenols

system 1 Ld membrane-polyphenols
Composition Ld domain EC ECG dimer EGCG dimer
area per lipid (nm?) 0.651 + 0.002 0.640 + 0.003# 0.645 + 0.003 0.640 + 0.004#
bilayer thickness (nm) 3.90 £ 0.01 391 +0.02 3.90 + 0.01 3.92 +0.03
lateral di usion coe cients (1077 cm?/s) 1.20 £ 0.24 0.72 = 0.28# 0.58 =+ 0.09* 0.78 + 0.13#
system 2 Lo membrane-polyphenols
Composition Lo domain EC ECG dimer EGCG dimer
area per lipid (nm?) 0.391 = 0.387 = 0.387 = 0.387 =
0.001 < 0.001* < 0.001* < 0.001*
bilayer thickness (nm) 450 + 001 451 +0.01 451 + 001 452 +0.02
lateral di usion coe cients (1077 cm?/s) PSM 0.07 £ 0.04 0.04 + 0.01 0.07 £ 0.02 0.09 + 0.08
CHOL 0.08 + 0.04 0.04 £0.01 0.07 £ 0.03 0.09 + 0.08

Note: results were expressed as mean =+ standard deviation (= 3 independent replicates). # represents

represents
single simulated frames).

< 0.05 (vs pure membrane); *

< 0.01 (vs pure membrane). All analyses consider both membrane leaflets. (calculated results from the average of three values from

Subsequently, the final 50 ns of the trajectory from the membrane
equilibrium simulation was used to calculate and compare the area per
lipid (APL) and membrane thickness of di erent membranes using
FATSLIM software.®® The lateral di usion coe cients () were
obtained via linear fit to the phosphorus (POPC, PSM) or hydroxyl
oxygen (cholesterolg atoms’ mean square displacements (MSD) by
using the LiPyphilic*’ together with MDAnalysis.®?° The membrane
equilibrium simulations were extended so that the final 500 ns of the
simulation could be used for the analysis. Based on the MSD plots
(Figure S1, Supporting Information), the fitting was performed
between lagtimes T = 10 ns and T = 200 ns. To investigate the
relationship between lipid mobility and polyphenol-lipid interactions
(ie, VS contacts), We calculated the number of polyphenol-lipid
contacts between heavy atoms within a 4.5 A cuto for each lipid or
lipid subregion (choline, phosphate, glycerol, tails). The contact
analysis was performed using the same extended trajectory data as the

calculations, and the resulting contact counts were correlated with
the average  values from the same membrane leaflet (distributions
are shown in Figure S2, Supporting Information).

Our previous study correlated the di erentiation-inhibitory activity
of polyphenols on 3T3-L1 preadipocytes and their interaction
parameters with lipid rafts and then obtained di erent activity classes
through cluster analysis.* Thus, in the present study, we chose two
dimeric polyphenols as representatives of high inhibitory-activity
polyphenols: (1) epicatechin-3-gallate-(48 - 8, 2B - O - 7)-
epicatechin-3-gallate (ECG dimer) and 2) epigallocatechin-3-gallate-
(4B - 8, 2B - - T)-epigallocatechin-3-gallate (EGCG dimer).
Meanwhile, epicatechin (EC) was used as a control to represent the
low inhibitory-activity polyphenol. To construct the topology files of
the polyphenols for our MD simulation study, first, their 2D chemical
structure (EC, ECG dimer, and EGCG dimer) was generated using
the ChemBioDraw module of the ChemBio ce software 12.0
(Cambridge soft, MA, USA) (chemical structures shown in Figure
1). From these 2D structures, a rough geometric optimization was
performed by using the Chem3D module. Subsequently, the 3D
chemical structure was obtained using job, that is the 3D
conformation optimized program of Chem3D. In order to more
accurately reveal the structural details of these polyphenols, geometry
optimization was performed utilizing the Hartree—Fock (HF) theory
with the 6—31G(d,p) basis set using the GAUSSIAN 09 software
package.’® After geometry optimization, the restrained electrostatic
potential (RESP) charges were also fitted using the Multiwfn 3.8
software package.*! Subsequently, these polyphenols were uploaded
to the CHARMM General Force Field server (https://cgen .
umaryland.edu/).*> The parameters of polyphenols were written
into a toppar stream file. Finally, the topology files of these
polyphenols were generated using the cgen _charmm2gmx Python
script, and the assigned charges were replaced by RESP charges.
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For the complex polyphenols-membrane systems, polyphenols
were separately inserted into the center of the water phase in each
membrane model, and all systems were then solvated once again.

The numbers of water molecules added to di erent systems are
found in Tables S1 and S2 (Supporting Information). Subsequently,
these six systems were energy-minimized using the steepest descent
algorithm, followed by equilibration under a canonical ( )
ensemble for 1 ns at 310 K and equilibration under an isothermal—
isobaric ( ) ensemble for 5 ns at 1 bar and 310 K. For all the
systems, production runs of over 500 ns at the same temperature and
pressure were carried out and all simulations were replicated at least
three times. The V-rescale thermostat with a coupling time constant
of 0.1 ps was used for temperature coupling;*® the temperatures of the
polyphenols, lipids, and water molecules were controlled independ-
ently. Pressure was controlled using the Parrinello—Rahman barostat
with a semi-isotropic coupling scheme and a coupling time constant
of 2 ps** The periodic boundary conditions were used for all
directions, and the linear constraint solver algorithm was applied in
constraining bonds connecting to hydrogen atoms.*® The cuto for
the Lennard-Jones interactions was set to 1.2 nm. The particle mesh
Ewald method was used for electrostatic interactions®® and the
Coulomb cuto was set to 1.2 nm. The equations of motion were
integrated every 2 fs with the leapfrog algorithm.® Finallg, the
simulation trajectories were visualized by VMD 1.9.2 software,* and
the interaction analyses were performed on the final 100 ns of the
simulation. Standard deviations were obtained from the time averages
of the three replicates. The lipid—lipid hydrogen bonds and hydrogen
bonding between the polyphenols and lipids were quantified using the
MDAnalysis package®®>° with the donor—acceptor distance cuto of
3.0 A and a donor-hydrogen-acceptor angle cuto of 150°.

2.3. Langmuir Monolayer and Brewster Angle Microscopy

The ECG and EGCG dimers (purity: 95%) were isolated from
persimmon based on a previously reported method.”> EC (purity:
98%) was purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO) and CHOL, POPC, and PSM were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL). To compare and validate the results from
the simulations, Langmuir monolayers containing the respective lipids
for the Ld and Lo monolayers were prepared. The surface pressure
measurement was then performed using a KSV Mini through
Langmuir film balance (KSV Instruments, Helsinki, Finland). A
double barrier mini-Teflon trough with a total area of 24300 mm? was
used in compression isotherm experiments. Before each measurement,
the trough and the barriers were cleaned using paper soaked in 2%
Hellmanex and gently brushed with ethanol and then with water.
Ultrapure water (Milli-Q 1Q 7005 Ultrapure, Merck, Darmstadt,
Germany) was used as the subphase and poured into the trough to a
height of 2 mm above the trough edges and cleaned by aspiration of
the water surface while the barriers were closed. After the barriers
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were opened after cleaning, the monolayers containing 1 mol/L of the
respective lipids of the Ld (POPS) and Lo (CHOL and PSM with a
molar ratio of 2:1) membranes were separately deposited onto the
air—water interface using a Hamilton analytical syringe. The volume
used was 25 pL. All lipids were dissolved in pure chloroform. After
waiting 10 min for chloroform evaporation, the monolayers were then
compressed at a compression rate of 10 mmmin™' while
simultaneously measuring the surface pressure (m) as a function of
the mean molecular area (A). The morphology of the films was also
monitored with a Brewster angle microscope (BAM, KSV Optrel
BAM300, KSV Instruments Ltd., Helsinki, Finland). The BAM
instrument was equipped with a 10 mW HeNe laser (633 nm) that
was linearly polarized in the plane of incidence by a Glan-Thompson
polarizer. The reflection from the interface passes through a second
Glan-Thompson polarizer and was collected by a CCD camera. The
microscope was adjusted so that the background reflection from the
bare air—water interface was minimal. The spatial resolution of the
system was approximately 2 pm. To measure the e ect of polyphenols
on the surface pressure and the morphology of the monolayers, three
polyphenols (EC, ECG dimer, and EGCG dimer) were completely
dissolved in a chloroform/methanol 2:1 v/v mixture. Then various
concentrations of polyphenols (0, 0.25, 0.50, 0.75 mol/lipid) in
di erent monolayers were prepared; other processes were as
described above. The experiments for each monolayer surface
pressure—area (m—A) isotherms were performed at least three
times, and all measurements were performed at room temperature.
In this study, data were presented as mean + standard deviation of
three independent replications, and significant di erences (< 0.05)
were explored using a one-way ANOVA test.

3. RESULTS AND DISCUSSION

3.1. Comparison of Structural and Dynamic Properties of
Ld and Lo Membranes

To verify that our model membranes are appropriate models of
Ld nonraft and Lo raft domains, structural and dynamics
properties of the two membrane model systems were
calculated without the presence of polyphenols; these proper-
ties include APL, membrane thickness, and lateral di usion
coe cients, and the results are shown in Table 1. For the Ld
membrane, the APL value and bilayer thickness for POPC
were in line with previous results for pure POPC lipid
bilayers,***> and the membrane was thus in the liquid-
disordered phase. In contrast, the corresponding value of the
APL for the Lo membrane was significantly lower due to the
formation of the highly ordered structure that the combination
of the CHOL and PSM form, this is the defining characteristic
of lipid rafts that results from the network of hydrogen bonds
that form between CHOL and PSM.**** This was also
supported by our result that the Lo membrane also had a
significantly higher bilayer thickness in comparison to that of
the Ld membrane, composed solely of POPC. Furthermore,
these strong interactions between CHOL for PSM also
increase the bilayer rigidity, as revealed by our result for the
area compressibility modulus; the compressibility modulus for
the Ld membrane was 1088.39 x 10~ N/m, while that for the
Lo membrane was 3486.43 x 1073 N/m, more than three
times greater, in line with results obtained in a previous
study.*” In addition, our results showed that the lateral
di usion coe cient of the Ld membrane was 1.20 x 10~7 cm?/
s, in agreement with the experimentally measured value for the
Ld domain reported in the literature (=1 x 1077 cm?/s),"’
while our results for the lateral di usion coe cients of PSM
and CHOL in the Lo membrane were also in agreement with
experimental results (=1 x 107® cm?/s),”>  factor of 10
smaller than that of the Ld membrane. Lipid di usion in the
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Lo lipid raft domain is known to be strongly suppressed, and
this is postulated to play an important role in their function.’
In short, our results for the structural and dynamic properties
of our membrane models indicate that they are suitable as
representative of the 3T3-L1 preadipocyte membrane struc-
tural domains that we are modeling.

3.2. Structural E ect of Polyphenols on Di erent
Membranes

Having verified our membrane models, we calculated how their
structural and dynamic properties are a ected by the presence
of three polyphenols that we were investigating; the results are
also shown in Table 1. For our Ld model membrane, the APL
was significantly decreased (< 0.05), but bilayer thickness did
not show significant changes when the polyphenols were added
to the Ld membrane. The APL in the Lo model membrane
also significantly decreased ( < 0.01) for the three
polyphenols tested and bilayer thickness slightly increased by
the presence of polyphenols, with no significant di erence for
the three polyphenols tested. This indicates that the extent to
which polyphenols a ect the Lo membrane seems to be the
same. While the polyphenols a ected APL and membrane
thickness in a similar manner both in the Ld and Lo
membranes, their e ects on the dynamic properties of the
membranes, as determined by measuring the lateral di usion
coe cient (), were markedly di erent. For the Ld
membrane, all polyphenols displayed a similar trend of
reducing the on the same leaflet after treatment (Table
1, Figure S2a, Supporting Information). This trend mirrors the
findings of a previous experimental study: the membrane
fluidity was strongly constrained in the presence of active
polyphenols.** The experimental results indicated that the
reduction in membrane fluidity was highly correlated to the
inhibitory e ect of 3T3-L1 preadipocyte di erentiation. Thus,
the strong 3T3-L1 preadipocyte di erentiation inhibitory
activity of the ECG dimer and EGCG dimer might be the
result of a rapid reduction in the lateral mobility of the Ld
fraction of the membrane. In addition, Mei et al. found a
correlation between the strength of the binding of molecules to
the membrane and the resulting decrease in the lateral
di usion coe cients of lipids in the membrane.*® Similarly,
our data show a trend for a negative linear correlation between
lipid mobility in the Ld membrane and the number of contacts
formed by the polyphenols in the membrane headgroup region
(Figure S3A, Supporting Information). Therefore, the results
indicated that all tested polyphenols can bind to the Ld
membrane, with the dimeric ECG polyphenol binding the
strongest (lowest value), followed by the EGCG dimer.
For the Lo membrane, EC, as a representative polyphenol with
low-inhibitory activity, was found to shift the individual lipid

values for PSM and CHOL homogeneously toward lower
values (Table 1, Figure S2b, Supporting Information).
Conversely, both ECG and EGCG dimers caused varying
e ects on the lateral mobility of lipids on the same leaflet and
could both increase and decrease the depending on the
replica (Figure S2b, Supporting Information). This e ect was
the most pronounced for the EGCG dimer, as exemplified by
the distinctive distributions for each replica. We suspect that
these diverging distributions arise from two primary sources of
variability: (i) the di erent ways in which the dimeric
polyphenols interact with the membrane polar region, enabled
by their numerous hydroxyl groups and the various
orientations they can adopt, and (ii) di erences in the
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Figure 2. Hydrogen bonding between the polyphenols and the Ld or Lo membranes. The time averages of (1) total number of hydrogen bonds
formed between polyphenols and lipid molecules and (2) the number of polyphenol-lipid hydrogen bonds for each hydroxyl group involved in the
bond with standard deviations. In both cases, the number of hydrogen bonds has been assessed between polyphenols and (A) POPC, (B) PSM, or
(C) CHOL. The hydroxyl groups have been named according to the index of their corresponding oxygen atom; the naming has been mapped to
the polyphenols on the right side of the figure. Results were expressed as mean = standard deviation (= 3 independent replicates).

composition of the immediate lipid environment. This
interpretation is supported by the substantial variability in
the hydrogen-bonding patterns (Figure 2) and by the strong
positive correlation (Pearson’s r = 0.80, < 0.01) between the
extent of polyphenol-cholesterol contacts and lipid mobility
(Figure S3B, Supporting Information), both of which reflect
the combined influence of polyphenol orientation and local
lipid environment. Interestingly, our data suggest that
introducing dimeric polyphenols to the membrane can both
reduce lipid mobility when the extent of polyphenol-
cholesterol contacts is low and increase with a higher
number of contacts (Figure S3Bb, Supporting Information),
mirroring the overall complexity of polyphenol-induced
changes in lipid mobility in the Lo membrane. The behavior
clearly deviates from our observations in the Ld membrane and
from previous reports with simplified liposome models in the
fluid state.™

Since the hydrogen bonding network is known to play an
important role in the formation of the Lo domain®® we
investigated this next. In the Lo membrane, PSM can form
multiple intermolecular hydrogen bonds with PSM or CHOL.
This was supported by the time-averaged numbers of hydrogen
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bonds obtained from the trajectory (Table S3, Supporting
Information). However, such interactions did not exist in the
Ld membrane since the phosphate, carbonyl, and ether groups
of POPC are only acceptors. Considering that polyphenols
possess many hydroxyl groups, which can act both as hydrogen
bond donors and as acceptors, the premise is that, in addition
to forming intermolecular hydrogen bonds with the Ld and Lo
membranes, the polyphenols also disrupt the hydrogen bond
network formed within the Lo membrane. We measured the
number of hydrogen bonds between polyphenols and the Ld
or Lo membranes (Figure 2, Table S3, Supporting
Information), and our results are in agreement with this
hypothesis: in the Ld membrane, the average number of
hydrogen bonds formed with the investigated polyphenols is
2.06 £ 0.62 for EC, 4.25 + 1.16 for the ECG dimer, and 4.39
+ 1.14 for the EGCG dimer; the standard deviation of the
results was too great to di erentiate between the ECG and
EGCG dimers. This signifies a substantially stronger binding of
dimeric polyphenols with POPC than EC. For the case of the
Lo membrane, there are the hydrogen bonds between the
polyphenols and both the PSM and CHOL to consider, in
addition to the e ect on the intramembrane hydrogen bond

https://doi.org/10.1021/acs.langmuir.5c05280
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Figure 3. Overview of interactions between polyphenols and Ld as well as Lo membranes. Surface area of polyphenols covering the headgroup and
tail of lipids in the Ld (A) and the Lo (B) membranes. Secondary building units of POPC (C) and PSM (D) structures. Representative snapshots
showing the binding of EC, ECG dimer, and EGCG dimer on the Ld membrane (E), and surface and mass density profiles of polyphenols along
the POPC lipid bilayer normal in the Ld membrane (F). For the Ld membrane, the line model (cyan) was used for POPC (yellow spheres for
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Figure 3. continued

surface phosphorus atoms) and the vdw model (cyan) for polyphenols. The binding of EC, ECG dimer, and EGCG dimer on the Lo membrane
(G), and surface and mass density profiles of polyphenols along the PSM lipid bilayer normal in the Lo membrane (H) are also shown. For the Lo
membrane, the line model (blue for PSM, red for CHOL) was used for raft lipids (yellow spheres for surface phosphorus atoms, green spheres for
oxygen atoms of cholesterol), and the vdw model (cyan) for polyphenols. Water molecules were removed for clarity. The snapshots were prepared
by VMD 1.9.2. For the mass density profile plots, the five membrane regions (according to the scheme discussed in the text) are color-coded.
Results are expressed as mean = standard deviation (= 3 independent replicates).

network: the PSM—PSM and PSM-CHOL hydrogen bonds.
Like the case for POPC in the Ld membrane, the dimerized
polyphenols had a greater number of hydrogen bonds with
PSM than with EC; the di erence in this regard is particularly
evident between EC (1.68 + 0.52) and the ECG dimer (3.00
+ 0.90). In contrast, the result for CHOL was markedly
di erent: EC and the ECG dimer formed a similar number of
hydrogen bonds (0.59 + 0.17 and 0.36 *+ 0.22), whereas the
EGCG dimer exhibited a significantly higher average number
of hydrogen bonds (1.34 =+ 0.25). Surprisingly, the additional
hydroxyl groups found in the EGCG dimer (021, 022, see
Figure 2 for atom indexing) formed a negligible number of
hydrogen bonds with cholesterol, and did not explain the
di erence. Moreover, no consistent pattern was observed for
the hydroxyl groups involved in the hydrogen bond formation
in the Lo membrane due to the high variability existing
between replicas. This observation further supports the notion
that the distinctive distributions of the individual lipid
values in the Lo membrane possibly originate from the various
molecular geometries adopted by the dimeric polyphenols
upon membrane binding. Regarding the e ect on the hydrogen
bond network within the Lo membrane, the e ect of the three
polyphenols was the same: they all slightly lowered the number
of intermolecular PSM—PSM hydrogen bonds and slightly
raised the number of PSM-CHOL hydrogen bonds; poly-
phenols are thus seen to have the capacity to in some way
a ect the hydrogen bond network of the Lo membrane. Thus,
even though the polyphenols do not seem to enter the
membrane core of the Lo membrane to a su cient extent to
a ect the APL, as is the case for the Ld membrane, our results
show that they still a ect the internal structure of the
membrane.

3.3. Binding Behavior and Kinetics of Polyphenols to
Di erent Membranes

The above results highlighted the strong binding of dimeric
polyphenols to the membranes, followed by a pronounced
e ect on the structure of the membrane itself. Revealing the
details on how polyphenols bind to the membranes will further
contribute to explaining the disruptive e ects of polyphenols
on the structural and dynamic properties of membranes. The
solvent accessible surface area (SASA) is a measure of the area
of a particular molecule exposed to the solvent. The same
measuring principle can be applied to determining the relative
area of the polyphenol exposed to di erent areas of the
membrane (i.e., the lipid headgroups and tails). This can be
achieved through using the VMD SASA calculation tool,*’
which e ectively reveals the binding of polyphenols to a
di erent region of the lipid membrane. Results of the portion
of the surface area of the EC, ECG dimer, and EGCG dimer in
contact with the lipid headgroups and tails are shown in Figure
3A,B. The SASA results show that for the case of all three
polyphenols, they are predominantly in contact with the lipid
headgroups for the case of the Lo membrane and
predominantly in contact with the lipid tails for the case of
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the Ld membrane. This is in line with the APL results: in all
cases, the polyphenols penetrate deeper into the looser
structure of the Ld membrane than the tightly packed Lo
membrane. This di erence in polyphenol binding to
membranes was also visualized by binding snapshots, as
shown in Figure 3, where we can see the molecules sitting
deeper within the Ld membrane and sitting at the surface for
the case of the Lo membrane.

To further reveal where the polyphenols locate within the
membrane, di erent regions of the lipid bilayer (Figure 3C,D)
were defined by ranges of depth within the membrane, based
on a scheme discussed in a previous report;*® the mass density
profile of polyphenols along the membrane normal was
calculated for the polyphenols, and these results were
interpreted using this scheme. Figure 3E,F show the binding
snapshots and mass density profiles of polyphenols along the
bilayer normal for the Ld membrane. In the Ld membrane, the
results for the mass density profiles of the di erent polyphenols
di ered significantly. The density profile of the EC molecule
showed a clear peak in region 3; this indicated that EC was
mainly located at the position of the lipid headgroups, in the
vicinity of the glycerol ester skeleton, while the results for both
the ECG and EGCG dimers showed a peak deeper within the
membrane, closer to region 4, the lipid tail region. Notably, the
EGCG dimer exhibited two peaks within the Ld membrane.
This result probably originates from the fact that the EGCG
dimer could insert itself into the POPC membrane in a V-
shaped manner, as revealed by the binding snapshots (Figure
3E). The mass density profile of the EC molecule in the Lo
membrane also showed a clear peak in region 3 (see Figure
3G,H), surprisingly similar to the result for the Ld membrane;
however, the ECG and EGCG dimers showed completely
di erent behavior, locating higher in the membrane than EC
with the molecules positioned in regions 2 and 3. Thus, while,
for the case of the Ld membrane, the ECG and EGCG dimers
penetrated deeper into the loose structure of the membrane
core than EC, for the case of the Lo membrane, they sat higher
in the membrane, though for all three cases they can generally
be seen to be sitting at roughly the position of the membrane
headgroups. Given that (1) the lipids in the Ld membrane
have greater flexibility due to the absence of CHOL, while the
presence of CHOL in the Lo membrane increased the rigidity
of the membrane® and (2) the dimerized polyphenols are
significantly more hydrophobic than EC (ECG dimer: logP =
5.24, EGCG dimer: logP = 4.17, EC: logP = 0.53), this result
has a clear explanation: the large structure of the dimerized
polyphenols results in a greater free energy barrier to
penetration into the rigid Lo membrane; however, the looser
structure of the Ld membrane, combined with the increased
hydrophobicity of the dimerized polyphenols, results in them
entering into the hydrophobic membrane core. In addition, we
also explored the e ects of polyphenols at di erent
concentrations on membranes (Figure S4, Supporting
Information). The results showed that dimeric polyphenols

https://doi.org/10.1021/acs.langmuir.5c05280
Langmuir 2026, 42, 9021-9033



Langmuir

pubs.acs.org/Langmuir

at high concentrations could self-assemble to form large
aggregates, which could further exacerbate the disruptive e ect
on the membrane structure. The detailed results are discussed
and can be viewed in the Supporting Information.
Subsequently, the time development of the minimum
distance between polyphenols and membrane lipids was
analyzed to reveal the binding kinetics of polyphenols in
di erent membranes (Figures S5 and S6, Supporting
Information). The minimum distance vs time (left panel)
and the number of contacts between polyphenols and lipid
atoms within 0.5 nm vs time (right panel) were used to
quantify the lipid-binding time of polyphenols in the Ld and
Lo membranes. Here, a contact is defined as any pair of atoms
(one from the polyghenol and one from a lipid) separated by
less than 0.16 nm.”® The strong lipid binding time is then
defined as the cumulative time during which the number of
such contacts exceeds 800. Table 2 summarizes the strong lipid

Table 2. Summary of Strong Lipid Binding Times (ns) of
Polyphenols in Di erent Membranes -

membrane polyphenols
composition EC ECG dimer EGCG dimer
Ld POPC 109.2 + 17.2 236.0 £ 9.1* 2082 + 41.1#
Lo PSM 128 + 104 184.7 + 23.3* 129.9 + 44.3*
CHOL 16 +04 15+10 10.6 + 12.8

Note: results were expressed as mean =+ standard deviation ( =3
independent replicates). # represents < 0.05 (vs EC group). *
represents < 0.01 (vs EC group).

binding time of polyphenols in di erent membranes. In the Ld
membrane, the ECG dimer and EGCG dimer exhibit strong
binding times of approximately 2.0 to 1.9 times as long as the
case for EC. In the Lo membrane, the di erence between the
binding times of EC and the dimerized polyphenols is even
more pronounced; the ECG dimer and EGCG dimer display
binding times with PSM that are 14.4 to 10.0 times longer in
comparison to EC. However, we found that there was no
significant di erence in the duration of strong contact between
di erent polyphenols and CHOL. These results indicate
stronger, or more e cient, binding of dimeric polyphenols
(ECG dimer and EGCG dimer) than the case for EC both in
the Lo and Ld membranes, with the di erence in binding being
more significant for the Lo membrane.

In addition, the results obtained in this study by separately
investigating the e ects of polyphenols on individual lipid
membranes are highly consistent with those from our
previously established system containing coexisting liquid-
ordered and liquid-disordered domains. In previous work, a
representative ternary model with the composition CHOL:
PSM: POPC = 2:1:1 was constructed to study the interaction
between polyphenols and lipid rafts,'® which is consistent in
composition and ratio with the individual systems constructed
in the present study. The results showed that dimeric
polyphenols significantly disrupted the binding and hydro-
gen-bonding networks between CHOL and PSM, thereby
disturbing the lipid raft structure. This e ect strongly
correlated with their inhibition of 3T3-L1 preadipocyte
di erentiation and underscored their role in suppressing lipid
synthesis signaling pathways. However, the precise details of
their actions remained unclear due to limitations of the hybrid
model, which has become the focus of this study by separating
the coexisting domains and examining the e ects of
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polyphenols on each domain individually. Therefore, by
combining previous findings from the coexisting membrane
system with the current results from individual lipid membrane
systems, both demonstrate that dimeric polyphenols exert a
stronger e ect on the Lo membrane than monomeric
polyphenols.

3.4. Validation of MD Simulation Results through
Langmuir Balance Measurements

To validate the results from the MD simulation, lipid
monolayer experiments with a Langmuir film balance were
performed. This technique could possibly show whether the
tested polyphenols are miscible and have a binding preference
for the membrane domains or not by measuring the changes in
surface pressure—area (m—A) isotherms of lipid monolayers
containing the corresponding lipids for the Ld and Lo
membranes mixed with polyphenols. The m—A isotherms of
polyphenols mixed into the monolayers in the Ld and the Lo
states are shown in Figure 4A,B. The pure monolayer in the Ld
state collapsed at a surface pressure (1) of 40.6 mN/m and a
limiting mean molecular area of 84.8 A2/molecule, determined
by extrapolating the linear part of the isotherm in the
condensed phase to zero pressure, while the pure monolayer
in the Lo state collapsed at a m of 53.0 mN/m and a limiting
mean molecular area of 43.1 A%/molecule.

Comparison shows that the n-A isotherm of the POPC
monolayer (i.e., monolayer in Ld state) obtained in our study
is in excellent agreement with those reported in the
literature,>>>> confirming the reliability of our methodology.
The molecular area of the POPC monolayer at the onset of
collapse is typically larger than the APL in a POPC bilayer
(Table 1) due to the highly compact arrangement of molecules
in the monolayer. Furthermore, the literature values for POPC
with an APL of 63.4 A% and a thickness of 3.92 nm>? closely
match our simulated results of 65.1 A? and 3.90 nm,
respectively (Table 1). Furthermore, the m-A isotherms show
that the monolayer in the Ld state formed a loosely packed
monolayer that remained in a liquid state during compression,
while the monolayer in the Lo state formed a more tightly
packed monolayer that reached a solid state upon compression.
Thus, the monolayer in the Lo state is more rigid due to the
large amount of CHOL and PSM in the monolayer, causing
the higher collapse m and smaller mean molecular area of the
monolayer in the Lo state compared to that of the monolayer
in the Ld state.

In turn, the morphology of the monolayers in the Ld and Lo
states was also imaged by Brewster angle microscopy (BAM),
and the representative BAM images at low surface pressures
are shown in Figure 5. More BAM images at di erent surface
pressures are shown in the upper rows of the panels in Figures
S7 and S8 (Supporting Information). From the BAM images,
no phase transitions in the form of appearing domains could be
observed for the pure monolayer in the Ld state, while many
small and some larger domains were present in the pure
monolayer in the Lo state, and these domains gradually fused
into a large homogeneous monolayer along with increasing the
m (from 0 to 10 mN/m).

Subsequently, di erent changes in the 1 - A isotherms and
morphology were found after the introduction of polyphenols
in the di erent membrane monolayers. In the monolayer in the
Ld state, the mean molecular area decreased upon the
introduction of 0.25, 0.50, and 0.75 mol/lipid of polyphenols
(EC, ECG dimer and EGCG dimer), showing a monolayer

https://doi.org/10.1021/acs.langmuir.5c05280
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Figure 4. Validation of polyphenols binding to monolayers in the Ld and the Lo states through Langmuir film balance measurements. Surface
pressure—area isotherms of polyphenols with monolayers in the Ld (A) or the Lo (B) states mixed with di erent molar fractions of polyphenols.
Mean molecular area of the mixed polyphenols and the monolayers in the Ld (C) or the Lo (D) states as a function of the molar fraction of
polyphenols at di erent surface pressures. The overall slope of the mean molecular area versus molar fraction of polyphenols at di erent surface
pressures were used as an indicator for condensation or expansion tendency of the monolayers induced by the polyphenols (Table S4, Supporting
Information). Results were expressed as mean + standard deviation (= 3 independent replicates).

condensation e ect (Figure 4A and C). Furthermore, the
collapse m for the monolayer in the Ld state increased slightly
with the increase in the polyphenol concentration. Also, the
composition-dependent collapse 1 of the polyphenol mixed
films provides evidence of their miscibility in the monolayer in
the Ld state. The slightly higher collapse n at the
corresponding concentration for dimeric polyphenols com-
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pared to that of the EC mixed film reflects that the dimeric
polyphenols induce more condensed monolayers than EC,
which is also seen in the larger decrease in the mean molecular
area when the concentrations of the polyphenols increase in
the monolayer in the Ld state (Figure 4A and C; Table S4,
Supporting Information). This result was also verified by
observing the formation of a larger number of small and dense

https://doi.org/10.1021/acs.langmuir.5c05280
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Figure 5. Representative BAM images of pure monolayers in the Ld/Lo state (control)and monolayers in the Ld/Lo state mixed with polyphenols

at low surface pressure values. The scale bar is 100 pym.

bright domains after ECG dimer and EGCG dimer treatments,
revealed from BAM images (Figures 5 and S7, Supporting
Information).

However, an inverted tendency was observed for the
monolayer in the Lo state (Figure 4B and D; Table S4,
Supporting Information). The parameters of the collapse 1 and
mean molecular area in the mixed monolayer were increased
upon the introduction of 0.25, 0.50, and 0.75 mol/lipid ECG
dimer and EGCG dimer, showing a monolayer expansion
e ect, while the mean molecular area of the mixed monolayers
decreased after the introduction of EC, especially at the
concentration of 0.75 mol/lipid, demonstrating a monolayer
condensation e ect in this case. Furthermore, the collapse 1 of
the dimeric polyphenols in the mixed monolayers at the
corresponding concentration was still higher in comparison to
that of the EC mixed monolayer, indicating an increase of the
extent of binding with the monolayer in the Lo state of dimeric
polyphenols. From the BAM images, it could be seen that the
monolayer in the Lo state in the presence of the ECG dimer
and EGCG dimer formed very large and bright domains at a n
of 0 mN/m (Figure 5), and these domains gradually began to
fuse to form a homogeneous structure during the compression
process. In contrast, the monolayer in the Lo state in the
presence of EC formed a greater number of small and dense
domains, as shown in Figures 5 and S8 (Supporting
Information). Moreover, the phase transition observed below
10 mN/m in the monolayers in the Lo state with dimeric
polyphenols (Figure 4B) indicated their segregation and self-
aggregation at the interface, likely due to a molecular size
mismatch with the tightly packed lipids in the monolayer in the
Lo state. Rather than desorbing into the subphase, these
dimeric polyphenols remain interfacially stabilized and
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subsequently enhance the mechanical stability of the
monolayer in the Lo state against collapse at higher surface
pressures by forming aggregates (Figure 4B and D). This is
also consistent with the strong binding a nity ( 4 = 0.3 yM
for ECG dimer with Lo domain) we measured before
confirming their e ective interfacial stabilization. Calculations
of the compressibility modulus also confirmed that the dimeric
polyphenols could fluidize the rigid monolayers in the Lo state
at low surface pressures (data not shown).

Based on the presented Langmuir data, it is also important
to acknowledge the inherent limitations of m-A isotherm
analysis. While our results e ectively demonstrate the
miscibility and contrasting condensing/expanding e ects of
polyphenols in monolayers in Ld and Lo states, the technique
primarily o ers indirect thermodynamic evidence of inter-
action. As highlighted in the other literature,>>>* n-A isotherms
alone cannot provide direct quantification of binding a nity or
kinetic parameters. Therefore, combining other technologies
will provide a more comprehensive insight into the interaction
between polyphenols and cell membranes. For example,
previous studies estimated the binding constant between
monomeric phenols (EC) and the ordered domain of cell
membrane lipids using microscale thermophoresis."®> The
obtained binding constant was 380.6 uM, while the binding
constant between dimeric polyphenols (ECG dimer) and the
ordered domain of cell membrane lipids was 0.3 uM. This also
indicated that dimeric polyphenols have a stronger binding
ability than monomeric phenols, which is also consistent with
the observed shifts in collapse pressure and molecular area in
this study. To fully elucidate the a nity and kinetics suggested
by our simulations and biological outcomes, future work
should employ constant surface pressure penetration assays to
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determine definitive binding constants and penetration
capacities for di erent membrane compositions, including
monolayers in the Ld and Lo states or bilayers.

Finally, the Langmuir film balance results corroborate the
MD simulations described above. First, the miscibility of
polyphenols with monolayers in Ld and Lo states and the
changes in collapse pressure and area indirectly reflect the
di erences in their binding, which mirrors very well the results
obtained from the MD simulations for the corresponding
membrane models. Second, MD simulations revealed that the
polyphenols penetrate deeper into the looser structure of the
Ld membrane than the tightly packed Lo membrane, and the
large structure of the dimerized polyphenols resulted in a
greater free energy barrier to penetrate into the rigid Lo
membrane. This is experimentally seen as a strong con-
densation e ect of the monolayer in the Ld state, while a slight
expansion e ect was seen in the case of the monolayer in the
Lo state when dimeric polyphenols were present. The
discrepancy between the APL values obtained from MD
simulations, where the APL slightly decreased for the Lo
membrane after the addition of polyphenols, and the
experimental results, where the mean molecular area increased
for the monolayer in the Lo state in the presence of
polyphenols, originates from di erent study setups. In the
experiments, the polyphenols were mixed with lipids and
essentially incorporated into the monolayers from the start,
whereas in the simulations, the polyphenols penetrated bilayers
from the water phase. Nevertheless, the MD simulations
indicated that dimeric polyphenols (ECG dimer and EGCG
dimer) had stronger or more e cient binding to both Ld and
Lo membranes than EC, with the di erence in binding being
more significant for the Lo membrane. This was manifested in
the Langmuir film experiments as a stronger condensation and
expansion tendency of the monolayers in the Ld and Lo states
in the presence of dimeric polyphenols.

4. CONCLUSIONS

To elucidate the e ect of polyphenols on lipid raft formation,
in the context of the role raft domains play in 3T3-L1
preadipocyte di erentiation, two di erent membrane models
were established in this study: the liquid-ordered (Lo)
membrane containing cholesterol and sphingomyelin and
liquid-disordered (Ld) membrane containing phosphatidylcho-
line, respectively. The surface behavior and consequent
interaction of dimeric polyphenols in these two di erent
membrane models were first investigated by MD simulations.
The results of a range of analysis techniques, including solvent
accessible surface areas, binding snapshots, binding positions,
and mass density profiles, showed that dimeric polyphenols
bound to both the Ld and Lo membranes, for the case of the
Ld membrane penetrating deeper within the membrane but for
the case of the Lo membrane locating predominantly to the
lipid headgroups. Nonetheless, we believe that the distinct
binding kinetics of the polyphenols across di erent membranes
serve as the key factor in their e ect; the dimeric polyphenols
exhibited significantly prolonged binding times in both Ld and
Lo membranes with a more pronounced e ect observed in the
sphingomyelin-containing Lo membrane. This observation
correlates with the disruption in lateral di usion coe cients,
as the dimeric polyphenols’ binding to the membrane was
found to either constrain or induce the lipid lateral di usion in
the membrane, as measured by a change in the lateral di usion
coe cients. Finally, lipid monolayer experimental studies using
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the Langmuir film balance technique were used to validate the
results of the simulations. An increase in the binding with both
monolayers in the Ld and Lo states of dimeric polyphenols was
seen, with the interaction between dimeric polyphenols and
the monolayers in the Ld or Lo states found to be stronger
than that of EC. In summary, we postulate that the dimeric
polyphenols locate preferentially to the Lo membrane to either
reduce lipid mobility or disrupt lipid packing in a way that
increases lipid mobility. Through these e ects on membrane
behavior, the dimeric polyphenols may interfere with the
signaling function and inhibit 3T3-L1 preadipocyte di er-
entiation.
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