
Vol.:(0123456789)1 3

The Journal of Membrane Biology 
https://doi.org/10.1007/s00232-022-00250-0

Trans‑Resveratrol Decreases Membrane Water Permeability: A Study 
of Cholesterol‑Dependent Interactions

Jasmin Ceja‑Vega1 · Escarlin Perez1 · Patrick Scollan1 · Juan Rosario1 · Alondra Gamez Hernandez1 · 
Katherine Ivanchenko1 · Jamie Gudyka1 · Sunghee Lee1 

Received: 4 January 2022 / Accepted: 28 May 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Resveratrol (RSV), a biologically active plant phenol, has been extensively investigated for cancer prevention and treatment 
due to its ability to regulate intracellular targets and signaling pathways which affect cell growth and metastasis. The non-
specific interactions between RSV and cell membranes can modulate physical properties of membranes, which in turn can 
affect the conformation of proteins and perturb membrane-hosted biological functions. This study examines non-specific 
interactions of RSV with model membranes having varying concentrations of cholesterol (Chol), mimicking normal and 
cancerous cells. The perturbation of the model membrane by RSV is sensed by changes in water permeability parameters, 
using Droplet Interface Bilayer (DIB) models, thermotropic properties from Differential Scanning Calorimetry, and struc-
tural properties from confocal Raman spectroscopy, all of which are techniques not complicated by the use of probes which 
may themselves perturb the membrane. The nature and extent of interactions greatly depend on the presence and absence 
of Chol as well as the concentration of RSV. Our results indicate that the presence of RSV decreases water permeability 
of lipid membranes composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), indicating a capability for RSV in 
stiffening fluidic membranes. When Chol is present, however, (at 4:1 and 2:1 mol ratio DOPC to cholesterol), the addition 
of RSV has no significant effect upon the water permeability. DSC thermograms show that RSV interacts with DOPC and 
DOPC/Chol bilayers and influences their thermotropic phase behavior in a concentration-dependent manner, by decreasing 
the main phase transition temperature and enthalpy, with a phase separation shown at the higher concentrations of RSV. 
Raman spectroscopic studies indicate an ordering effect of RSV on DOPC supported bilayer, with a lesser extent of ordering 
in the presence of Chol. Combined results from these investigations highlight a differential effect of RSV on Chol-free and 
Chol-enriched membranes, respectively, which results constitute a bellwether for increased understanding and effective use 
of resveratrol in disease therapy including cancer.
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Introduction

Increasing attention has focused upon biologically active 
phenols for their many beneficial properties, with appli-
cations in health and nutrition (Crozier et  al. 2009; 
Quideau et al. 2011; Ramassamy 2006). One of the most 
widely studied plant-derived polyphenols, trans-3,4′,5-
trihydroxystilbene, commonly named trans-resveratrol (the 
trans-isomer is hereinafter to be referred to simply as RSV), 
is found in many foods, including grapes and red wine (Cro-
zier et al. 2009; Fulda 2010; Keylor et al. 2015). RSV has 
been reported to exhibit broad range of beneficial pharmaco-
logical activities that lead to potential pleiotropic therapeu-
tic applications, notably as antioxidant, anti-inflammatory, 
anticarcinogenic, cardioprotective, and neuroprotective 
agent (Athar et al. 2007; Baur and Sinclair 2006; Berman 
et al. 2017; Harikumar and Aggarwal 2008; Salehi et al. 
2018). Particularly RSV has been shown to protect cellular 
biomolecules from oxidative damage through its ability of 
inhibiting or directly neutralizing reactive oxidative species 
(ROS) (Truong et al. 2018). RSV is known to regulate mul-
tiple intracellular molecular targets and signaling pathways 
which affect cell growth, inflammation, apoptosis, angiogen-
esis, and metastasis, and has been extensively investigated 
for cancer prevention and treatment (Jang et al. 1997; Ko 
et al. 2017; Kundu and Surh 2008). It is reported that RSV 
alters the function of a wide spectrum of unrelated proteins 
including transmembrane proteins that are implicated in 
RSV biological effects, but few binding sites that account 

for its effectiveness have been identified (Ingólfsson et al. 
2014; Pavan et al. 2016; R Neves et al. 2012). Therefore, 
it has become increasingly recognized that many effects 
of RSV could stem from the non-specific interaction with 
the biological membranes, in addition to its direct effect 
on specific molecular targets (Baell 2016; Ingólfsson et al. 
2014; R Neves et al. 2012). These beneficial effects, usually 
demonstrated in vitro, must, however, be tempered by the 
fact that RSV is quickly metabolized in vivo, bringing a 
measure of uncertainty as to the physiological relevance of 
the concentrations used for in vitro experiments (Baur and 
Sinclair 2006). Many biological processes are mediated by 
lipid bilayer membrane-bound proteins, which require an 
adequate membrane matrix to ensure their structural and 
functional integrity (Andersen and Koeppe 2007; Phillips 
et al. 2009). It has been demonstrated that lipid bilayers play 
a critical role in the physiological activity of membrane pro-
teins. The perturbation of the physicochemical properties 
of their host lipid bilayer membrane, driven by exogenous 
molecules via non-specific interactions, can influence pro-
tein conformation and in turn the functioning of embedded 
proteins, which can lead to significant changes in their bio-
logical functions of homeostasis maintenance, protein activ-
ity and propagation of cellular signaling processes (Ingólfs-
son et al. 2014; Lundbæk et al. 2010). For example, it was 
reported that the ability of RSV to inhibit protein kinase 
C, a membrane-dependent enzyme involved as a regulatory 
element in the modulation of a variety of cellular processes 
such as cell signaling and tumor promotion, is due in part to 
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the interaction of the protein with the lipid bilayer (García-
García et al. 1999). Previous studies have shown that non-
specific interactions between RSV and the lipid bilayer 
membranes can lead to modulation of collective membrane 
properties, such as biomechanical, structural, electrical and 
thermodynamic properties. These types of reorganizations of 
membrane physical properties are known to play an impor-
tant role in physiological functions, including cell fusion, 
cell division, endocytosis, and exocytosis.

Cholesterol (Chol) is one of the most important compo-
nents of animal cell membranes, comprising a high fraction 
of total lipid in the plasma membrane (ca. 20–50 mol%), and 
a much smaller fraction in intracellular components, e.g., 
3 wt.% in mitochondria (Mouritsen 2005). The major role 
of Chol in the membrane has been considered as principally 
in its ability to impart order upon the lipidic array of the 
membrane, to thereby modulate the structural and physico-
chemical properties of the plasma membrane lipid bilayer, 
and as a result, regulating the function of a wide range of 
trans-membrane proteins (Ohvo-Rekilä et al. 2002; Yeagle 
1991). Chol is also a key component of lipid rafts (Brown 
and London 2000), considered the major platforms for sign-
aling regulation in cancer and essential for oncogenic signals 
(Ding et al. 2019). Changes in membrane Chol have been 
shown to affect cancer progression and immune responses 
(Ding et al. 2019; Huang et al. 2020), and its metabolism is 
frequently altered in cancer cells resulting in either lower or 
higher values of Chol that may vary according to the type 
of cancer and its stage and sensitivity (Alves et al. 2016; 
Zalba and Ten Hagen 2017). It has been reported that RSV 
accumulates in lipid rafts prior to its endocytosis, based on a 
study using the uptake of radiolabeled RSV in colon cancer 
cells and leukemia cell lines, thereby confirming the impor-
tance of lipid rafts in the biological effects of resveratrol 
(Colin et al. 2011; Delmas et al. 2013). It is seen that cancer 
cells preparing for metastasis reduce membrane Chol content 
to enhance their membrane fluidity and plasticity, which is 
essential for their penetration of blood vessels (Szlasa et al. 

2020), but higher values of Chol can be found in multidrug 
resistant cells, presumably due to the membrane being more 
rigid and thus less permeable for drugs (Szlasa et al. 2020).

The essential scaffolding of a biological membrane is its 
lipid bilayer, which forms a protective hydrophobic barrier 
between the endocellular compartment and its surroundings 
(Stillwell 2013). The composition of various cell membranes 
consists of a rich mixture of highly diverse constituents such 
as lipid, carbohydrates, and proteins (Van Meer et al. 2008). 
The lipid species alone differ in terms of their headgroup, 
chain length, and degree & position of unsaturation of 
hydrocarbon chain (Stillwell 2013). Owing to to the complex 
natureof the cellular membrane, lipid membrane modelss 
have been developed to foster investigation of the role of 
lipids in the interactions between drugs and membranes in a 
controllable manner (Rosilio 2018). One such model mem-
brane is the droplet interface bilayer (DIB), which is engi-
neered by contact of two lipid monolayer-coated aqueous 
droplets in an hydrophobic oil medium. The contact region 
comprises a lipid bilayer. This bilayer mimics the two leaf-
lets of the cellular membrane bilayer structure, as shown in 
Fig. 1 (Funakoshi et al. 2006; Holden et al. 2007). In our 
earlier studies, we have established that a DIB is a conveni-
ent and reliable membrane mimetic system to readily explore 
passive membrane water transport (Michalak et al. 2013; 
Milianta et al. 2015), a phenomenon which plays a signifi-
cant role in cellular physiology and maintaining homeosta-
sis. In addition, water permeability has been suggested to 
constitute a measure to assay membrane stability for ionic 
leakage, since water penetration assists hydrophilic moieties 
such as ions to permeate the lipid membrane (Shinoda et al. 
2008). Given that the water transport process is a function 
of the underlying physical state of the lipid bilayer and its 
structure (Hill and Zeidel 2000), it has been desirable to 
establish a consistent and reliable platform for quantifying 
water transport through bilayers, as a means to shed light on 
bilayer physical properties. Towards this, our previous inves-
tigations provide ample demonstration of how self-assembly 

Fig. 1   The droplet interface bilayer (DIB) is formed by contacting 
apposed monolayers to form a bilayer when aqueous droplets are 
brought together in an immiscible oil medium, forming a structure 

simulating the cell membranes consisting of a double leaflet of lipids 
organized into a lipid bilayer structure. The droplets are shown in the 
photomicrograph are ca. 100 μm in diameter
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of lipidic amphiphiles at the interdroplet interface serves to 
provide flexible levers for probing structural effects (Foley 
et al. 2020; Lee 2018; Lopez et al. 2018, 2017), including 
exploration of the effects of exogenous molecules on mem-
brane properties (Wood et al. 2021).

By building upon the foregoing, this work aims to (1) 
investigate the ability of RSV to tune the dynamic proper-
ties of lipid membranes based on a platform that uses water 
permeability parameters to probe lipid bilayer structural 
modulation, (2) study the interplay of Chol and RSV by 
assembling Chol-free and Chol-enriched model membranes, 
and (3) examine these systems with diverse techniques for 
thermal and structural properties. To the best of our knowl-
edge, there have been no reported studies of how the inter-
action of RSV with lipid membranes would influence water 
permeability of the lipid membrane. While a wide range of 
techniques have been previously used to attain mechanistic 
insight into the impact of RSV molecules on the lipid bilayer 
and its influence on its biophysical properties, they often 
include contradictory findings, and so hence this impact still 
requires further elaboration. For example, RSV has been 
reported to either fluidize or, contrarily, rigidify membranes 
as a result of interactions with the hydrophobic chain region 
or, the hydrophilic headgroup region of membranes (Brittes 
et al. 2010; de Ghellinck et al. 2015; Fabris et al. 2008; 
Han et al. 2017; Ingólfsson et al. 2014; Neves et al. 2015; 
Tsuchiya et al. 2002; Wesołowska et al. 2009). Additionally, 
many of the prior studies for assessing the impact of RSV 
molecules on the bilayer membrane have employed various 
fluorescent probe molecules which are themselves embedded 
in the bilayer and can influence bilayer physical properties, 
and so therefore it is beneficial to elaborate new probe-free 
methods for investigating RSV effects.

Figure 2 shows the molecular structures of the com-
pounds employed in the present studies. As the principal 
component of a DIB model membrane, we used a neu-
tral zwitterionic ester-linked glycerophosphocholine lipid 
commonly found in eukaryotic cell membranes, namely, 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), which 
comprises a headgroup portion with negatively charged 
phosphate (PO4

−) group and a positively charged ammonium 
(N(CH3)3

+) group. We also used two different mixtures of 
DOPC with Chol (4 to 1, and 2 to 1, mole ratio of DOPC 
to Chol respectively) to represent a membrane providing a 
more complex biomimetic composition. Cholesterol consists 
of a rigid tetracyclic ring structure with a hydroxyl group at 
one end and a short hydrocarbon tail at the other. Resveratrol 
(RSV), 3,5,4′-trihydroxystilbene, consists of two phenolic 
rings, one single- and another double-hydroxylated, con-
nected by an ethylene bridge. The trans-isoform is the most 
extensively studied major isoform (Salehi et al. 2018).

Experimental Section

Materials and Sample Preparations

Lipids used in the current study were obtained from 
Avanti Polar Lipids, Inc. (Alabaster, AL) with 99 + % 
purity and used as received without further purification. 
DOPC was provided as a solution in chloroform. Squalene 
(2,6,10,15,19,23-hexamethyl-2,6,10,14,18,22-tetracosahex-
aene; C30H50; "SqE") was used as the immiscible organic 
phase. All other chemicals, including cholesterol (Chol) 
and trans-resveratrol (≥ 99% by HPLC), were of the highest 
purity available, and were purchased from Sigma-Aldrich 
and used without additional purification. SqE is chosen as 
immiscible solvent since it possesses a property of being 
excluded from the droplet interface bilayer due to its large 
molecular size, providing essentially solvent-free DIBs 
(White 1977, 1978). All lipids, Chol, and RSV were stored 
at -20 ℃ until use and freshly prepared immediately before 
use in experiments. Precautions to avoid photo-oxidation 
were taken during preparation of any samples that included 
RSV or DOPC, and extended light exposure was avoided 
by wrapping all sample containers with aluminum foil. 
Solutions containing RSV or DOPC were prepared imme-
diately prior to the experiment in which they were used, 
and repeated experiments were performed with a new set of 
samples prepared on each day. SqE was stored in the tem-
perature range of 2 °C − 8 °C. In order to prepare an SqE 
solution containing DOPC (with or without Chol and RSV), 
the chloroform solution of DOPC (optionally with Chol) 
is evaporated under inert gas to make a dried thin film of 
lipid or lipid mixture, followed by overnight vacuum drying 
for complete removal of any residual solvent. When RSV 
is used, it is co-dissolved with the lipid or lipid mixture. 
The appropriate amount of RSV (stock solution is prepared 
using chloroform/methanol (8/2, v/v) as solvents for RSV) is 
co-dissolved with lipid (or lipid mixture with Chol) in chlo-
roform, followed by the complete evaporation of the solvent 

1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1 (Δ9 cis) PC, DOPC)

Cholesterol (CHOL) trans-Resveratrol (RSV)

Fig. 2   Structures of DOPC, cholesterol, and trans-Resveratrol mol-
ecules
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to generate a dried RSV/lipid film of defined mole ratio. For 
water permeability experiments, this dried RSV/lipid film is 
then dissolved in SqE, to a total lipid concentration of 5 mg/
mL. When Chol is present, it is included in a mole ratio of 
DOPC to Chol of 4:1 or 2:1. In some experiments, RSV is 
employed as a freshly prepared aqueous solution (n.b.; the 
water solubility of RSV is ca.0.003 g/100 mL at 25 ℃), as 
described more fully in the result section. For sample prepa-
rations used in Differential Scanning Calorimetry (DSC), 
dried RSV/lipid films described above are subsequently 
rehydrated with pure water, to a total lipid concentration 
of ~ 16 mg/mL and vortexed vigorously for about 5 min to 
obtain a suspension of multilamellar vesicles (MLVs), fol-
lowed by bath sonication of ca. 30 min. For sample used in 
confocal Raman microspectroscopy, a suspension of MLVs 
prepared above are further treated with seven freeze–thaw 
cycles using liquid nitrogen. Aqueous solutions containing 
osmolytes (NaCl at nominally 0.1 M) were prepared from 
deionized water (18.2 MΩ·cm) purified in a Millipore water 
purification system (Direct Q-3). No pH control was per-
formed. The osmolality (in mOsm/kg) of all aqueous solu-
tions used was measured by a vapor pressure osmometer 
(VAPRO model 5600) immediately after fresh preparation 
of each solution, as well as prior to use.

Water Permeability Measurement using Droplet 
Interface Bilayer (DIB) as Model Biological 
Membrane

The water permeability measurement was performed using 
the model membrane formed by the DIB method. A similar 
set-up has been used as previous papers from our research 
group and the detailed experimental set-up and methodology 
are described in the supplemental information. As shown in 
Fig. 3, the system consistsof an inverted microscope with 
two micropipet manipulators. When two osmotically imbal-
anced droplets, each covered with a monolayer (one being a 
pure water, and the other being a droplet of 0.1 M NaCl) are 
brought together to form a bilayer, water transport begins 
immediately, resulting in swelling droplet and shrinking 
droplet. The respective time changes in droplet volume are 
optically measured by microscopic observation. All water 
permeability experiments in this study were carried out at 
30 °C.

Differential Scanning Calorimetry

Thermal phase transition study was performed on a TA 
Q2000 Differential Scanning Calorimeter (DSC) and ana-
lyzed using TA Universal Analysis software for the main 
phase transition behavior of the samples. The main phase 
transition temperature, Tm, corresponds to the temperature 
at the apex of the endothermic transition peak. The phase 

transition enthalpy was obtained by integrating the area 
under the heat capacity curve. About 15 μL of the MLVs 
prepared described above was hermetically sealed and 
heated and cooled at rates of 5 ℃/min. The following tem-
perature program is used for the DSC experiment for each 
sample: equilibrate at -40 °C; heating ramp from -40 °C to 
0 °C at 5 °C/min; isothermal at 0 °C for 0.5 min; cooling 
ramp from 0 °C to -40 °C at 5 °C/min; heating ramp from 
-40 °C to 0 °C at 5 °C/min, under high purity nitrogen with 
a flow rate of 50 ml/min. Reported values are determined 
from two to three different samples. Each sample was cycled 
three times to check if there is any hysteresis and in all cases, 
reproducible results were obtained on consecutive heating 
and cooling cycles. We did not observe any hysteresis.

Confocal Raman Microscpectroscopy

The Raman spectra for supported DOPC bilayers with 
incorporated RSV, were obtained using a confocal Hor-
iba XploRA INV (Nikon Eclipse Ti-U) equipped with an 
internal air-cooled solid-state laser at 532 nm and a ther-
moelectrically cooled CCD detector. The samples (10 – 20 
μL), acquired immediately from a freeze–thaw process (see 
sample preparation c section), were spread on glass cover-
slips (#1.5), previously cleaned with ethanol and dried with 
nitrogen. The film of solid supported bilayers on hydrophilic 
surface was attained after removing residual aqueous solvent 
by placing the coverslips on a heating plate held at ~ 30 °C 
in a closed home-made chamber. Accumulated spectra were 

Fig. 3   Schematics of the experimental set-up showing two aque-
ous microdroplets in a hydrocarbon dispersion of DOPC (or DOPC 
with Chol) using SqE solvent. When an imbalance in osmotic pres-
sure is present between two aqueous droplets that adhere at a drop-
let interface bilayer, subsequent osmotic water transport is monitored 
and recorded for ~ 5 min (arrow: the direction of water transport), as 
shown in representative videomicrographs of progression of typi-
cal DIB permeability experiment. The starting size of each aqueous 
microdroplet is typically in ~ 100 µm diameter
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acquired with 40 X microscope objective (N.A.0.60) and 
a grating of 1200 lines per millimeter. All Raman spectra 
described herein are obtained at ambient room temperature, 
∼25 °C.

Results and Discussion

Effects of Resveratrol (RSV) on Water Permeability

Figure 4 and Table 1 display the osmotic water permeability 
coefficients ( Pf  ) of DOPC-based membranes at 30 °C as a 
function of varying mole fraction of RSV in the DOPC-RSV 
mix. As shown schematically in Fig. 4, RSV is present in 
an appropriate mole ratio with DOPC in SqE. The results 
in Fig. 4 indicate that Pf  for water transport decreases with 
increasing concentration of RSV. When compared to that 
of DIB formed from pure DOPC as a control, there was 
an approximately 5% decrease in water permeability, from 
74 ± 4 to 70 ± 4 μm/s, in the presence of 100:1 DOPC to 
RSV mole ratio. The decrease in water permeability is fur-
ther enhanced with increasing concentration of RSV, reach-
ing 59 ± 4 μm/s at 4:1 DOPC to RSV mole ratio, which is a 
decrease of about 20% from the Pf  of the DIB formed from 
pure DOPC at the same temperature.

Alternative water permeability experiments were also 
run, in which the RSV is introduced in aqueous solution in 
a pair of osmotically unbalanced aqueous droplets, one drop-
let containing solely RSV, and the other droplet containing 
0.1 M NaCl with an identical concentration of RSV (Fig. 5). 
One can roughly provide an estimate of the ratio of RSV 
molecules to lipid molecules, for the case of RSV dissolved 

in the aqueous compartment of an aqueous microdroplet 
which is coated with a lipid monolayer. For an aqueous 
droplet of nominal diameter of 100 μm containing 130 µM 
RSV, where the surface of the droplet is coated with phos-
pholipid (area per lipid, ca. 70 Å2), there is approximately 
an equimolar quantity of RSV to lipid (1.09:1 lipid:RSV). 
Thus, the experiment in which the bilayer is presented with 
RSV via aqueous solution, is roughly comparable in order of 
magnitude of the respective components to the case where 
both RSV and lipid are in the oil phase originally.

Owing to the very poor water solubility of RSV in 
water, the maximum aqueous concentration of RSV solu-
tion that can be prepared is 130 µM (solubility in water: 
3 mg/100 mL). As seen in Fig. 5, however, the water perme-
ability across DOPC membranes is clearly affected even at 
an RSV concentration of 13 µM, indicating that low RSV 

Fig. 4   Osmotic water permeability coefficients (µm/s) of lipid bilayer 
formed from DOPC at 30 °Cwith varying mole fraction of RSV. RSV 
is present in an appropriate mole ratio with DOPC in SqE. Each data 

point represents an average of individual permeability runs (n ≥ 50), 
and standard deviation as error bars

Table 1   Effect of resveratrol on osmotic water permeability at 30 °C 
for DOPC membrane

**p < 0.01
*p < 0.05
P values were calculated for each successive concentration of RSV 
versus immediately prior concentration. P values < 0.05 were consid-
ered statistically significant

DOPC: Resveratrol mole ratio Pf (µm/s) Avg ± SD

No RSV (control) 74 ± 4
100:1 70 ± 4**
50:1 64 ± 3**
30:1 63 ± 4*
10:1 62 ± 4**
4:1 59 ± 4**
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concentration has an impact on the barrier properties of the 
membranes. Both Figs. 4 and 5 shows the ability of resvera-
trol reducing the water permeabilities of DOPC membrane, 
regardless of different experimental approaches to introduce 
RSV molecules into the model membrane.

We further incorporated Chol into the DOPC bilayer to 
determine the effect of RSV upon the water permeability 
of the Chol-enriched bilayer. Increasing amounts of Chol 
in DOPC membranes have been reported to cause a corre-
sponding decrease in the area occupied by the lipid and also 
correspond to a decrease in the water permeability across 
these membranes (Mathai et al. 2008). The condensing effect 
of Chol in DOPC lipid bilayers, as studied via atomistic MD 
simulation, revealed that mixtures of DOPC − Chol do not 
exhibit phase separation at Chol mole fractions of 0.25 and 
0.5 (Jurak and Chibowski 2015). For DOPC-Chol mixtures, 
the surface area per lipid ratio has a near-linear decrement 
with increasing Chol concentrations (Boughter et al. 2016). 
As shown in Fig. 6, the water permeabilities of the DOPC 
lipid bilayer made of 4:1 and 2:1 mol ratios of DOPC:Chol 
(without RSV) is 70 ± 3 μm/s and 68 ± 3 μm/s, respectively, 
compared to 74 ± 4 μm/s for pure DOPC at 30 °C; these 
results are consistent with literature findings of reduction in 
water permeability. Figure 6 illustrates the effect of varying 
levels of RSV on water permeability parameters for Chol-
containing bilayers. The bilayers tested were composed of 
4:1 and 2:1 mol ratio of DOPC:Chol, and the amount of 
RSV is denoted in terms of mole ratio of total lipid (DOPC 
and Chol) to RSV, which was in the range from 30:1 to 4:1.

As seen in Fig. 6 and Table 2, with increasing concen-
tration of RSV, there seems to be no significant changes in 
water permeability of DOPC bilayers containing Chol within 
the standard deviation. This observation is a contrast to the 
pure DOPC scenario (in the absence of Chol (blue circles)), 
where water permeability sharply decreased with increasing 

RSV concentation. It appears that the presence of Chol in 
DOPC bilayers suppresses the ability of RSV to decrease 
the water permeability. When compared to the effect of RSV 
on pure DOPC, it becomes evident that Chol strongly coun-
teracts the membrane stiffening effect of the RSV, resisting 
overall effects on the membrane barrier properties induced 
by the RSV. These results may indicate the important role 
of Chol in the stability of membranes and demonstrate how 
Chol is able to increase the ability of a membrane to resist 
global changes in its physical properties.

In general, water permeability has been shown to be 
dependent on the physical properties of individual lipids and 
their bilayered aggregates, such as bilayer thickness, mem-
brane fluidity/rigidity, and area per molecule in the array 
(Mathai et al. 2008; Olbrich et al. 2000). Overall, fluidity/

Fig. 5   Osmotic water permeability coefficients (µm/s) of lipid bilayer formed from DOPC at 30 ℃ with varying concentrations of RSV in aque-
ous droplet. Each data point represents an average of individual permeability runs (n ≥ 30), and standard deviation as error bars

Fig. 6   Osmotic water permeability coefficients (µm/s) of lipid bilayer 
formed from DOPC with Chol (4:1 and 2:1 mol ratio) at 30 ℃ with 
varying mole fraction of RSV. Pf  for pure DOPC is also shown, for 
comparison (filled blue circle). Each data point represents an average 
of individual permeability runs (n ≥ 50), and standard deviation as 
error bars
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rigidity in bilayers is generally correlated with packing den-
sity of lipids (Stubbs and Smith 1984), and water perme-
ability is indeed expected to depend on the lipid packing in 
the bilayer region. Our findings demonstrated a differential 
behavior of water permeability, in which RSV decreased 
water permeability for DOPC lipid bilayers while having no 
significant impact for Chol-enriched DOPC bilayers, which 
are consistent with prior reports of a rigidifying effect for 
RSV, depending on initial state of bilayer packing and flu-
idity. For example, Tsuchiya et al. (Tsuchiya et al. 2002) 
reported that RSV rigidified the hydrophobic regions of 
membrane lipid bilayers using fluorescence polarization of 
unsaturated liposomal membranes, and that the membrane 
rigidifying effectiveness decreases with higher concentra-
tions of Chol. Neutron reflectometry was used by de Ghell-
inck et al. (2015) to investigate solid supported DPPC or 
DPPC/Chol bilayers in their fluid state (at 335 K), and they 
reported that RSV accumulates between the PC lipid head-
groups, causing conformational changes in the tilt angle of 
the lipid headgroups to a more upright orientation, leading 
to a reduction of the area per headgroup, and increase of the 
average thickness of the headgroup layer. However, when 
both Chol and RSV are present, the ordering effect of Chol 
on the hydrophobic core is reported to be absent. Han et al. 
(Han et al. 2017) studied the influence of RSV on the mem-
brane fluidity and polarity of liposomes using membrane-
binding fluorescent probes, and reported that the membrane 
fluidity significantly decreased after the addition of RSV to 
disordered DOPC liposomes, although it had little effect on 
more ordered liposomes containing DOPC/sphingomyelin/
Chol and sphingomyelin/Chol. Neves et al. (Neves et al. 
2016a) reported that the presence of RSV is shown to stiffen 
the DMPC membrane in the liquid-crystalline phase, while 
the opposite effect is seen when DMPC is in the gel phase. 
There is an apparently greater affinity of RSV for the fluidic 
membrane (egg-PC) (resulting in increase of microviscosity 
and stiffness of bilayer), than for the tightly packed mem-
brane models (egg-PC containing Chol and sphingomyelin) 
(Neves et al. 2015). It has also been reported that RSV sta-
bilizes the formation of liquid-ordered domains in liposomes 

made of egg-PC, Chol, and sphingomyelin, and confers 
structural organization and order to the membranes (Neves 
et al. 2016b, 2016c). Studies by Balanc et al. (Balanč et al. 
2015) indicate that RSV is incorporated in the inner part of 
the liposome membrane of PC mixtures leading to reduction 
in membrane fluidity, as revealed by EPR and fluorimetry. 
Furthermore, it has been reported that the affinity of DPPC 
membranes for RSV is greatly decreased in the presence of 
Chol (Collado et al. 2016). The foregoing are in contrast to 
some previous reports describing an ability of RSV to dis-
order membranes and increase fluidity (Brittes et al. 2010; 
Fei et al. 2018; Olas and Holmsen 2012).

The greater extent of decrease in water permeability of 
pure DOPC membranes relative to Chol-containing mem-
branes may be related to both the relatively large molecu-
lar area (71 Å2) of DOPC and a high degree of fluidity of 
the membrane relative to the Chol-containing case, thereby 
readily allowing for the penetration of RSV into the mem-
brane. Additionally, membrane binding of RSV has been 
reported to lead to an increased dehydration of the head-
groups, as a result of the affinity of hydroxyl groups in RSV 
to water molecules, thus altering the polar environment 
of the liposome membrane, and cascading from a “disor-
dered” membrane to an “ordered” one (Han et al. 2017). 
This behavior may also contribute to our observed decrease 
in water permeability.

Effects of RSV on Thermotropic Properties

The endothermic DSC thermograms for DOPC MLVs in 
the presence of different concentrations of RSV is shown in 
Fig. 7 along with the corresponding thermodynamic data in 
Table 3. The thermogram of DOPC MLVs in the absence of 
RSV (Fig. 7, control) shows well-defined endothermic transi-
tions, arising from the transition of the lamellar gel phase Lβ 
to the lamellar liquid-crystalline state Lα at the temperature 
Tm =  − 16.8 °C with an enthalpy of 10.34 kcal/mol, which 
is in agreement with literature data (Tm =  − 18.3 ± 3.6 °C, 
ΔH = 9.0 ± 2.8 kcal/mol) (Koynova and Caffrey 1998). The 
low Tm indicates that DOPC membrane is in the disordered 

Table 2   Osmotic water 
permeability at 30 °C with 
increased concentration of 
RSV for DOPC lipid bilayer 
containing varying amount of 
CHOL

**p < 0.01
*p < 0.05
P values were calculated for each successive concentration of RSV versus immediately prior concentration. 
P values < 0.05 were considered statistically significant

(DOPC + CHOL):RSV mole ratio DOPC:CHOL = 4:1 mol Pf (µm/s) 
Avg ± SD

DOPC:CHOL = 2:1 mol 
Pf (µm/s) Avg ± SD

No RSV (control) 70 ± 3 68 ± 3
30:1 71 ± 4* 67 ± 4*
10:1 68 ± 4** 66 ± 4*
4:1 69 ± 4* 66 ± 4*
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fluidic state, a condition usually associated with the pres-
ence of unsaturated acyl chains. Figure 7 and Table 3 show 
that the main phase transition of the DOPC is affected by 
RSV as a function of RSV concentration, leading to a shift-
ing toward lower Tm temperature and an overall broaden-
ing, which effects are more marked at relatively higher RSV 
concentrations. When RSV in included in the bilayer at 
100:1 mol ratio of DOPC to RSV, Tm is decreased by 0.3 °C 
compared to pure DOPC, with no measurable changes in 
ΔH. These values gradually changed with increasing mole 
ratios of RSV. At 4 to 1 mol ratio, the peak is significantly 
suppressed, as evidenced by a reduction of its enthalpy 
from 10.34 kcal/mol (pure DOPC) to 2.77 kcal/mol, and the 
main transition is shifted to a lower temperature by 7.7 °C 
(from − 16.8 °C to − 24.5 °C). However, no further reduction 
in Tm and ΔH are seen for 2 to 1 and 1 to 1 mol ratio (data 
not shown), hinting that there may be a saturation at and 
above RSV mole ratio content of 4 to 1 (DOPC to RSV). 

Additional DSC experiments were performed in the lower 
concentration ranges of 1500 to 1, 600 to 1, and 150 to 1 
(results shown in supplemental data Figure S2), and a neg-
ligible shift of ΔTm to lower temperature (ca. < 0.1 °C) is 
observed, with no changes in ΔH value.

The DSC thermograms for the DOPC/Chol (4 to 1 mol 
ratio) lipid bilayers, as a function of increasing RSV concen-
tration, are shown in Fig. 8 and Table 4. In the absence of 
RSV, the addition of Chol significantly changes the thermo-
tropic properties of pure DOPC (Fig. 8, control). The main 
transition is shifted to a lower temperature (from − 16.8 °C 
for pure DOPC to − 18.9 °C for 4DOPC/1Chol), and the 
peak is significantly suppressed (from 10.34 kcal/mol for 
pure DOPC to 4.09 kcal/mol for DOPC/CHOL at 4 to 1 mol 

Fig. 7   Endothermic calorimetric thermograms of DOPC MLVs con-
taining different concentrations of RSV; from bottom to top in mole 
ratio DOPC to RSV: (control) pure DOPC, 100 to 1, 50 to 1, 30 to 1, 
10 to 1, and 4 to 1. The vertical dotted line represents the Tm for pure 
DOPC

Table 3   Thermodynamic parameters (Tm and ΔH) for main phase 
transition of DOPC MLVs at different concentrations of RSV

Lipid to RSV (mol) DOPC MLVs

Tm (°C) ΔH (kcal/mol)

Control  − 16.8 10.34 ± 0.25
100 to 1  − 17.1 10.33 ± 0.30
50 to 1  − 16.8 8.35 ± 0.40
30 to 1  − 17.5 9.42 ± 0.30
10 to 1  − 18.4 8.07 ± 0.25
4 to 1  − 24.5 2.77 ± 0.30

Fig. 8   Endothermic calorimetric thermograms of DOPC:Chol (4 to 
1 mol ratio) MLVs containing different concentrations of RSV; from 
bottom to top, the mole ratio of total lipid (DOPC:Chol) to RSV was 
100 to 1, 50 to 1, 30 to 1, 10 to 1, and 4 to 1, respectively. The dotted 
line represents the Tm for pure DOPC:Chol (4:1 mol ratio) for com-
parison

Table 4   Temperature (Tm) and enthalpy (multilamellar liposome 
ΔH), for main phase transition of DOPC:Chol (4 to 1  mol ratio) 
MLVs at varying concentrations of RSV

*Represent the Tm for the highest endothermic transition peak. 
Enthalpy data represents the total area for all peaks

Total lipid (including both DOPC 
and Chol) to RSV (mol)

DOPC:Chol (4:1 mol) MLVs

Tm (°C) ΔH (kcal/mol)

Control  − 18.9 4.09 ± 0.28
100 to 1  − 19.5 3.32 ± 0.10
50 to 1  − 20.0 2.88 ± 0.10
30 to 1  − 20.4 2.96 ± 0.15
10 to 1  − 22.8* 1.46 ± 0.14*
4 to 1  − 27.9* 0.89 ± 0.25*
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ratio). The transition enthalpy is almost abolished at mole 
ratio 2:1 of DOPC to Chol, with no well-defined enthalpic 
transition being apparent (data not shown). These results are 
consistent with many previous reports on DOPC bilayers as 
a function of cholesterol content (Davis and Keough 1983; 
Fritzsching et al. 2013). For studies of RSV with Chol-
containing bilayers, only the mole ratio of 4 DOPC to 1 
Chol was used; higher quantities of Chol would excessively 
suppress the DSC peak. In general, as the mole fraction of 
RSV in DOPC/Chol increases, the main transition peak 
is moved toward lower temperature (Fig. 8 and Table 4). 
Starting at 30:1 mol ratio of total lipid (DOPC/Chol):RSV, 
a lower temperature shoulder was observed, presumably due 
to a phase separation. This became more pronounced at 10:1 
total lipid:RSV, seen in the splitting of the peak into two 
components. The apparent phase separation became more 
evident at a 4 to 1 mol ratio, with the dominant peak at lower 
temperature. The enthalpy of transition gradually decreases 
upon interaction with the RSV from a value of 4.09 kcal/
mol in the absence of RSV, to 1.46 kcal/mol at the DOPC/
Chol to RSV at 10 to 1 mol ratio, a decrease of about 65%. 
This is in contrast to the Chol-free DOPC-RSV interaction, 
where relatively modest enthalpy changes have been seen; 
for example, at the same RSV concentrations (10 to 1 mol 
ratio of DOPC to RSV), a decrease in enthalpy of about 20% 
was induced. However, at the highest concentrations of RSV 
we tested, a similar extent of reduction in ΔH is seen both 
Chol-free (73% reduction) and Chol-enriched (78% reduc-
tion) bilayers. As noted, there are differential changes in 
Tm and ΔH for RSV with DOPC versus DOPC/Chol mem-
branes, respectively, indicative of varying membrane inter-
actions of RSV dependent upon Chol concentation in the 
membrane, and concentration of RSV.

Overall, our DSC results show that RSV interacted with 
both Chol-free and Chol-enriched DOPC MLVs to induce 
changes in the bilayer thermotropic properties and influ-
ence the conformational configuration of lipid hydrocarbon 
chains, in a concentration-dependent manner. The progres-
sive decrease in Tm upon inclusion of RSV may reflect sta-
bilization of the fluid phase of the DOPC and/or destabili-
zation of the low-temperature gel phase, which for the fluid 
phase would indicate molecular disordering.These findings 
are qualitatively consistent with previous DSC studies, albeit 

for saturated PCs (Balanč et al. 2015; Fabris et al. 2008; 
Fei et al. 2018; Koukoulitsa et al. 2011; Longo et al. 2016; 
Sarpietro et al. 2007; Wesołowska et al. 2009). These prior 
studies demonstrate that the presence of RSV results in the 
broadening of the DSC phase transition, reducing the Tm in 
the DMPC and DPPC multilamellar vesicles in a concentra-
tion-dependent manner, with more marked ΔH reduction at 
higher RSV concentrations. In our unsaturated vesicles, rela-
tively less change in ΔH was observed at the lower limit of 
RSV concentration in Chol-free DOPC MLVs. Namely, the 
enthalpy was only slightly lowered from 10.34 kcal/mol (no 
RSV) to 9.42 kcal/mol at 30 to 1 mol ratio of DOPC to RSV. 
These data are consistent with previously- posited general 
findings that molecules inserted into a lipid bilayer array as 
interstitial impurities (rather than subsituting for lipid) will 
generally not affect enthalpic changes for the array even as 
they cause changes in Tm (Jørgensen et al. 1991). Hence, at 
low concentrations of RSV, it is likely that RSV positions 
itself at or near the headgroup region of the lipid bilayer, 
while at high RSV concentrations, an increased interaction 
with the hydrocarbon chain is more likely as more RSV 
penetrates into the acyl chain region, which is reflected in 
greater reduction of ΔH. In addition, the evidence of phase 
separation induced by RSV at high concentration (i.e., RSV 
content greater than 10:1 total lipid:RSV) is more prominent 
in the Chol-enriched DOPC system, compared to Chol-free 
DOPC system. In the literature, a similar phase separation 
has been reported, from a DSC study of DMPC multilamel-
lar vesicles, albeit at higher concentrations of RSV. The two 
peaks were interpreted as one peak component being associ-
ated with the phase transition of RSV-rich lipid domains and 
another component representing RSV-poor regions (Sarpi-
etro et al. 2007; Wesołowska et al. 2009). A synchrotron 
X-ray scattering study of lipid bilayers also shows that RSV 
induces phase separation of egg-PC (EPC) bilayers, which 
has been interpreted as being a result of favorable van der 
Waals interactions between phenol rings of RSV and the 
hydrocarbon chain of lipid (Neves et al. 2016b). Additional 
studies using Förster resonance energy transfer and DPH 
fluorescence quenching assays reported a phase separation 
and domain formation induced by RSV in bilayers of EPC, 
EPC:Chol, and EPC:Chol:SM (Neves et al. 2016c).

Effects of Resveratrol on Structural Properties 
of Lipid Arrays

We have employed confocal Raman microspectrosopy of 
supported lipid bilayers to monitor changes upon interaction 
with RSV molecules. Figure 9A shows ambient temperature 
Raman spectra in the frequency region of 600 − 3500 cm−1 
for DOPC supported bilayers containing varying concentra-
tions of RSV. All spectra are normalized to the intensity at 
2849 cm−1 for comparison. Figure 9B shows characteristic 

Fig. 9   A Raman spectra of DOPC at various RSV concentrations 
at ambient temperature, B fingerprint region, C stretching CH band 
region. Spectra are vertically shifted for clarity. The red diamond 
region contains two most intense characteristic RSV peaks. Selected 
peak assignments originated from DOPC is shown. D Raman inten-
sity ratios of [C − Hterm (2930)/C − Hsym (2848)] as a function of RSV 
concentration in DOPC and DOPC/Chol bilayer films. Each data 
point represents average and standard deviation (SD) derived from 
5 to 10 independently prepared samples and each sample is scanned 
across three different sample regions

◂
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vibration bands of DOPC bilayers, including CH2 bend 
(~ 1440 cm−1) and C = C stretching (~ 1650 cm−1). The fin-
gerprint region also contains the most intense characteristic 
Raman bands from RSV, 1606 and 1632 cm−1, which are 
attributed to a combination of ν(C = C) and δ(C–H) vibra-
tions of the trans-olefin carbons together with ν(C = C) 
vibrations of the phenyl rings (Billes et al. 2007; Vongsvivut 
et al. 2008). An additional set of assignments of characteris-
tic Raman peaks for pure DOPC and RSV is shown in Sup-
porting Information (Table S1). Increased content of RSV 
in DOPC membranes is reflected in the increasing intensity 
of the peaks at 1606 and 1632 cm−1. Figure 9C shows the 
C − H stretching region (2750 − 3050 cm−1), a portion of 
the spectrum which exhibits strong Raman scattering for 
phospholipid molecules. It is the most well-studied region of 
the lipid membrane spectrum for its correlations to hydrocar-
bon chain order (Levin and Lewis 1990). Peaks centered at 
approximately 2850 and 2890 cm−1 are assigned to the meth-
ylene C − H symmetric (“C − Hsym”) and C − H anti-symmet-
ric stretching modes, respectively. The peak at ~ 2930 cm−1 
is assigned to the symmetric stretching mode for the hydro-
carbon chain terminal methyl C − H, “C − Hterm” (Fox et al. 
2007; Orendorff et al. 2002). Importantly, the C − H stretch-
ing region (2750 − 3050 cm−1) has no peaks from RSV that 
interfere with peaks from DOPC. Much prior work has been 
performed establishing that these three foregoing peaks in 
the C − H stretching region, and their ratios vis-a-vis each 
other, are useful indicators for determining membrane 
structural properties (Fox et al. 2006, 2007; Orendorff et al. 
2002). Therefore, the spectral differences in this region were 
used to identify conformational changes of the DOPC mem-
branes upon interaction with RSV molecules. Specifically, 
the ratios of peak intensity of [C − Hterm/C − Hsym] is used as 
a measure of hydrocarbon chain order/disorder and packing. 
As seen in Fig. 9D, increased concentration of RSV in the 
DOPC leads to a gradual decrease in the peak intensity ratio 
of [C − Hterm (2930)/C − Hsym (2848)], which span the range 
of from 0.87 to 0.78. A decrease in the [C − Hterm/C − Hsym] 
intensity ratio indicates a decrease in rotational disorder 
and freedom of motion of the hydrocarbon chain. Hence 
the decreasing ratios with increased RSV content appears 
to indicate that a greater quantity of RSV molecules inter-
acting with a DOPC lipid bilayer affects intermolecular 
chain coupling in the hydrocarbon chain region, progres-
sively strengthening packing order, thereby having an order-
ing effect on DOPC lipid bilayers. The Raman mode near 
719 cm−1 corresponds to C − N symmetric stretching vibra-
tions of the choline [–N(CH3)3]+ group and its shift was 
observed from 719 cm−1 for pure DOPC, to 723 cm−1 for 
600 to 1 and higher content of RSV, which indicates a bind-
ing of RSV to the headgroup.

Analogous Raman structural analyses in the C − H 
stretching region has been extended to DOPC/Chol mixtures. 

However, this C − H stretching region (2750 − 3050 cm−1) 
also has peaks stemming from Chol, which interfere with 
peaks from DOPC. Therefore, peak analysis was performed 
after subtraction of the Chol-originated peaks from the spec-
tra of the mixture of DOPC and Chol (de Lange et al. 2007; 
Tantipolphan et al. 2006). The detailed spectral subtrac-
tion method is described in the supplemental information 
(Figure S3). Figure 9D compares the peak intensity ratio of 
[C − Hterm (2930)/C − Hsym (2848)] as a function of increas-
ing RSV mole fraction in DOPC/Chol bilayers (4 to 1 mol 
ratio), along with Chol-free DOPC bilayers. Overall, the 
decrease in the peak ratio is much less pronounced com-
pared to that of pure DOPC bilayers. This is pronounced in 
the regime of low content of RSV, where there appears to be 
no significant differences with increasing RSV. A decrease 
only becomes apparent at the high content of RSV, and even 
so, the slope of the curve in Fig. 9D for the Chol-containing 
membrane is less than that of the pure DOPC membrane. 
RSV induced conformational change of lipids studied by 
confocal Raman spectroscopy is rare to our knowledge, with 
an exception of a study of RSV encapsulation in soy-PC 
liposomes in which lipid chain ordering was detected in the 
presence of RSV in certain liposome formulation (Tosato 
et al. 2018). Our findings from these Raman spectroscopic 
studies are consistent with the decreasing water permeability 
for increasing in RSV concentrations; the greater the degree 
of order and increased packing density, the lesser the water 
permeability. This indicates that packing in the hydrocar-
bon chain regions of RSV-containing DOPC plays a role in 
the passive water transport process. Additionally, RSV did 
not induce any marked hydrocarbon chain ordering effect in 
the presence of Chol, which is consistent with there being 
no measureable water permeability changes, as described 
earlier.

Conclusions

The non-specific interactions between RSV and cell mem-
branes can modulate structural and physical properties of 
membranes and the resultant perturbations of membrane 
properties may affect the conformation of proteins inserted 
within the membrane, disturbing the membrane-hosted bio-
logical functions. Hence, an enhanced understanding of the 
interaction of RSV with the cell membrane at the molec-
ular level plays an essential role in providing insight into 
improved therapeutic activities. We have examined the inter-
action of RSV molecules with model bilayer membranes 
composed of DOPC with varying content of Chol, using a 
combination of techniques: studies of bilayer water perme-
ability across the DIB to infer modulations in the bilayer 
physical state; DSC; and confocal Raman microspectros-
copy. The combined results from diverse experimental 
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techniques provide evidence for differential non-specific 
interaction between RSV and DOPC membranes, relative 
to Chol-enriched DOPC membranes. The nature and extent 
of interactions greatly depend on the presence and absence 
of Chol as well as the concentration of RSV. This is sche-
matically shown in Fig. 10.

Our results suggest that progressive inclusion of RSV in 
the DOPC membranes results in reduction of the osmotic 
water permeability. We take this as an indication that there 
is a capability of RSV to stiffen fluidic membranes, driven 
by hydrogen-bonding interactions of RSV hydroxyl groups 
with polar lipid headgroup and hydrophobic interactions 
between phenyl ring of RSV with hydrocarbon chain. 
However, in the presence of Chol in the DOPC membrane, 
there is little change in water permeability; it would appear 
that the Chol-containing membranes, having a higher 
hydrocarbon chain order, exhibit little or no change in their 
water transport parameters regardless of the presence of 
RSV. One possible reason why RSV is not able to decrease 
Pf in DOPC/Chol membranes to the same ultimate value 
as in pure DOPC, is that Chol may inhibit the partitioning 
of RSV to the degree existing for pure DOPC membranes, 
presumably due to a paucity of free volume in the Chol 
system. The partition coefficients in our systems were not 
measured, although the literature does provide effective 
methodolgies for doing so with liposome/water systems 
via derivative UV–vis spectrophotometry ((Neves et al. 
2015). By this method, Neves et al. provide results sug-
gestive of differing partition coefficients (Kp) for trans-
resveratrol in LUVs of egg phosphatidylcholine (EPC) 
(value of 3384) versus for EPC/Chol (4/1), the Kp is low-
ered to1186. Alternatively, RSV could still partition into 
Chol-containing membranes to the same extent as in Chol-
free membranes, if Chol positions largely in the membrane 
interior (with maximum effect on inhibiting permeability), 
whereas RSV positions closer to headgroups. Evidence for 
either mechanism will benefit from measurement of RSV 

partition coefficients for the respective systems, which will 
form a feature of our future studies.

DSC thermograms show that RSV interacts with DOPC 
and DOPC/Chol bilayers and influences their thermotro-
pic phase behavior in a concentration-dependent manner, 
by decreasing the main phase transition temperature and 
enthalpy, with a phase separation shown at higher concen-
trations of RSV, a phenomenon more pronounced when 
Chol is present. The intensity ratios for peaks in the C − H 
stretching region from Raman bands demonstrate the RSV 
effect in ordering of the hydrocarbon chain in DOPC sup-
ported bilayers, with the greater extent of ordering in the 
absence of Chol compared to the Chol-enriched DOPC 
membranes. While there are contradictory reports about 
the effect of RSV on lipid bilayer, our findings are aligned 
with previous reports showing the rigidifying effect of 
RSV and its sensitivity on composition and physical state 
of the membrane, as well as the concentration of RSV. 
These results showing markedly reduced passive water 
permeability in the presence of RSV also may hold vital 
significance to the mechanism by which RSV inhibits the 
effect of reactive oxidative species (ROS). As precursors to 
the highly reactive hydroxyl radical (∙OH), molecules such 
as hydrogen peroxide and hydroperoxyl radical must gain 
access to buried unsaturated regions of fatty acyl chains 
to begin lipid peroxidation, a process which would be 
inhibited by reduced water permeability, given that water 
and H2O2 have many quite similar physical properties (Li 
et al. 2000; Möller et al. 2019). All of these phenomena 
are significant in the context of understanding the nature 
and extent of non-specific interactions between RSV and 
cell membranes that may lead to potential application to 
various cancer cell types which are known to have com-
positionally different membranes, especially with respect 
to their content of Chol, compared with those of normal 
cells.

Fig. 10   Schematic representa-
tion of RSV interaction with 
Chol-free and Chol-enriched 
DOPC lipid bilayer
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