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ABSTRACT: Quercetin is a polyphenolic molecule that has a broad spectrum of biological
activities derived from its antioxidant property. Its mechanism of action has been explained by their
binding and/or interference with enzymes, receptors, transporters and signal transduction systems.
Since these important mechanisms generally occur in membrane environments, within and through
lipid bilayers, investigating the biophysical properties related to the diversity of lipid compositions
of cell membranes may be the key to understanding the role of cell membrane in these processes. In
this work, we explored the interaction of quercetin with model membranes of different lipid
compositions to access the importance of lipid phases, /d, /d/lo and ld+lo+so, to the action of
quercetin in bilayers and possibly contribute to the understanding of quercetin multiple activities.
Analysis of the influence of quercetin on the morphology and permeability of GUVs, rigidity of

LUVs and affinity to these vesicles showed that quercetin strongly partitions to the more



homogeneous environments, but strongly permeates and modifies the more heterogeneous ld+lo+so
vesicles (PC/SM/Chol). The rigidifying effect of Chol at 40% was enhanced by quercetin, while in
the PC/SM/Chol membranes, a dual behavior was observed: bilayers became more flaccid at low
quercetin/lipid proportions (< 1/5) and moderately rigid at proportions of the 1/1 order. Quercetin is
an important flavonoid for its high antioxidant properties and our results shed new light to quercetin

effects on lipid bilayers, and help to understand its wide range of physiological effects.

1. INTRODUCTION

Natural polyphenols are antioxidants widely distributed in plants, ubiquitous in the human
diet, present at small concentration, but especially important to inhibit lipid peroxidation, a serious
degenerative process in cells. The high affinity of flavonoids for membranes is responsible for their
rapid, localized concentration. The membrane concentrated presence of these antioxidants is related
to a full repertoire of activities in the prevention of oxidative processes as those occurring in

coronary heart diseases, cancer and age-dependent neuropathologies. *

The polyphenol quercetin, is a flavonoid with antioxidant properties attributed to the
presence of 5 hydroxyl groups in the structure (3,3°,4°,5,7-pentahydroxyflavone) bound to aromatic
rings and forming delocalized phenoxyl radicals within the structure. * Among quercetins’s
biological activities, there is evidence for protection against cardiovascular disease, anticancer and
antiviral effects®3, as well as antihypertensive and renal protective effects* and protection against

mitochondrial dysfunction, oxidative stress and inflammation induced by cholesterol.®

Important for quercetin antioxidant activity are the orientation in the membrane lipid bilayer,
the affinity and the distribution.® The oil/water partition coefficient of 1.8 (logP for curcumin = 3)
indicates the quercetin preference for the membrane environments®, moreover, also shown to
selectively prefer the membrane interface in relation to hydrophobic phases.” Indeed, at
physiological pH, quercetin interacts with polar head groups at the water/lipid interface.® This
partitioning of quercetin into the bilayer involves electrostatic interactions, as hydrogen bonds
between hydroxyl groups and polar groups of phospholipids, hydrophobic interactions with the acyl
chains and is affected by the geometry of phospholipids.®

Quercetin molecules are considered comparable to cholesterol in relation to location and



influence in the lipid bilayer. ®° Data obtained through anisotropy of fluorescent probes indicate
that anisotropy increases with quercetin concentration, indicative of a rigidifying effect on the
bilayer>51° as observed with bilayers containing cholesterol.!* This rigidifying effect of quercetin
was correlated with anticancer and antibacterial activities.>!® Additionally, calorimetry studies
(DSC) indicate a condensation effect, which was attributed to the flat structure of quercetin
enabling it to intercalate between the hydrocarbon chains.® Moreover, this latter work also suggests
that quercetin preferentially interacts with some lipids, segregating raft-like lo lipid domains which
are surrounded by lg lipids. One of these lipids would be sphingomyelin whose long acyl chains
could make space for quercetin interdigitation besides favoring polar interactions.® These effects,
responsible for higher heterogeneity in the membrane, lead to defects in their barrier property,

increasing the permeability.*

Recently, De Granada-Flor and colleagues'? investigated the interactions of quercetin with
biologically relevant membrane lipid bilayers. They compared its action in lipid compositions in the
lo and Id phases by observing high partition with low interference in the more fluid membrane
domains, but strong perturbation of the chol/sphingolipid enriched ones. The lipid composition
PC:SM:Chol is characteristic of plasma membrane outer leaflet and widely described in the
literature as lipid domain composition where different lipid phases may coexist.*** The presence of
these structures is able to alter the structural and physical parameters of the lipid membrane as we
show in the present work. We investigate the role of lipid compositions of higher and lower
homogeneity where different lipid phases were represented, as Id, Id/lo and Id+lo+so on the
interaction with quercetin. We analyzed the influence of quercetin on the morphology and
permeability of GUVs, on the rigidity of LUVs and the affinity to these vesicles. We found that
quercetin strongly partitions to the more homogeneous environments, but strongly permeates and
modifies the more heterogeneous Id+lo+so vesicles (PC/SM/Chol). The rigidifying effect of Chol
at 40% was enhanced by quercetin, while in the PC/SM/Chol membranes, a dual behavior was
observed: the bilayers became more flaccid at low quercetin/lipid proportions (< 1/5) and
moderately rigid at proportions of the 1/1 order. Quercetin is an important flavonoid for its high
antioxidant properties and studies with model plasma membranes are important to understand its
multitude of biological activities, including membrane-related signalling effects, as well as to

foresee new applications.

2. RESULTS

2.1 Quercetin Induces Lipid Domain-Dependent Leakage



To study the role of distinct lipid composition, relevant for mammalian cell membranes'®*®, on
the quercetin activity, GUVs composed by PC, PC/Chol (80:20 and 60:40) and PC/SM/Chol
40:40:20 were prepared and observed through phase contrast and fluorescence microscopies. The
experiment allows real time observation of changes in vesicle morphology and in phase contrast
intensity as a consequence of quercetin interaction. Examples of these observations are depicted in
Figure 1A-D and corresponding control experiments are shown in Figure S1, in which for each
lipid composition vesicles were diluted in buffer and observed at the same conditions. This control
showed that GUVs were stable, circular structures, whose phase contrast intensity was kept
unchanged throughout the observation period regardless of the lipid composition.

In general, all lipid compositions exhibited events of GUV brightness reduction as a result of
sucrose leakage. Despite this, the structure of the GUVs and their average diameters were
maintained. This membranolytic behavior was observed in all lipid compositions, but the frequency
of these events was shown to be lipid composition-dependent. The analysis of the occurrence of
these events showed that 38% and 35% of vesicles, respectively made of pure PC and of PC/Chol
80:20, lost phase contrast during the observation time lapse. Meanwhile, for the composition with
double cholesterol content, PC/Chol 60:40, just 15% of vesicles lost phase contrast, indicating that
increased Chol presence impairs sucrose leakage. In contrast, the presence of SM increased the
frequency of sucrose leakage reaching 65% of the observed vesicles.

This particular behavior in relation to the other lipid compositions might be attributed to the fact
that the composition PC/SM/Chol 40:40:20 is characteristic of phase coexistence presenting lipid
domains'®*17 what may be influencing the quercetin-lipid interaction. To explore further these
observations, GUVs containing fluorescent probes were also visualized for 30 minutes by
fluorescence microscopy under quercetin interaction. Control experiments, carried out in the
absence of quercetin, had already shown that the lipid compositions PC (100%) and PC/Chol (80:20
and 60:40) present uniformly bright images of vesicles, while the presence of SM results in the
coexistence of brighter and darker circular regions on the vesicles surface, showing that the
composition PC/SM/Chol (40:40:20) exhibits microscopic lipid domains (Figure S1). Fluid phase
domains display circular shape to minimize line tension and may coalesce upon contact as well as
bud out.'® Nevertheless, bud outs were not observed in the experimental conditions of the control
tests. Fluorescence images from PC/SM/Chol (40:40:20) GUVs show that quercetin contributes to
the coalescence of lipid domains, so that its initial configuration is altered by reducing the amount
of these structures and increasing their areas on the vesicles surface. At the end of the observation,
the vesicles remain with larger dark and shiny areas in comparison to those observed in the initial

images. This entire process was accompanied by leakage events and formation of denser regions



around the boundaries of vesicles could be observed in fluorescence and phase contrast images. The
observation of denser regions is not exclusive to the composition PC/SM/Chol, but it is common to
those containing Chol (Figure 1). Figures 1 B1, B2 and D1, D2 show these dense regions, as bright
spots, in fluorescence images recorded at different focal planes.
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Figure 1. GUV Microscopy. Phase contrast and fluorescence images of quercetin—lipid interactions
during 30 min observation. The observation chamber of 120 pL volumetric capacity was prepared
with 1 pL GUVs suspension in buffer and 21.5 umol L quercetin solution. A) PC (100%) phase
contrast and respective Al) fluorescence microscopy images of GUVS labeled with NBD-PE; B)
PC/Chol (80:20) phase contrast and respective B1) fluorescence microscopy images; B2)
fluorescence microscopy images under different focal planes to emphasize domain formation; C)
PC/SM/Chol (40:40:20) phase contrast and respective C1) fluorescence microscopy images; D)
PC/Chol (60:40) phase contrast and respective D1) fluorescence microscopy images; D2)
fluorescence microscopy images under different microscope focus. Chol containing GUVs were
labeled with TopFluor-Chol. The experiments were performed at 25 °C and pH 7.0. The bar is

equivalent to 10 um.

2.2 Vesicles permeability to quercetin is cholesterol concentration dependent

The phase contrast loss induced by quercetin on GUVs was accompanied along time. The images
were analysed to describe the sucrose leakage patterns at each experimental condition. Figure 2
shows this analysis. These results emphasize the differences between the leakage events due to SM
and Chol presence. Figure 2A shows for one vesicle of each composition that at the beginning of
observation there are constant average pixel intensities representing the time during which GUVs
rely intact and bright. This constancy is interrupted when the leakage process begins and may occur
abruptly or gradually, representing the average permeability (nm/s), until it reaches a plateau
representing that the system reaches an equilibrium condition. PC/SM/Chol vesicles showed the
most abrupt leakage profiles followed by PC (100%), PC/Chol (80:20) and (60:40) and exhibiting
the same tendency as the frequency of leakage events. The average time for the leakage to begin,
<t >, was also considered to evaluate the leakage process whose values for each lipid composition
are shown in Table 1. Results of <t_ > show that the leakage process begins on average more quickly
for the compositions PC and PC/Chol (80:20) followed by PC/Chol (60:40) and PC/SM/Chol. In the
presence of SM, there is a delay on the effects of the quercetin-membrane interaction, which could
be related to the coalescence of microdomains observed through fluorescence microscopy. The
decreasing of <t.> from SM vesicles to 40% Chol, to 20% Chol, to 0% Chol vesicles suggests that
an increasing homogeneity and/or decreasing rigidity of bilayers may affect the beginning of the
leakage process as discussed below.'”'® Examples of the calculation method for average
permeability are shown in Figure 2B and the results are expressed in Table 1. These results show
that in relation to PC and PC/Chol (80:20) the presence of SM increased the vesicles average

permeability in an order of magnitude, while double Chol content reduced it by an order of



magnitude. This behavior is also expressed by the distribution of GUVs permeabilities (Figure 2C),
where the opposite effects of doubling Chol content or substituting PC by SM can be noticed.
Considering that POPC is a low Twm lipid and its presence in binary and ternary mixtures
with Chol and/or SM might result in distinct lipid phase coexistence, the results obtained so far can
be addressed under the light of these elements. The binary mixtures fall within the Id/lo region on
the phase diagram obtained by Almeida and coll. at 23°C." The coexistence of both, liquid
disordered and liquid ordered phases, implies the existence of less homogeneous regions since these
regions, present in the bilayer, must accommodate in some way. A few bright dots could be seen in
the GUVs fluorescence microscopy at different focal planes, more frequently observed in PC/Chol
(60:40) (Figure 1B2 and 1C2). This raises the question that these binary mixtures may lead to the
formation of nanoscopic lipid domains and the literature reports the difficulty in detecting them by
conventional microscopy.'®2%22 Direct observation at nanoscale in binary supported lipid bilayers
with POPC showed homogeneous phases in the presence of cholesterol at 25 and 33 mol %, while
domains of about 100 nm radii were characterized at 50 mol % Chol and 24 °C.® Considering that
the sole presence of bright dots does not characterize lipid domains, the findings of Sarangi et. al'®
support the similarities of behavior we found for PC (100%) and PC/Chol (80:20), since these
compositions can present the highest homogeneity degrees. The 40% Chol mixture displays ld/lo
coexistence with regions where lipid packing tends to be more ordered than the 20% Chol mixture.
This is in agreement with the reduced frequency of leakage events and membrane permeability that
were found due to the increase in Chol content. However, the ternary mixture is located in the
Id+lo+so region®’, which gave rise to the observation of lipid domains on a micrometric scale, and
corresponding to a bilayer of lower homogeneity that intensified the quercetin membranolytic
activity. It is important to consider that in this condition, it is still possible to have the coexistence
of domains in nano- and micro metric scales since the presence of one does not exclude the
presence of the other.?® Lastly, if we notice that the differences between PC/Chol (80:20) and the
ternary mixture are the SM presence and the Twm of lipids (low for PC vs high for SM), they took the
system to a condition where the difference in the homogeneity of the bilayer affected the membrane

barrier characteristics as evidenced by a more intense leakage.
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Figure 2. Permeability data. A) Example of sucrose leakage profile acquired from pixel intensities
after analysis by ImageJ Software of the phase contrast time lapse data. B) Illustrative graphic
calculation of GUVs permeability induced by quercetin during the time lapse in the phase contrast
experiments. Blue lines represent linear fit from which slopes result on permeability parameters. C)
Distribution of individual GUV permeability results for each lipid composition. Lines represent the

statistical Gaussian distribution evidencing the average results.



Table 1. Average permeability induced by quercetin on distinct lipid bilayers, average time for the
leakage to begin, <t.>, and the respective number of vesicles observed, N.

Average permeability Average <t >(s) N

(nm/s)
PC | 42.0+21.4 262 + 44 8
PC/Chol (80:20) | 33.6 +18.0 291 + 48 7
PC/SMI/Chol (40:40:20) | 478.8 +126.0 569 + 130 13
PC/Chol (60:40) | 54+0.2 336 + 67 3

2.3 Chlorophyll emission anisotropy shows that Quercetin stiffens bilayers with 40% Chol.

The fluorescent probe chlorophyll a, added to the lipid mixtures in LUVs preparation, reports
changes in lipid packing order induced by the quercetin—lipid interaction.® Chlorophyll a locates its
fluorescent macrocycle group at the polar headgroups region of the lipid bilayer, at the water
interface, and its phytol chain in the acyl chain region.® Increased acyl chain order can be related to
increased average fluorescence emission anisotropy values, while the reduction of these values is
related to a less ordered packing.?* Figure 3 shows the results obtained for increasing quercetin
concentration. In the absence of quercetin, r values are characteristic of the LUVs lipid composition
and correspond to the fluidity order of each lipid bilayer; r = 0.030 = 0.001 for PC, r = 0.034 *
0.002 for PC/Chol 80:20, r = 0.036 + 0.001 for PC/SM/Chol 40:40:20, and r = 0.041 £ 0.001 for
PC/Chol 60:40. The presence of increasing Chol contents increased the average r values. Chol
increases membranes’ stiffness by decreasing molecular free-volumes and increasing the order of
the lipid acyl chains.®® When quercetin was added, r values generally increased with the
concentration for all lipid compositions tested. However, Ar values were smaller for PC and
PC/SM/Chol 40:40:20, +0,007 and +0,006, respectively, considering the highest quercetin
concentration, 25 and 50 pmol L. For the intermediary concentrations, r in PC showed a tendency
to higher values, especially at concentrations < 10 umol L™, while in PC/SM/Chol the tendency was
to lower r values. For PC/Chol vesicles maximum Ar values were +0,029 in PC/Chol 60:40 and
+0,009 in PC/Chol 80:20. The highest r value obtained in PC/Chol 60:40, indicative of the highest
packing order and a stiffened bilayer, corresponds to the lowest estimated permeability (Table 1).
Contrasting, PC/SM/Chol (40:40:20) exhibited an initial fluctuation followed by modest r increase
suggesting that quercetin is able to reduce somewhat the lipid packing order under lower
quercetin/lipid molar ratio. Earlier studies with curcumin showed its ability to steadily decrease
membrane rigidity in a range of lipid compositions including the presence and absence of SM and
Chol among other lipids, with exception of vesicles containing 40% Chol.!! Shortly, either

quercetin or curcumin increase lipid packing order when 40% Chol is present. Again, the



differences between PC/Chol (80:20) and the ternary mixture emphasize the role of SM in leading
to the highest average permeability of a more flaccid membrane, more prone to the passage of water
and solute molecules under quercetin influence.

The comparison of the results of PC and PC/Chol (80:20 and 60:40) give rise to a discussion
about the role of cholesterol in the interaction of quercetin with these membranes. Our results show
the intermediate situation of PC/Chol (80:20) where lo/ld phases coexist, and in this homogeneous
system?®® quercetin promotes a limited increase in lipid packing order. However, at 40% Chol in the
mixture, the effect of quercetin increasing membrane stiffness becomes more pronounced. Thus,
quercetin increases the bilayer rigidity at 40% Chol content as curcumin does, but at 20% Chol
content quercetin shows an increase in the bilayer rigidity while curcumin shows the opposite.**

Ing6lfsson et al.?® found that besides curcumin other phytochemicals are located in the
bilayer/solution interface, suggesting a common mechanism that seems to be valid for quercetin as
well.?” In the absence of Chol, quercetin fluidizes the membrane and interacts with the hydrophilic
head groups of lipids. Once hydrogen bonds are formed between these polar head groups and the
hydroxyl groups of quercetin, they have the effect of posing a barrier to quercetin entry deep into
the hydrophobic part of the membranes.?’” In this sense, as quercetin is able to establish more
hydrogen bonds than curcumin due to the presence of more hydroxyl groups this may lead to a
more superficial interaction with the lipid bilayer. Our results showed that quercetin made the
POPC membrane more flaccid at 1:20 quercetin:lipid molar ratio, what is not observed above the
1:10 ratio when quercetin tends to moderately rigidify the lipid bilayer in agreement with de
Granada-Flor et al.*? and with the condensing effect at 1:1 quercetin/lipid ratio observed in DSC
experiments by Tarahovsky et al.’. De Granada-Flor et al.? also performed molecular dynamic
simulations in POPC and POPC/Chol (1:1) bilayers showing that quercetin presents a deeper
penetration in the Chol absence. We suggest that the presence of Chol hinders the interaction of
quercetin, reducing its consequences, as indicated by the microscopy data. Furthermore, at 25°C,
POPC is in the liquid disordered phase and quercetin accommodates easier in systems enriched in
this lipid than in a more ordered system as those containing Chol and exhibiting the coexistence of

Id and lo phases.
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Figure 3. Chlorophyll an emission anisotropy. Changes on chlorophyll an emission anisotropy
induced by increasing concentrations quercetin. Lipid concentration 50 umol L. Blue stars are
relative to de Granada — Flor et al. (2019).

2.4 Affinity parameters of quercetin to phospholipid bilayers.

The affinity of quercetin for phospholipid bilayers was evaluated through
spectrophotometric titrations and through the steady state emission anisotropy of quercetin.
Molecular lipid/water partition coefficients (Kp) in vesicles were determined considering the effects
of Chol levels, at 0, 20 and 40% and the presence of 20% SM. Figure 4A shows quercetin spectra
obtained in the absence (in buffer) and in the presence of the different vesicles. Changes on the
quercetin absorbance spectra were registered at each lipid addition. In the absence of lipid, the
maximum wavelength was exhibited at 372 nm, but as soon as LUVs suspension was added,
increasing intensity on the spectra were observed. Figure S2 exemplify these changes for PC
(100%) lipid composition. In all lipid compositions quercetin showed increased absorbance as a
function of lipid addition. Additionally, shifts to higher wavelengths were observed as a
consequence of quercetin-lipid interaction, reaching a maximum redshift change of 9 nm for PC
(100%) and a minimum of 5 nm for PC/SM/Chol (40:40:20) (Figure 4B). The increased absorbance
and the bathochromic effect correspond to quercetin moving from an agueous environment to a
more hydrophobic one.?

The determination of Kp is illustrated in Figure 4C, where an isotherm curve is plotted
showing the normalized absorbance intensities as a function of lipid concentration, and then
adjusted by a non-linear fit according to eq. 2.2% Table 2 shows the partition coefficients obtained
for each lipid composition. These results showed that quercetin partitions into the lipid bilayers in a

lipid composition-dependent way. Similarly, to curcumin®!, Chol at 20% does not reduce quercetin



partitioning in relation to PC vesicles. Nevertheless, Kp values are reduced at 40% Chol and in the
presence of 20% SM, which correlate to the fact that higher ordered lipid bilayers reduce Kp values
when compared to the less ordered ones.?

The determination of Kp was also performed through changes on quercetin emission
anisotropy to confirm absorptiometry results. Under lipid titration, quercetin tends to increase
anisotropy values in all analysed compositions (Figure 4D). This result is a consequence of
quercetin-lipid interaction and reflects the loss of the rotational diffusion of the flavonoid bound to
the lipid phase. Chol content showed to be a strong influencer on the anisotropy changes. In
addition to causing an increase in lipid packing, in the presence of 40% Chol the affinity of
quercetin was confirmed to be significantly reduced and the absence of Chol or its presence at 20%
showed the highest partitioning (Table 2).

Similar Kp results were also found by de Granada-Flor et al.'? for quercetin interactions with
PC (100%) and other lipid compositions that represented liquid ordered and liquid disordered
phases. In this sense, we found that quercetin has a dual affinity pattern on the compositions
presenting ld/lo phase coexistence, which depends on their homogeneity level. The apparently
controversial behavior in the Id/lo lipid bilayers, in which for 20% Chol we have the highest Kp,
while at 40% we have the lowest one, suggested that the homogeneity level should be considered.
In fact, there is a high affinity for the lipid composition in the Id phase (PC 100%), but there is an
even greater affinity for the homogeneous composition in a ld/lo phase (PC/Chol 80:20).'° These
observations are reinforced by the spectral shifts found under the same experimental conditions,
which indicate that quercetin migrates from the aqueous environment to the membrane
microenvironment more intensely for the most homogeneous compositions. The compositions of
lower homogeneity reduce quercetin affinity possibly due to the smaller extension and number of
liquid disordered regions where quercetin could interact deeply. Movilenau and coll.® found that
quercetin molecules penetrate the DMPC lipid bilayers by intercalating between the flexible acyl
chains of the phospholipids depending on the pH of the medium, and showing that at physiological
conditions it translocated to the polar part of the lipid bilayer. The same tendency for quercetin
incorporation into lipid membranes was investigated by Kosinova et al.*°, who showed that
quercetin derivatives penetrate the lipid bilayer and that the depths of penetration depend on
molecular charge and on the substituent groups in quercetin structure.*

Comparing to PC 100% and PC/Chol 80:20, bilayers with 40% Chol show a more ordered
lipid packing, which is indicated by the results of the anisotropy of the chlorophyll probe,
partitioning is reduced and quercetin assumes mostly a more superficial location. This bilayer is

also less homogeneous and more rigid than the others and presents nanoscopic lipid domains. 1319



But, at 20% Chol and 40% SM, the bilayer becomes less ordered, more heterogeneous and less rigid
than the PC/Chol 60:40, also showing microscopic lipid domains. These features do not affect the
partitioning and both present similar Kp results. However, the membrane becomes more susceptible
to the leakage process. In this sense, inhomogeneity also does not guarantee a unitary mode of
action for quercetin. The SM-containing bilayer presents micrometric and probably also nanoscopic
domains (Id+lo+so) and has already been hypothesized to allow for the interdigitation of quercetin
molecules, which become defects in the barrier features of the bilayer, facilitating the leakage of

internal contents.®
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Figure 4. Quercetin partitioning to LUVs of different composition. A) Quercetin (21.5 pmol L)

absorption spectra in the absence (Amax= 372 £ 2 nm) and in the presence of lipid vesicles at 100



umol L™ (Amax values are shown on table S1). B) Wavelength shifts, AA, of the maximum spectral
absorbance fluorescence for quercetin in the presence of lipid vesicles. C) Partition isotherms
obtained from quercetin — lipid spectrophotometric titrations. Changes on quercetin (21.5 umol L?)
absorbance, induced by increasing LUVs concentration from 0 to 600 umol L™ at fixed wavelenght,
were obtained and normalized. Solid lines resulted from non-linear fit to Eq. 1 and the obtained K,
are shown on table 2. D) Quercetin fluorescence anisotropy under LUVs titration. Changes on
quercetin fluorescence anisotropy, were obtained under lipid additions ranging from 0 to 700 pmol
L. E) Partition isotherms acquired from quercetin — lipid fluorescence anisotropy titrations. Solid
lines resulted from non-linear adjust fit to Eq. 2 and the obtained K, are shown on table S2.

Experiments were performed at 25 °C and pH 7.0.

Table 2. Partition Coefficients obtained through Absorbance intensities quercetin as a function of

increasing lipid concentrations at distinct lipid compositions.

LIPID COMPOSITION Abs Ke (10%)
PC 1.00 +0.10
PC/ Chol (80:20) 1.60 0.30
PC/ SM /Chol (40:40:20) 0.48 +0.03
PC/Chol (60:40) 0.43 +0.03

3. Experimental

3.1 Chemicals

The following phospholipids, supplied by Avanti Polar Lipids (Alabaster, AL), were used: 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (PC), Sphingomyelin (Egg Chicken, SM),
Cholesterol (Chol) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-
2,1,3benzoxadiazol-4-yl) (ammonium salt) (NBD-PE). Quercetin, TopFluor-Chol and Chlorophyll a
were supplied by Sigma-Aldrich Co. (S.Louis, MO). Other chemicals were high-quality analytical

or spectroscopic grade.



3.2 Quercetin solution and Buffer preparation

Quercetin solutions were prepared in amber glass vials by diluting 2 mg in 1.5 mL of 0.6% (v/v)
dimethylsulfoxide (DMSQO) due to its low solubility in pure water. DMSO was kept below 0.6%
(v/v) to avoid effects on the vesicles. The experiments were carried out at pH 7 with buffer made of
10 mM HEPES whose ionic strength was made compatible with the physiological environment by
using 150 mM NacCl.

3.3 Vesicles preparation

Lipid stock solutions in chloroform were mixed to give the following compositions (mol/mol):
PC (100%), PC/Chol 80:20, PC/SM/Chol 40:40:20 and PC/Chol 60:40. Mixtures were used to form
lipid films through solvent evaporation under nitrogen flux followed by drying under vacuum for 3
h. These samples could additionally contain chlorophyll a for fluorescence anisotropy
measurements, or the fluorescent probes NBD-PE (for PC GUVs) or TopFluor-Chol (for Chol
containing GUVs) for fluorescence microscopy assays, at 0.5 mol% in each case. Suspensions of
GUVs (at 1 mg L) or LUVs (at 5 to 10 mmol L) were obtained by hydrating these films with 300
mmol L sucrose solution or HEPES buffer, respectively, at room temperature or at 50°C for
vesicles containing Chol or SM, respectively.

GUVs were prepared by the electroformation method.®* For this, 20 pL of the desired
phospholipid solution were deposited on ITO conductive plates. After solvent evaporation the
electroformation chamber was prepared, by using a Teflon spacer and silicone grease, and filled
with 1 ml of sucrose solution. The chamber was connected to a generator of alternating current at
10Hz and 1mV for 2h at room temperature or at 50°C for vesicles containing Chol or SM.

LUVs suspensions were extruded 6 times through 400 nm polycarbonate membranes and then
11 times through 100 nm membranes in the Avanti Mini extruder. LUVs were kept under
refrigeration, protected from light and used within 24h of preparation. LUVs were obtained with an
average diameter of 120 to 130 nm and polydispersity index ranging from 0.09 to 0.15 as confirmed
by dynamic light scattering with a Zetasizer NanoZS (Malvern Instruments, Worcestershire, U.K.).
3.4 Microscopy of GUVs

Aliquots of GUVs suspension (1uL) were diluted with 10 mM HEPES buffer in a 120 pL
observation chamber coated with 10% bovine serum albumin.3? To avoid osmotic pressure effects,
the osmolarity of the sucrose (inside GUVs) and buffer solution (outside) were checked with an
osmometer (Osmette A 5002, Precision Systems, Inc., USA) and carefully matched. The different
solvents inside and outside GUVs provided differences in refractive index and density required for

observation under the phase contrast microscope (Zeiss Axiocam IC -Zen Lite 2012, Jena, Germany



equipped with CCD camera) and stabilized GUVs by gravity. After GUVs suspension settled in the
chamber, a quercetin solution was added at 21.5 umol L. From each lipid composition, at least 20
vesicles with diameters ranging from 20 to 30 pum were individually observed for 30 minutes under
40x phase contrast objective. Vesicles that lost phase contrast induced by quercetin were counted to
calculate the number (%) of these events. Fluorescence images (U-LH100 Hg lamp and 460- 490
nm excitation filter) were taken to monitor other possible morphological changes during and/or
after each observation. In addition, control experiments were performed at each lipid composition in
the absence of quercetin through GUVs observation in buffer for a period of 30 minutes.
3.5 Permeability Estimative

The set of GUVs observed by phase contrast microscopy on time-lapse mode were analyzed
with the help of ImageJ software for imaging analysis that calculate vesicle permeability as a
function of quercetin interaction for vesicles that lost phase contrast. Thus, the sucrose leakage
profile was obtained from the phase contrast gray-level changes measured along the GUV edge as a
function of time for each GUV. The phase contrast average intensity might be evaluated from:

(Iedge,t_ Ibackground,t)
c(t) = (1)
(Iedge,o_lbackground,o)

where, ledge is relative to maximum average intensity at the edge of the vesicle, lpackground IS relative
to the background, and sub index 0 is relative to the initial instant of observation. The c(t) assesses
the GUVs permeability induced by quercetin through the linear fit of the slope in the plot —
R/3In(c(t)) vs t, in which R is given by the GUV radius.*
3.6 Chlorophyll emission anisotropy

The fluorescent probe chlorophyll a might be used as a reporter of the phospholipid acyl chain
order through emission anisotropy measurements.® LUVs suspension at 50 umol L phospholipid
concentration, whose films contained this lipophilic fluorescent probe, were titrated in PMMA
cuvettes (Sarstedt ref. 67755) by adding aliquots of the quercetin solution. For these measurements,
excitation and emission wavelengths were set at 430 and 678 nm and bandwidths at 2 nm and 1 nm,
respectively, in an ISS PC1 spectrofluorometer (Urbana Champaign, IL, USA) equipped with Glan-
Thompson polarizers. The excitation and emission pathways were set at 90° and 0°, respectively,
during 21 iterations, at 25°C. The fluorescence anisotropy (r) was calculated using the equation r =
(F|| — GFL)/(F|| +2GF L), where F|| is the fluorescence emission intensity parallel to the excitation
plane, FL is the normal component to the same plane, and G is the instrumental factor.
3.7 Spectrophotometric titrations
Spectrophotometric titrations were carried out to obtain quercetin partition coefficients, Kp, at each

vesicle composition. Quercetin solutions in buffer were prepared at 21.5 umol L™ and titrated at



25°C by the addition of aliquots of LUVs, whose final concentration ranged from 0 to around 600
umol L. PMMA cuvettes (Sarstedt ref. 67755) of 10 mm path length were used. At each aliquot
added, an absorption spectrum was recorded from 300 to 650 nm with a UV-Vis spectrophotometer
Shimadzu UV2600 model (Shimadzu Corp., Japan). Spectra were corrected for dilution effects on
quercetin concentration and scattering effects of vesicles. This latter correction was made by
titrating the vesicle suspension in the absence of quercetin for each lipid composition. The intensity
of maximum absorbance was obtained from each spectrum by the second derivative method* and
used to obtain the isotherms curves for Ke determination by fitting the plots with:

Abs(L) __ Absmax KpL [L]
Absy 1+ ( Absg 1) 14+Kp L [L] (2)

where Abs(L), Absg and Absmax are, respectively, the absorbance in the presence of LUVs, in the
absence and the maximum absorbance obtained; [L] is the phospholipid concentration; Kp is the
molecular lipid/water partition coefficient, and y_ the molar volume of the lipid.?® Duplicate
experiments were performed. A previous experiment in which quercetin in the concentration range
of 0 to 25 umol L was titrated into buffer and into vesicles suspensions (100 umol L) confirmed
that no deviation of the Beer-Lambert law occurred and no signs of insolubility effects appeared.
Quercetin intrinsic fluorescence was used to monitor its emission anisotropy and access the
partition coefficients in the different lipid compositions by an alternative method. Excitation and
emission wavelength were set at 460 and 540 nm, respectively, with bandwidths of 2 nm, and using
a 1 cm path length quartz cell. Changes on the quercetin anisotropy fluorescence were determined
by titrating solutions made of 21.5 pmol L flavonoid total concentration with increasing aliquots
of LUVs suspension. The experiments were performed in the ISS PC1 spectrofluorometer and the
same conditions as detailed in section 2.6. Partition coefficients, Kp, resulted from the nonlinear fit

of the plot r/ro vs lipid concentration according to the expression:?

-1_ (Lo 7L
)T D+ Keg -
w (LD i-1+ KpCLPL
EWew)

where r is the average anisotropy, rw is the average anisotropy in buffer, & being the molar
extinction coefficient, ¢ the quantum vyield, y_ the lipid molar volume and [L] the lipid

concentration. Sub-indexes L and W represent lipid and aqueous phase, respectively.
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Figure 5. Schematic representation of quercetin interaction with the studied model membranes,
where the homogeneity favored partitioning of quercetin molecules and heterogeneity distinctly
affected the permeability. Higher heterogeneity with the presence of microdomains and possibly
nanodomains increased permeability. Presence of nanoscopic domains decreased membrane
permeability. Symbols: black, PC lipids; yellow, Chol; red, SM lipids and green, quercetin

molecules.
4. Conclusions

Quercetin is a polyphenolic molecule that has diverse/promiscuous biological activities.? The
cell membrane concentrates the available quercetin molecules, being a strongly related component
of its mechanism of action, and turning the investigation of biophysical properties an important step
in advanced studies of quercetin-membrane interaction. Figure 5 illustrates our suggestion for the
mechanism of quercetin interaction with different model membranes. We observed that quercetin
induces lipid domain-dependent permeability, that is, when high heterogeneity conferred by
micrometric lipid domains is present, strong permeability occurs, while in the presence of
nanoscopic domains the permeability is refrained. Exploring the interaction of quercetin with model
membranes of different lipid compositions is our strategy to access the importance of lipid phases,
Id, Id/lo and ld+lo+so, to the action of quercetin in bilayers and possibly contribute to the
understanding of quercetin multiple activities. The microscopy results showed that the average
permeability induced by quercetin in the different lipid bilayers is dependent on the presence of
lipid domains. PC/SM/Chol (40:40:20) GUVs exhibited micrometric lipid domains, which coalesce



during the interaction, and promote average permeability to at least ten times larger levels than
observed with the other lipid compositions. In spite of the different heterogeneity of these bilayers,
observed in the microscopy studies, and the spectrophotometric data showing that PC/SM/Chol
(40:40:20) bilayer is less ordered than PC/Chol 60:40, these different features did not impact the Kp
values which are similar. In contrast, quercetin showed greater affinity for the PC (100%) and
PC/Chol (80:20) compositions, which are more homogeneous and have greater extension and
number of liquid disordered regions. In this sense, inhomogeneity played an important role in the
interaction of quercetin with the studied membranes, but it did not guarantee a unique mode of
action for quercetin. The presence of SM led to the formation of micrometric and probably also
nanoscopic domains corroborating the hypothesis that quercetin molecules interdigitate between
lipids, allowing the opening of defects in the lipid bilayer and increasing the permeability of the

membrane.
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