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A R T I C L E  I N F O A B S T R A C T

Resveratrol is one o f the most popular phytoalexins, which naturally occurs in grapes and red wine. This com
pound not only has beneficial effects on the human body, especially on the cardiovascular system, but also has 
antiviral, antibacterial and antifungal properties. In addition, resveratrol may have therapeutic effects against 
various types o f cancer. The mechanism o f action o f resveratrol is not fully understood, but it is suspected that 
one o f the most important steps is its interaction with the cell membrane and changing its molecular organi
zation. Therefore, in the present study, we investigated the effects o f resveratrol at different concentrations 
(0-75 pM) on model membranes composed o f POPC, SM and cholesterol, in systems with different cholesterol 
contents and a constant POPC/SM molar ratio (1:1). Our tests included systems containing 5, 15 and 33.3 mol% 
cholesterol. Tests were carried out for monolayers using the Langmuir monolayer technique supported by 
Brewster angle microscopy and penetration experiments. Bilayer (liposome) experiments included calcein 
release, steady-state DPH fluorescence anisotropy and partition coefficients. The results showed that resveratrol 
interacts with model cell membranes (lipid monolayers and lipid bilayers), and its incorporation into membranes 
is accompanied by changes in their physicochemical parameters, such as lipid packing, fluidity and permeability. 
Furthermore, w e showed that the cholesterol content o f the membrane significantly affects the degree o f 
incorporation o f resveratrol into the model membrane, which may indicate that the molecular mechanism o f 
action o f this compound is closely related to its interactions with lipid rafts, domains responsible for regulating 
various cellular functions.

1. Introduction

Resveratrol belongs to the group o f  phytoalexins, w h ich  are found 

m ain ly in grapes and red w ine [ 1,2 ]. H ow ever, it can also be found in 

other plants, such as peanuts, coco, cranberries,

b lueberries, and soybeans [3 -5 ]. Resveratrol can occur in the form  o f  

tw o  isomers, cis and trans, but the trans form  shows the greatest b io 

log ica l activ ity  [6 ], w h ile  the cis isom er is considered much less b ioac

t ive  or com p letely  inactive [7,8 ]. The m ain function o f  the resveratrol 

present in plants is to  protect them  against environm enta l stressors, such 

as injuries, fungal infections, or U V  irrad iation  [9, 10]. H ow ever, 

resveratrol w as also observed to  have a benefic ia l e ffect on the human 

body, especia lly  its antioxidant and preven tive effects on the card io

vascular system [ 11]. A  good  exam ple o f  the benefic ia l effects o f  

resveratrol on the human body  is the phenom enon ca lled  the “French 

paradox” . The French population, com pared to W estern European

countries, consumes much larger amounts o f  anim al fats, and ye t the 

incidence o f  atherosclerosis in France is much low er. The re la tive ly  high 

lev e l o f  consum ption o f  red w ine, w h ich  is rich in resveratrol, is assumed 

to  be an explanation fo r this phenom enon [6, 12, 13]. The above expla 

nation is o f  course a great sim plification, because the French d iet does 

not consist on ly o f  fa tty meats, cheeses, cream  and red w ine, but also 

contains m any low -processed products, vegetab les, and fruits. In addi

tion, the resveratrol content o f  w in e  is rather low , and can range from  

undetectab le values o f  up to  14 mg/L [ 14, 15], w h ich  is w e ll b e lo w  its 

therapeutic dose, w h ich  accord ing to some meta-analyses should be 

above 300 m g/day [ 16]. Regardless o f  w hether the French paradox 

rea lly  exists or is actually related to resveratrol, it has contributed to 

broader research on the effects o f  resveratrol on the human body. These 

studies have shown that resveratrol can also regu late the serum glucose 

leve l, as w e ll as have antim icrobial, antifungal, antiviral, anti

in flam m atory and neuroprotective properties [4, 17,18]. Recent
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reports also ind icate that resveratrol has an tiv ira l properties and m ay 

also be a help fu l an tiv ira l agent in  the treatm ent o f  v ira l in fections such 

as COVID-19 [ 19]. In addition, one o f  the m ost sign ificant health ben

efits o f  resveratrol is its ab ility  to produce ch em opreven tive and thera

peutic effects against various cancers [ 18]. These properties w ere  first 

d iscovered in  1997 by  Jang et al., w h o  dem onstrated the anti-in itiation, 

anti-prom otion, and anti-progression effects in various m odels [20 ]. 

Based on these studies, other scientists have shown that resveratrol in

hibits tumor grow th  in  v iv o  in several types o f  cancer, w ith  effects 

dependent on dose and duration o f  treatm ent [ 18,21,22 ]. It is w orth  

m ention ing here, how ever, that there is an ongo in g debate am ong sci

entists regard ing the lim itations o f  resveratrol, its therapeutic dose and 

its effectiveness [ 14,2 3 -2 5 ]. Nevertheless, as the authors o f  the m eta

analysis underm ining the effectiveness o f  resveratrol them selves note, 

they have serious lim itations and further research on the e ffect o f  this 

substance on the human b ody  is required [24 ].

A lthough resveratrol m ay have a huge therapeutic potentia l, its use 

in treatm ent is v e ry  lim ited. This is prim arily  related to its b ioava il

ab ility  and its targeting o f  specific sites in the body, particularly the 

brain. The poor b ioava ilab ility  o f  resveratrol m ay be due to  its short 

b io log ica l ha lf-life, chem ical lab ility, rap id m etabolism , enterohepatic 

recirculation and e lim ination  [3,2 5 -2 8 ]. The short ha lf-life  and rapid 

m etabolism  o f  resveratrol require a h igher dose and frequent adm inis

tration to  ach ieve a therapeutic effect. H ow ever, resveratrol is cytotoxic 

at the h igher tota l doses requ ired to ach ieve a re la tive ly  h igh local 

concentration and thus a therapeutic e ffect [3,29 ]. Furthermore, 

resveratrol is photosensitive, poorly  soluble in w ater, and poorly  

absorbed a fter ora l adm inistration [ 3 ]. To  overcom e the problem s 

associated w ith  the chem ical instability and rapid m etabolism  o f  

resveratrol and its b ioava ilab ility , m ore and m ore research is being 

carried out to design new  form ulations that stabilize and protect 

resveratrol, im prove its w ater so lubility, and p rov ide targeted and/or 

sustained release as w e ll as a llow  its intravenous adm inistration. So far, 

com plexes w ith  ß-cyclodextrins, b iodegradab le po lym er nanoparticles, 

so lid  lip id  nanoparticles and po lym er lip id  nanocapsules have been 

studied. A m ong the form ulations tested, liposom es contain ing resvera

tro l w ere  also found to be e ffe c tive  in ce ll pro liferation , photoprotection, 

and cellu lar stress response [3,28,29 ].

The exact mechanism  o f  action o f  resveratrol is not fu lly  understood 

and is probab ly ve ry  com p lex  and multi-stage. H ow ever, the first plat

form  w ith  w h ich  resveratrol interacts is the ce ll membrane. The b io 

m em brane is also the m ain barrier that resveratrol m olecules must 

overcom e on the w a y  to a specific p lace in  the cell. Previous studies have 

shown that resveratrol has the ab ility  to incorporate into biom em branes, 

changing their physicochem ical properties [ 1,7,8 ], w h ich , depending on 

the dose, can even  lead to ce ll lysis [30 ].

The ab ility  o f  resveratrol to accumulate in b io log ica l mem branes as 

w e ll as the use o f  liposom es as e ffec tive  resveratrol nanocarriers require 

systematic research on the e ffec t o f  this substance on the physico

chem ical properties o f  lip id  membranes. Therefore, in our study, w e 

attem pted to  determ ine the e ffec t o f  the concentration o f  resveratrol on 

the properties o f  lip id  m em branes o f  d ifferen t com position , and w e  also 

exam ined h ow  the a ffin ity  o f  resveratrol fo r lip id  m em branes is deter

m ined b y  their physicochem ical parameters. In the research, w e  used 

tw o  m odels o f  biom em branes, i.e. lip id  m onolayers and b ilayers w ith  the 

same com position. The studies included m onolayers and b ilayers ( l i 

posom es) containing lipids that are com ponents o f  b io log ica l m em 

branes, i.e. 1-palm itoyl-2-oleoyl-sn-glycero-3-phosphocholine (PO PC ), 

sphingom yelin  (SM ) and cholestero l (C hol). The tested systems con

tained the same proportion  o f  phospholipids (POPC/SM ) and d iffered  in 

cholestero l content (5 , 15, 33.3 m ol% ). This a llow ed  us to determ ine the 

e ffect o f  resveratrol concentration on a particular m em brane, as w e ll as 

to com pare h ow  the m em brane properties determ ined b y  the cholestero l 

content a ffect the incorporation  capacity  o f  resveratrol. Furthermore, 

the investigated lip id  mem branes contained SM and Chol, w h ich  

a llow ed  us to ve r ify  the e ffec t o f  resveratrol on m odel lip id  rafts, that is,

h igh ly  ordered domains enriched in sphingom yelin  and cholestero l, the 

num ber o f  w h ich  increases rap id ly in the carcinogenesis process [31 ].

2. Materials

The investigated m aterials POPC (1palm itoyl-2-oleoyl-sn-glycero-3- 

phosphocholine), SM (e g g  sph ingom yelin ), Chol (ch o lestero l), Res 

(resveratro l). Sterol was purchased from  Sigma, w h ile  the other lipids 

w ere  from  A vanti Po lar Lipids, Inc. Resveratrol was purchased from  TCI 

T ok yo  Chem ical Industry, Japan. The other compounds used in the ex

periments: b is [N ,N -b is (carb oxym eth y l)am in om eth y l]flu oresce in  (cal- 

ce in ) and 1,6-diphenyl-1,3,5-hexatriene (D PH ) w ere  purchased from  

Sigma A ldrich . PBS bu ffer solution was prepared b y  m ixing the appro

priate amounts o f  inorganic salts (137 m M  NaCl; 2.7 m M  KCl; 10 m M  

N a2H PO 4; 1.8 m M  KH2PO 4) and d issolving in ultra-pure w ater, HPLC -  

grade (> 9 9 ,9  % ). M ethanol and ch loroform  w ere  purchased from  POCH 

and used as a m ixed solven t (1 :9  v/v ) fo r d issolving o f  the lipids. The 

m ixed  solutions w ere  prepared by  m ixing the proper vo lum es o f  the 

respective stock solutions. A  stock solution o f  resveratrol w as prepared 

in  PBS bu ffer at a concentration o f  150 pM. The m ethod o f  preparing the 

solution consisted o f  w eigh ing  the appropriate amount o f  resveratrol 

adding it to the PBS bu ffer and stirring in the dark fo r 12 h at 250 rpm  at 

37 °C.

3. Methods

3.1. Langm uir m onolayer technique

The stock solutions o f  the investigated lipids o f  concentration 

0 .8 -1 .0  m M  w ere  prepared by d issolving the respective com pound in a 

m ixture o f  ch loroform /m ethanol 9:1 (v/v ); whereas, the m ixed  systems 

o f  a specified  com position  w ere  prepared from  the stock solutions by 

m ixing their appropriate volum es. Surface pressure (n ) - A rea  (A ) iso

therms w ere  recorded w ith  the N IM A  (U K ) Langmuir trough o f  tota l area 

o f  300 cm 2 placed on antiv ibration  table. Surface pressure measure

ments w ere  m ade using W ilh e lm y  plate m ade o f  filter paper (ashless 

W hatm an Chr1) connected to an electrobalance w ith  an accuracy o f  

±0 .1  mN/m. As a subphase pure PBS bu ffer (pH  =  7 .4 ) and bu ffered 

resveratrol solutions (5 , 15, 25, 50, 75 pM ) w ere  applied. The tem per

ature o f  the subphase (20  ±  1 °C ) w as con tro lled  therm ostatically. The 

study was conducted at 20 °C because this tem perature, unlike physio

log ica l tem perature (37 °C ), ensures the recording o f  h igh-quality  im 

ages o f  m onolayers using Brewster angle m icroscopy (B A M ). In addition, 

a tem perature o f  20 °C, like 37 °C, is above the phase transition tem 

perature fo r the POPC m em brane and b e lo w  the phase transition tem 

perature fo r the SM bilayer. Th is means that taking measurements at a 

h igher tem perature could change the results quantita tively  but not 

qualitatively . The m onolayers tested w ere  prepared b y  spreading, using 

a H am ilton m icrosyringe (precise to ± 1  pL), an appropriate vo lum e o f  

solution on the subphase. Before compression, the m onolayers w ere 

a llow ed  to equ ilibrate for 30 min, w h ich  w as the tim e required for 

resveratrol to be incorporated in to  the m onolayer. This tim e was 

selected experim en ta lly  and its extension did not a ffect the shape and 

location  o f  the recorded isotherms. Since no in fluence o f  compression 

ve lo c ity  (w ith in  the range o f  1 -6  A 2-m olecule~ 1-min-1 ) was found for 

the investigated film s, in a ll experim ents the m onolayers w ere  com 

pressed w ith  a speed o f  3.5 A 2-m olecule~ 1-min-1 . The measurements 

w ere  conducted fo r POPC, SM, Chol m onolayers as w e ll as POPC/SM, 

POPC/SM /Chol(5 % ), POPC/SM /Chol(15 % ) and POPC/SM /Chol(33.3 

% ) systems in w h ich  the m olar ratio o f  POPC/SM was equal 1:1.

3.2. Brewster angle microscopy

Brewster angle m icroscopy was used as a technique fo r exam ination 

o f  the m orpho logy o f  the analyzed m onolayers. This technique a llow s in 

situ observations o f  changes in the m onolayer texture. The intensity o f



reflected light from the monolayer is adequate for the packing density 
molecules in the monolayer. This method also enables the observation of 
phase separation, and for homogeneous monolayers, it enables the 
comparison of their condensation based on differences in image 
brightness. BAM experiments were performed with an UltraBAM in
strument (Accurion GmbH, Göttingen, Germany) equipped with a 50 
mW laser emitting light of p polarization at a wavelength of 658 nm, a 
10 x  magnification objective, a polarizer, an analyzer, and a CCD cam
era. The spatial resolution of the BAM was 2 pm. The microscope was 
installed over the KSV Langmuir trough (total area of 700 cm2) having 
two moving barriers enabling symmetrical compression. The prepara
tion of Langmuir films for measurement and the conditions during 
measurements were the same as those applied to the n-A isotherms 
registration.

3.3. Preparation of unloaded liposomes

Liposome formulations were obtained by the dry lipid film method 
by mixing the appropriate amounts of stock lipid solutions. Then, the 
solvents were evaporated under a gentle stream of nitrogen until com
plete dryness. The obtained dry lipid film was hydrated in PBS (phos
phate buffered saline, pH — 7.4) and vortexed. The final concentration of 
lipids in all systems was 1.0 pmol/ml. To obtain unilamellar liposomes, 
suspensions were subjeted to five cycles of freezing (liquid nitrogen 
temperature) and thawing (temperature around 60 °C). Finally, the 
prepared mixture of liposomes was extruded six times through the 
polycarbonate filters with 100 nm pores with the appliction of Lip- 
osoFast extruder (Avestin Inc.).

3.4. Preparation of calcein-loaded liposomes

Calcein-loaded liposomes were performed in the same procedure as 
described above. The dry film was hydrated with calcein solution (60 
mM calcein dissolved in 0.1 M PBS at pH — 7.4). In the next step, free 
calcein molecules were separated by size exclusion chromatography on 
a sephadex G-50 column using 0.1 M PBS buffer as an eluent (the PBS 
was enriched by increasing the concentration to 60 mM NaCl to 
normalize the concentration between enclosed calcein and the outer 
environment). The final concentration of liposomes after the separation 
of calcein-loaded liposomes from free dye was calculated according to 
the procedure described in the literature [32].

3.5. Preparation of DPH liposomes and anisotropy measurements

To prepare the liposomes with the fluorescence probe inside the 
membrane, 1,6-Diphenyl- 1,3,5-hexatriene (DPH) was added to the 
propper volume of the lipids. The DPH concentration in the liposome 
membrane was 1.67 pM. The subsequent procedure was similar to that 
described for unloaded liposomes. The fluorescence anisotropy was 
determined using vertically polarized light at X — 350 nm for excitation 
and parallel (Ivv) and perpendicular (IVH) light at X — 428 nm for 
emission. In these measurements Hitachi 7100 spectrofluorometer was 
used. All measurements were repeated three times and after that the 
average value was calculated. The steady - state anisotropy (rDPH) was 
calculated according to the Eq.:

where: G — IHV/IHH instrumental correction factor. The measurements 
were carried out at 20 °C.

3.6. Partition coefficient

To determine the partition coefficient for all the liposome composi
tions investigated, samples of different total lipid concentrations were

prepared in the range 0-1000 pM. The concentration of resveratrol was 
constant (25 pM). Liposomes without resveratrol addition were pre
pared and measured as a background. Liposomes with resveratrol were 
incubated for 30 mins after resveratrol addition. The samples were 
measured using UV-vis spectrometry and the partition coefficient was 
determined with procedure described in the literature [33,34]. The 
measurements were carried out at 20 °C.

3.7. Permeability studies

The permeability of liposomes was determined at 20 °C by measuring 
the dispersions of calcein-loaded liposomes for 14 days using fluorescent 
detection. After 14 days, Triton X-100 was used to completely break 
down the vesicles and measure the maximum fluorescence. The amount 
of calcein released was calculated using an equation based on the 
literature [32].

where: It -  fluorescence intensity in time t, I0 -  fluorescence in the 
beginning, Imax -  maximum fluorescence intensity after Triton X-100 
addition.

4. Results

4.1. Langmuir monolayers

In the first step, n-A isotherms for one-component monolayers of the 
investigated lipids, compressed on the water subphase, were recorded. 
The results obtained were consistent with those described in the litera
ture [35]. Then we recorded the n-A isotherms for monolayers of pure 
lipids SM, POPC, Chol as well as their mixtures (POPC/SM, POPC/SM/ 
Chol(5 %), POPC/SM/Chol(15 %), POPC/SM/Chol(33.3 % )) spread on 
the PBS subphase and the PBS subphase containing resveratrol with 
different concentration i.e. 5 pM, 15 pM, 25 pM, 50 pM, 75 pM. The 
results obtained for mixed monolayers are shown in Fig. 1, while the 
isotherms for pure lipid films are included in the supplementary mate
rials (Fig.S1). Moreover, to obtain information about the state and 
ordering of hydrophobic chains of the analyzed monolayers, the 
compressional modulus were calculated for all the investigated systems 
according to the equation:

As can be seen, for all the investigated systems, an increase in the 
concentration of resveratrol in the subphase causes the isotherms to shift 
toward larger areas per molecule. Additionally, as the concentration of 
resveratrol increases, the compressional modulus decreases. Both of the 
above effects are stronger with higher concentration of resveratrol in the 
subphase. This suggests that resveratrol dissolved in the subphase has 
the ability to build into the lipid monolayer and changes its molecular 
organization, resulting in an increase in its fluidity. It can also be 
observed that the effect of resveratrol on the investigated monolayers 
strongly depends on the cholesterol content in the model membrane. 
The results obtained clearly indicate that the isotherm shift caused by 
the presence of resveratrol, in relation to the isotherm recorded on pure 
PBS, is the smaller the more cholesterol is contained in the mixed 
monolayer. This is probably due to the condensing and ordering effect 
that cholesterol exerts on lipid membranes [36,37]. These effects cause 
monolayers containing cholesterol to be more densely packed and or
dered than those without cholesterol. This is manifested by the location 
of the isotherms at smaller average molecular areas, their steeper course, 
and higher values of the compression modulus with increasing choles
terol content.

In order to obtain information on the influence of resveratrol on the



Fig. 1. The surface pressure (n) -  area (A ) isotherms and compression modulus (Cs *) vs. surface pressure plots for the mixed systems investigated.

organ ization  and m orpho logy o f  lip id  membranes, BAM  im ages w ere  

taken during compression o f  selected membranes. In the first stage, the 

in fluence o f  the concentration o f  resveratrol in  the subphase on the 

m orpho logy o f  the m ixed  POPC/SM/Chol m onolayer contain ing the 

same amount o f  cholestero l (15  m o l% ) w as investigated. Pictures w ere  

recorded fo r m onolayers spread on pure PBS subphase as w e ll as for PBS 

subphase contain ing resveratrol in the concentration o f  5 pM, 15 pM and 

50 pM, respectively. The im ages obta ined are presented in Fig. 2 .

For the m onolayer com pressed on the pure PBS subphase, in the low  

surface pressure range (0.3 and 5 m N/m ), the photos show  brighter 

domains o f  the condensed phase dispersed in the darker m atrix o f  the 

liqu id  phase. These condensed domains are probab ly enriched in 

sphingom yelin  and cholesterol, and the liqu id  m atrix consists m ain ly o f  

POPC. As this m onolayer is compressed to h igher surface pressures, the 

domains gradually fuse together to form  a hom ogeneous film  o f  the 

liquid-condensed phase until the m onolayer collapses. The introduction

o f  a small amount o f  resveratrol (5  pM ) to  the PBS subphase causes that 

the condensed phase domains that are fo rm ed to be much smaller, 

practica lly  at the lim it o f  the m icroscope's resolving power. A  further 

increase in the concentration o f  resveratrol in the subphase causes the 

condensed phase domains to not com p lete ly  form , w h ich  confirm s the 

flu id iz ing e ffec t o f  resveratrol on the investigated m onolayers. It should 

also be noted that the BAM  im ages becom e brighter as the resveratrol 

content in the subphase increases. This confirm s that as the concentra

tion  o f  resveratrol in the w ater phase increases, m ore and m ore 

resveratrol m olecules are incorporated into the m odel membrane. It is 

w orth  noting, how ever, that the increase in the brightness o f  the im ages 

does not mean, in this case, an increase in the order o f  the lip id  acyl 

chains, but is related to the increasing num ber o f  m olecules at the air/ 

w ater interface as a result o f  the increasing incorporation  o f  resveratrol 

in to  the membrane.

In the next stage, w e  exam ined h ow  resveratrol influences the



Fig. 2. BAM images obtained for the POPC/SM/Chol(15 % ) system spread on the subphases containing different concentrations o f resveratrol.

m orpho logy o f  m onolayers depending on the cholestero l content. For 

this purpose, pictures w ere  taken fo r POPC/SM/Chol m onolayers w ith  

d ifferen t cholestero l content (0 , 5, 15, 33.3 m o l% ) during compression

on to the PBS subphase containing 15 pM resveratrol. The im ages ob 

tained are presented in Fig. 3 . 

The analysis o f  the results presented in Fig. 3 shows that the main

Fig. 3. BAM images obtained for POPC/SM/Chol monolayers with different cholesterol content (0, 5, 15, 33.3 mol%) during compression onto the PBS subphase 
containing 15 pM resveratrol.



difference is the degree o f  condensation o f  the investigated m onolayers 

observed in the range o f  lo w  surface pressures and a slight increase in 

the degree o f  brightness o f  the im ages as the cholestero l content in the 

m onolayer increases. The differences in the brightness o f  the im ages are 

not spectacular because w e  are dealing w ith  tw o  opposing effects, the 

first is related to the condensing e ffec t o f  cholestero l on phospholip id 

mem branes and the second is the result o f  the decreasing incorporation 

o f  resveratrol in to  the m odel m em brane as the cholestero l content 

increases.

T o  confirm  the ab ility  o f  resveratrol to  be incorporated into m odel 

lip id  membranes, as w e ll as to determ ine the e ffec t o f  cholestero l con

tent in the m em brane on this process, penetration tests w ere  perform ed. 

These tests w ere  carried out fo r m ixed  POPC/SM/Chol m onolayers 

containing, respectively , 0, 5, 15 and 33.3 m ol%  cholestero l at a surface 

pressure o f  30 mN/m, i.e., at a pressure fo r w h ich  the packing o f  lipids 

and their m olecular organ ization  correspond to that in the lip id  b ilayer 

w ith  the same com position. The results o f  the penetration studies o f  

resveratrol into the m odel membranes are shown as a change o f  surface 

pressure (A n ) over tim e a fter in jection  o f  resveratrol in  Fig. 4 .

As can be seen, a fter the resveratrol solution is in jected into the 

subphase, the surface pressure increases to a m aximum , then gen tly  

decreases and stabilizes over time. It is w orth  noting that the peaks in the 

above curves appear im m edia tely  a fter the in jection  o f  resveratrol into 

the subphase and m ay be related to  the change in the m olecu lar orga

n ization o f  the m onolayers (i.e . the change in the orientation o f  the 

hydroph ilic  and hydrophob ic groups o f  lip id  m olecules, as w e ll as the 

reorientation  o f  resveratrol m olecu les), w h ich  a fter some tim e reaches 

an equ ilibrium  state. These results ind icate that resveratrol m olecules 

penetrate m odel membranes and becom e em bedded betw een  lip id  

m olecules. It is also w orth  noting that the greatest changes in surface 

pressure are observed fo r the cholestero l-free m em brane and An de

creases as the cholestero l concentration increases. This indicates that 

increasing content o f  cholestero l in the lip id  m em brane hinders the 

incorporation  o f  resveratrol m olecules contained in the subphase. These 

results are consistent w ith  those obta ined from  the n-A isotherms and 

dem onstrate that resveratrol has a h igher a ffin ity  fo r m ore flu id m ono

layers, w h ich  decreases as the cholestero l content in  the m em brane 

increases.

Since lip id  m onolayers are a sim p lified  m odel o f  the lip id  m em brane 

and are also not applicab le in the study o f  transmembrane processes (e. 

g. in m em brane perm eab ility  studies), in our research w e  used a m ore 

realistic m em brane m odel, i.e. large unilam ellar liposom es (LU Vs) w ith  

the same com position  as the investigated Langmuir m onolayers. W e

0 750 1500 2250 3000 3750 4500

time, s
Fig. 4. Changes in surface pressure (An) over time due to resveratrol pene
tration into investigated monolayers at 30 mN/m (CRes — 50 pM).

have observed that the incubation o f  the obta ined liposom es w ith  

resveratrol (in  the range o f  the tested concentrations) does not change 

the hydrodynam ic diam eter o f  the liposom es or the dispersity index 

(p lease see Tab le S1 in the supplem entary m ateria ls), w h ich  means that 

the incorporation  o f  resveratrol in to the liposom e m em branes does not 

change the size o f  the liposom es them selves or the thickness o f  their 

hydration shell, and also does not induce liposom e aggregation.

In order to exam ine the a ffin ity  o f  resveratrol to  the tested lip id  

m embranes, w e  determ ined the values o f  the resveratrol partition  co

e ffic ien t betw een  the lip id  phase (LU V ) and the aqueous PBS solution. 

The results obta ined are shown in Fig. 5.

W hen  the trend o f  changes in the partition coeffic ien t va lue is 

analyzed depending on the cholestero l content in the sample, it can be 

seen that it is fu lly  consistent w ith  the results obtained previously  pre

sented fo r m onolayers w ith  the same lip id  com position. Studies per

fo rm ed fo r liposom al suspensions also show  that the a ffin ity  o f  

resveratrol fo r the lip id  m em brane is closely related to its flu id ity , w h ich  

in  this case is determ ined by  the cholestero l content in  the membrane. 

The results also ind icate the p rotective nature o f  cholesterol, w h ich , by 

increasing the order and packing o f  the lipids, protects the m em brane 

against excessive penetration o f  substances from  the external 

environm ent.

T o  ve r ify  the e ffec t o f  resveratrol on the flu id ity  o f  the lip id  bilayers, 

fluorescence anisotropy measurements w ere  perform ed using DPH (1,6- 

d iphenyl-1 ,3 ,5-hexatriene) as a fluorescent probe. Changes in the flu o

rescence anisotropy o f  DPH fo r m ixed  liposom es containing various 

amounts o f  cholestero l are presented in Fig. 6, w h ile  the results obtained 

fo r one-com ponent POPC and SM liposom es are included in the sup

p lem entary m aterials (F ig. S2).

Com paring the values o f  fluorescence anisotropy obta ined fo r lip o 

somes dispersed in pure PBS solution (w ithou t resveratro l), it can be 

seen that the low est an isotropy is observed fo r POPC/SM two- 

com ponent liposom es and increases w ith  increasing cholestero l con

tent. Because DPH is a fluorescence probe located in the hydrophobic 

reg ion  o f  the b ila yer [3 8 -4 0 ], it can be concluded that POPC/SM lip o 

somes are characterized by  the greatest d isorder o f  the acyl chains and 

thus the h ighest m em brane flu id ity  am ong the investigated systems. The 

introduction o f  cholestero l in to such a system increases the va lue o f  DPH

Fig. 5. Partition coefficients o f resveratrol between the lipid and aqueous 
phases (Kp )  for the tested suspensions o f LUV liposomes depending on their 
composition at 20 °C.



Fig. 6. Changes in steady-state fluorescence anisotropy o f DPH (rDPH)  with the 
increase o f resveratrol concentration for the investigated liposome membrane. 
Error bars represent the maximum values o f standard deviations (SD) calculated 
from three independent measurements. The dashed lines that connect the points 
are not a fitted function, but are only intended to facilitate tracking the course 
o f dependencies.

fluorescence anisotropy, w h ich  is related to the ordering and condensing 

e ffect that cholestero l m olecules exert on the acyl chains o f  phospho

lipids [36,37 ]. This increase in the order and packing density o f  the 

m olecules causes the stiffness o f  the b ilayer to increase w ith  an increase 

in the cholestero l content.

The addition  o f  resveratrol to  the PBS solution containing POPC/SM/ 

Chol m ixed  liposom es causes a gradual decrease in the va lu e o f  DPH 

fluorescence anisotropy, w h ich  stabilizes at h igher resveratrol concen

trations. Th is means that incorporation  o f  resveratrol in to the lip id  

m em brane is accom panied b y  an increase in the disorder o f  the hydro

phobic core o f  the m em brane and thus an increase in the flu id ity  o f  the 

membrane. Changes in DPH anisotropy values, caused b y  the addition  o f  

resveratrol, practica lly  are not observed fo r the POPC/SM system. The 

reason is that the lip id  acyl chains in these liposom es are so disordered 

that the DPH m olecu le can m ove almost com p lete ly  and is insensitive to 

the additional increase in m em brane flu id ity . The above conclusion 

regard ing the flu id izing e ffec t o f  resveratrol on the investigated lip id  

mem branes is analogous to that drawn from  the changes in the 

com pressibility modulus observed fo r m onolayers w ith  the same lip id  

com position. It is w orth  noting, how ever, that the va lue o f  the 

com pressibility modulus is determ ined b y  the g loba l com pressibility 

(flu id ity ) o f  the m onolayer, w h ich  is in fluenced by  both the hydroph ilic 

and hydrophob ic part o f  the m onolayer, w h ile  the DPH fluorescence 

anisotropy indicates the degree o f  flu id ity  o f  the hydrophob ic core o f  the 

membrane. O f course, the flu id ity  o f  the hydrophobic in terior o f  the 

m em brane can also be in fluenced by  the packing o f  the hydroph ilic 

groups o f  the lipids, w h ich  can to some extent ind irectly  be reflected  in 

the fluorescence anisotropy values o f  the DPH probe.

The final stage o f  our research was to  investigate the e ffec t o f  

resveratrol on the perm eab ility  o f  lip id  membranes. For this purpose, 

liposom e-encapsulated calcein  release tests w ere  perform ed. The results 

fo r resveratrol concentration o f  5 pM and 75 pM w ere  presented in 

Fig. 7 .
Com parison o f  curves fo r systems w ith  the same lip id  com position  

and d ifferen t resveratrol content indicates that an increase in resveratrol 

concentration results in faster release o f  calcein  from  the in terior o f  the 

liposomes. This is due to the flu id iz ing e ffec t o f  resveratrol on the lip id  

b ilayer. Th is e ffec t is probab ly a consequence o f  the w eaken ing o f  the 

interm olecu lar interactions betw een  lip ids as a result o f  their separation

Fig. 7. The time-course o f calcein release from the investigated liposomes at 
20 °C. The solid lines that connect the points are not a fitted function, but are 
only intended to facilitate tracking the course o f dependencies.

b y  the incorporated resveratrol m olecules, w h ich  makes the m em brane 

m ore perm eable to  hydroph ilic  m olecules. It is also w orth  noting that 

this e ffec t is preven ted by  cholestero l, the presence o f  w h ich  in the 

m em brane reduces the membrane's susceptib ility to  incorporation  o f  

resveratrol m olecules, and add itiona lly  seals the lip id  membrane, 

m aking it d ifficu lt fo r hydroph ilic substances to pass through it.

5. Discussion and conclusions

Because o f  its potentia l health benefits, resveratrol has becom e the 

subject o f  numerous scientific studies. The health-prom oting mechanism  

o f  action o f  resveratrol is not precisely  known but it is suspected that one 

o f  its steps m ay be the e ffec t o f  this com pound on lip id  membranes. 

Therefore, m ore and m ore studies are appearing on the interaction o f  

resveratrol w ith  lip id  m em branes using a va rie ty  o f  experim enta l tech

niques [4 1 -5 2 ]. A lthough a ll the results o f  the studies prove that 

resveratrol is incorporated into the m em brane, there is still an ongoing 

debate regard ing its location, orien tation  and the e ffect it has on the 

physicochem ical properties o f  lip id  membranes. Some researchers 

ind icate that resveratrol builds into the hydrophob ic core o f  the lip id  

b ilayer and orientates itse lf a long the hydrophob ic lip id  chains thus 

exerting an ordering e ffec t on the lip id  chains, as cholestero l does. These 

authors postulate that reveratrol's ordering e ffect leads to  the form ation  

o f  h igh ly  ordered resveratrol-rich domains and phase separation w ith in  

the m em brane [41,43 ]. O ther researchers, on the other hand, be lieve  

that resveratrol accumulates m ain ly in the reg ion  o f  hydroph ilic groups 

[ 42,44,47,50,52 ] adopting a m ore tilted  orien tation  [ 52], lead ing to  an 

increase in flu id ity  o f  the lip id  m em brane [44,47,51,52].

In order to take a stand in the discussion o f  the effects o f  resveratrol 

on  b io log ica l m ode l membranes, w e  conducted studies using tw o  com 

plem entary m odel systems, nam ely Langmuir m onolayers and lip o 

somes, w h ich  are ve ry  w id e ly  used m odel systems in the research on the 

properties o f  b iom em branes [2,32,34,35,5 3 -5 5 ]. Both m onolayers and 

liposom es contained naturally occurring lipids in m am m alian ce ll 

m embranes, that is, 1-palm itoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(PO PC ), sphingom yelin  (SM ) and cholestero l (C h o l) w ith  a constant 

ratio  o f  POPC to SM and increasing cholestero l content (5 , 15, 33.3 m ol 

% ). A ll tested systems w ere  subjected to  an increasing concentration o f  

resveratrol.

Studies on  m onolayer systems clearly  ind icate that resveratrol pre

sent in the aqueous subphase is incorporated into a ll the tested lip id  

film s, w h ich  is m anifested in the sh ift o f  n-A isotherms tow ard  larger



average surfaces per m olecule, and this e ffec t is greater the h igher the 

concentration o f  resveratrol and the m ore the m onolayer is fluid. In 

addition, am ong the POPC/SM/Chol ternary m onolayers, the smallest 

shift o f  isotherms under the in fluence o f  resveratrol is observed fo r the 

m onolayer containing the largest amount o f  cholesterol. Th is is also 

con firm ed by  the results o f  the study o f  resveratrol penetration into 

m onolayers w ith  d ifferen t cholestero l content, w h ich  prove that 

resveratrol is most strongly incorporated into the POPC/SM m onolayer, 

w h ich  does not contain cholesterol, and the w eakest into the m ixed 

POPC/SM/Chol film  w ith  the highest cholestero l content (33.3 m ol% ). 

This means that the increasing cholestero l content prevents the incor

poration  o f  resveratrol m olecules into the lip id  m onolayer. The above 

observation is also con firm ed by the values o f  the resveratrol partition 

coeffic ien t betw een  the lip id  and aqueous phases determ ined fo r the 

tested liposom al form ulations, w h ich  are the low er the h igher the 

cholestero l content in the b ilayer. This is the result o f  the ordering and 

condensing e ffec t that cholestero l has on phospholip id  membranes, 

w h ich  sign ificantly  hinders the incorporation  o f  resveratrol m olecules 

present in the aqueous phase into the membrane.

The results obta ined also ind icate that the incorporation  o f  resvera- 

tro l is accom panied b y  an increase in m em brane flu id ity . Th is is m an

ifested in both  the decreasing values o f  the com pressibility  modulus for 

the m onolayers and the decreasing values o f  the fluorescence anisotropy 

o f  the DPH probe observed fo r the tested liposom e systems. This means 

that the incorporation  o f  resveratrol in to  the m em brane leads to loos

ening o f  the lip id  packing and increases the disorder o f  the lip id  acyl 

chains. The studies conducted also ind icate that the incorporation  o f  

resveratrol in to the m em brane leads to an increase in its perm eab ility , 

w h ich  is the result o f  an increase in the disorder o f  lip ids in the m em 

brane and thus an increase in its flu idity.

The results o f  our research show ing the flu id iz ing e ffect o f  resvera- 

tro l on lip id  membranes seem  to  contradict the results obta ined b y  other 

authors w h o  b e lieve  that resveratrol is loca lized  in the m em brane core 

and exerts an ordering e ffec t on lipids. These authors, fo llow in g  syn

chrotron X-ray scattering and Forster energy transfer resonance (FRET) 

studies [ 41,43 ], show ed that resveratrol induces a phase separation 

betw een  the liqu id-ordered phase ( lo ) and the liqu id-d isordered phase 

( ld). In addition , using measurements o f  DPH fluorescence quenching by 

TEM PO  and tests o f  the resistance o f  lip id  b ilayers to detergent action 

(T riton  X-100 ), they suggested that the ordering and condensation o f  the 

m em brane increases w ith  increasing resveratrol concentration, w h ich  

sign ificantly  hinders the quenching o f  DPH fluorescence by  TE M PO  and 

increases the m em brane resistance to triton X-100 [41 ]. It is w orth  

noting, how ever, that in research on fluorescence quenching and resis

tance detergent assay, the authors d id  not take into account that the 

w eaker fluorescence quenching, as w e ll as the h igher concentration o f  

triton X-100, necessary for d isintegration o f  the m em brane, m ay be the 

result o f  the interactions o f  TE M PO  and triton X-100 w ith  resveratrol in 

the aqueous phase, w h ich  concentration increases and add itiona lly  de

pends on the exam ined system due to  a d ifferen t degree o f  m em brane 

penetration depending on its com position. The ordering e ffec t o f  

resveratrol on lip id  m embranes, sim ilar to  that o f  cholesterol, is rather 

unlikely i f  the structures o f  these compounds are compared. Resveratrol, 

unlike cholesterol, has three hydroph ilic groups, w h ich  are located on 

both sides o f  the m olecule. It seems reasonable, therefore, that resver- 

atrol w ill  accumulate in the reg ion  o f  hydroph ilic  groups by  adopting an 

orientation that a llow s the form ation  o f  hydrogen  bonds betw een  the 

-OH groups o f  resveratrol and the hydroph ilic groups o f  lipids. As a 

result, the incorporation  o f  resveratrol m olecules should be accom pa

nied by  an increase in m em brane surface area and flu id ity. A  decrease in 

m em brane ordering w ith  increasing resveratrol concentration has been 

found b y  several authors in studies using d ifferen tia l scanning ca lo

rim etry (DSC), in w h ich  a decrease in the phase transition tem perature 

from  the g e l state to  the liqu id  crystalline state (T m) w as observed 

[ 51,52 ]. Th is e ffec t w as also observed in studies o f  the fluorescence 

anisotropy o f  TM A-D PH  em bedded in the DPPC m em brane, w h ich  is

low er  in the presence o f  resveratrol [47 ]. This is also con firm ed by  the 

results obta ined b y  m olecu lar dynam ics methods, w h ich  show  that 

resveratrol incorporates m ain ly in the hydroph ilic group region, and its 

m olecules prefer to  be tilted, w ith  the most favorab le  angle o f  75 degrees 

a long the norm al m em brane, w h ich  increases the surface area o f  the 

lip id  b ilayer, reduces its ordering and reduces its thickness [ 52]. A lso, 

our results fo r lip id  m onolayers and b ilayers clearly  ind icate that 

resveratrol increases m em brane flu id ity . This does not m ean, how ever, 

that the studies ind icating that resveratrol induces phase separation 

betw een  the lo and ld states are w rong, but that the mechanism  is 

opposite i.e. resveratrol does not partic ipate in the form ation  o f  ordered 

domains but induces the form ation  o f  a disordered liqu id  phase that 

separates from  the ordered domains contain ing cholestero l and/or 

saturated lipids. Taking into account the above results, it seems that the 

resveratrol-induced increase in m em brane flu id ity  and decrease in its 

thickness should also be accom panied b y  an increase in its perm eab ility  

to  hydroph ilic  substances, w h ich  is con firm ed b y  our results. H ow ever, 

it  seems un likely that resveratrol reduces m em brane perm eab ility  to 

w ater m olecules, as observed b y  J. Ceja-Vega et al. [ 49 ]. Perhaps the 

decrease in m em brane perm eab ility  observed b y  them  is the result o f  the 

design o f  their m easuring system, in w h ich  lip id  m olecules adsorbed on 

drops o f  aqueous solutions as w e ll as resveratrol m olecules additionally  

interact w ith  the squalene in w h ich  they are placed, w h ich , how ever, 

requires further research.

In conclusion, our studies ind icate that resveratrol has the ab ility  to 

bu ild  into lip id  membranes, leading to  a change in their physicochem 

ica l properties. These changes include, above all, an increase in m em 

brane flu id ity , w h ich  in turn m ay lead to  disturbances in the a ctiv ity  o f  

transmem brane proteins or their translocation. S im ilarly, the incorpo

ration o f  resveratrol in to lip id  rafts can disrupt their functioning. 

Changing the activ ity  o f  lip id  rafts and m em brane proteins b y  increasing 

the flu id ity  o f  the lip id  m atrix m ay be one o f  the possible mechanisms o f  

action o f  resveratrol. In addition, our research m ay contribute to the 

deve lopm en t o f  the optim al com position  o f  liposom es, w h ich  can be 

e ffe c tive  carriers o f  resveratrol.
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