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Abstract: Quercetin and rutin, two widely studied flavonoids with applications foreseen in the

sectors of pharmaceutical and cosmetic industries, have been chosen as model compounds, for a
detailed structural and dynamical investigation onto their influence on fluid lipid bilayers.
Combining global small angle X-ray scattering (SAXS) analysis with molecular dynamics (MD),
various changes in the properties of Dioleoyl-Phosphatidylcholine (DOPC) bilayers have been
determined. The solubility of quercetin in DOPC membranes is assured up to 12 mol%, whereas
rutin, with additional glucose and rhamnose groups, are fully soluble only up to 6 mol%. Both
flavonoids induce an increase in membrane undulations and thin the bilayers slightly (< 1 A)ina
concentration dependent manner, wherein quercetin shows a stronger effect. Concomitantly, in the
order of 2-4% the adjacent bilayer distance increases with the flavonoid’s concentration. Partial
molecular areas of quercetin and rutin are determined to be 26 and 51 A2, respectively. Simulated
averaged areas per molecule confirm these estimates. A 60° tilted orientation of quercetin is
observed with respect to the bilayer normal, whereas the flavonoid moiety of rutin is oriented more
perpendicular (a-angle 30°) to the membrane surface. Both flavonoid moieties are located at a
depth of 12 and 16 A for quercetin and rutin, respectively, while their anionic forms display a
location closer to the polar interface. Finally, at both simulated concentrations (1.5 and 12 mol%),
DOPC/rutin systems induce a stronger packing of the pure DOPC lipid bilayer, mainly due to

stronger attractive electrostatic interactions in the polar lipid head region.



Introduction

There has been a growing interest in the research on natural dietary flavonoids due to their
versatile therapeutic potentials in the treatment of several diseases for the past decade. A number
of epidemiological and pre-clinical evidence suggest that flavonoids can act as antioxidant, anti-
cancer, anti-inflammatory and immune-modulating agents." > * Aglycone quercetin and its most
prominent glycoside form rutin are major flavonoids in the human diet, and they are widely
distributed as secondary metabolites in many fruit and vegetables including apples, onions,
buckwheat, tea, and wine.* Quercetin and rutin have already been marketed as over-the-counter
food supplements against allergic inflammation, i.e., allergic rhinitis and asthma, and their
curative effects for other diseases are under investigation.>® Some of these plant-derived natural
products are expected to at least partially eliminate side-effects of synthetic drugs while
promoting health benefits.

However, relevant pharmacological properties of flavonoids are still matter of ongoing studies
and debate, as just recently examined in a systematic review.’ Questions regarding flavonoid’s
low absorption and bioavailability, metabolism and the safety of dosage remain big challenges to
tackle. For example, most flavonoids are not very soluble neither in water nor in oil, which partly
explains their low bioavailability. Recent attempts have focused on improving this bioavailability
for flavonoids by encapsulating them into lipid-based formulations to harness their therapeutic
potentials. One of the promising delivery systems for encapsulation of flavonoids are liposomes.®
These nanoscale structures are spontaneously formed as vesicles upon dispersion of
phospholipids in water, in which an aqueous volume is entrapped within this lipid self-assembly.
These vesicles have been reported to be effective delivery systems for a variety of bioactive

molecules from drugs to low-soluble nutrients and allergens.” '* Manufacturing vesicle delivery



systems should ideally offer (i) enhanced biocompatibility, (i1) optimized compound load, and
(111) reduced toxicity at target sites. Moreover, molecules with different physicochemical
properties, such as hydrophilicity, hydrophobicity, and amphiphilicity, can all be encapsulated
into liposomal formulations, possibly locating at different compartments, namely in the inner
aqueous compartment, in between the lipid chains of the membrane, or at the inner lipid-aqueous
interface. Liposomes in the form of vesicles can also be designed to mimic biomembranes, "'
which may facilitate their delivery action at the biological target.

Biomimetic membranes, whose composition and morphology can be perfectly tailored, provide
highly versatile models to study the interactions between flavonoids and the lipid membranes of
liposomes. Considering their easy formulation at reduced costs compared to working with living
cells, such artificial membranes can serve new pharmaceutical developments, allowing to study
the effects of incorporated bio-molecules in a lipidic environment. For example, when flavonoids
partition in biomembranes, they may change their physical properties such as fluidity/rigidity
and thickness. Understanding the way flavonoids change these parameters is of significant
importance as this may be (in)directly linked to therapeutic potentials, as seen by the observed
impact of some flavonoids on fluidity.'? Another example of a key biological action of
flavonoids directly attributed to their impact on biomembranes is their capacity to influence the
lifetime of model ion channels, such as gramicidin A.'>'*

In our previous work, we provided (i) a summative view about the current knowledge available
on flavonoid interactions with planar membranes, established (ii) a structure-activity relationship
between flavonoids and monolayer model systems through supported monolayers on Pt/Hg
electrode, and observed (iii) the film stability through free-standing monolayers at an air-water

interface. '° In a complementary approach, this paper will report on the quantitative analysis of



the interactions between two prototypical flavonoids, quercetin and rutin (Figure 1) and
multilamellar vesicles (MLVs) of Dioleoyl-Phosphatidylcholine (DOPC), using Small-Angle X-
ray Scattering (SAXS). The aim of this study is to access detailed information on (i) bilayer
structural changes such as membrane thickness, water layer thickness (the distance between
adjacent bilayers), and (ii) mechanical properties concerning bilayer fluidity and undulations in
the presence of quercetin and rutin. To get a better insight into the localization and orientation of
flavonoids within the DOPC bilayer, molecular dynamic (MD) simulations were carried out,
which also provided information about membrane alteration in the presence of both quercetin

and rutin in their charged and neutral forms.
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Figure 1. Two-dimensional view of the chemical structure of quercetin (a) and rutin (b). Note, red
arrows between two phenyl rings (A and B) of flavonoid skeleton define vectors used to calculate
molecular orientation with respect to the z-axis, perpendicular to membrane surface (rf. to MD
simulations).



Materials and Methods

Sample Preparation for the X-ray Experiments

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) with the purity of > 99% was purchased
from Avanti Polar Lipids (USA). Quercetin dihydrate and rutin trihydrate (quercetin-3-p-D-
rutinoside) were supplied by Sigma-Aldrich (Germany). Phosphate buffered saline (PBS)
powder was obtained from Sigma-Aldrich and used to prepare the pH 7.4 buffer solution using
deionised water (Millipore Inc., Q = 18.2 MQ.cm) to achieve 0.01 M PO4*, 0.138 M NaCl and
0.0027 M KCI. Ethanol (absolute, AR, Merck) was used as received without further purification.
For the X-ray experiments, MLVs were prepared according to standard protocols.'” Briefly, a
DOPC stock solution was made by dissolving 10 wt. % of lipid in ethanol. The quercetin- and
rutin-containing stock solutions were also prepared by dissolution in ethanol and then each
mixed with the DOPC solution resulting in a range of concentration 0-24 mol%. Each mixture
was vortexed for 2 minutes and the solvent was evaporated in a vacuum oven for 24 h at 30 °C at
0.01 mbar to secure that all traces of EtOH were removed. After obtaining dry thin films at the
bottom of the sample tube, appropriate amounts of diluted buffer solution (90 uL) with 0.1 mM
1onic strength and a pH 7.1 (PBS buffer diluted 100x to prevent osmotically induced
inhomogeneity of MLV bilayer stacking) was added into the sample tube to fully hydrate the

films and were continuously vortexed for half an hour to fully hydrate the film and form MLVs.

X-ray scattering experiments
The SAXSpace instrument (Anton Paar, Graz, Austria) is equipped with a sealed-tube Cu
anode X-ray generator. It was operated at 40 kV and 50 mA and chilled by a closed water circuit.

The line-focus camera (Anton Paar, Graz, Austria) uses Cu-Ka radiation with a wavelength 4 =



0.154 nm. For current experiments, the minimum accessible scattering vector value, gmin, was
0.05 nm™ (g = 4n/A sin(6), where 20 is the scattering angle). Silver behenate with a known
lamellar spacing of 5.84 nm was used to calibrate the scattering vector modulus ¢.'® In order to
identify the precise position of the primary beam and the transmission correction of the scattering
profiles, a semi-transparent beam stop was used.

Reusable vacuum-tight quartz capillary (Anton Paar, Graz, Austria) with an outer diameter of
I mm was used to study fluid samples. The temperature was controlled by a remote-controlled
sample stage (TCStage 150, Anton Paar, Graz, Austria) with a precision of 0.1 °C. The
SAXSpace is equipped with a Mythen micro-strip X-ray detector (Dectris Ltd, Baden,
Switzerland). Three separate recordings each with an exposure time of 600 sec were averaged to
obtain the final scattering profile.

Background corrected SAXS patterns were analysed by the application of the modified Caillé
theory and the evolutionary technique of Particle Swarm Optimization (PSO) has been applied

17.18 in order to avoid false local minima fitting solutions. PSO is a

for the global fitting analysis,
modern optimization technique which is inspired by the social behaviour of flocks of birds and
its algorithm bases on a population of candidate solutions, called particles, ‘flying’ through the
problem space.'® In our case, each particle is defined as a multi-dimensional vector with each
index representing an input parameter of the fitting routine according to the modified Caillé
theory. In addition, we used a batch-fitting approach in which all the experimental patterns
obtained during a temperature scan were fitted together Physically meaningful constraints were
applied in the batch fitting, leading to a more precise estimation of the fitting parameters. This

included constraints on the fluctuation parameter to increase and the bilayer thickness to reduce

by increasing the temperature. The technique and underlying premises have been described



previously in detail.**?! (for a review see reference®” and refer for further details to the X-ray
Scattering Optimization Methods in the Supporting Information). The bilayer model used and its
applications have been presented in.?® Briefly, from the fits to the scattered intensities I =
S(q)|F(q)|¥q* (S(q): structure factor; F(q): form factor), we directly obtained the lamellar repeat
distance d and the headgroup-to-headgroup thickness, dun. Note that steric bilayer thicknesses
are not explicitly discussed in this work, but can easily be obtained by e.g. applying the equation
dp = dup +40p,?' in which oy is the Gaussian peak width applied to the model electron density

profile of the headgroup region. The fluctuation or Caillé parameter,?* 2

_ Tl.'kBT
n= 2d2 V(K¢B)

1)
was directly obtained from the fits and depends on the membrane bending rigidity, Kc, and the
compression bulk modulus, B?® (ks denotes the Boltzmann constant, T the temperature and d the
lattice spacing). Note that mean fluctuations of the membrane position are proportional to Vx-d/z.

27

The lateral area per molecule calculations for fully hydrated MLVs has been outlined by

L 28

Hodzic et a As a first step, the molecular volume for each flavonoid was estimated from

I
Vg = gl (i) (A%), )

p(cm%) 06022
where Mw is the molecular weight and p is the density of flavonoid of interest in the solid

state. The calculated molecular volumes for quercetin and rutin are given in Table 1.



Table 1. My, (g/mol), p (g/cm3), and calculated Viay (A3 ) of quercetin and rutin.

Quercetin Rutin
M, (g/mol) 302.2 664.6
p (g/cm?) 1.80% 1.82
Viay (A%) 279 606

The lateral area per molecule, i.e., including lipids and flavonoids, was determined from

2V(x) __ 2V(x)

druzzati(x)  dum(x)

A(x) = 3)
where x is the inserted molecule concentration of flavonoids, V is the effective molecular
volume (see below Eq. 4) and druzza:i 15 the membrane thickness that is defined by the Gibbs
dividing surface *. Note that for pure PC bilayers in the fluid phase, druz.i has nearly the same
value as dur ', The influence of insertion of the flavonoids into the bilayers onto the Gibbs
dividing surface was not considered. In the case of linear dependence of A(x) one can extract
estimates for the partial molecular areas Apc and Az, by the relation.*?
A(X) = X Apay + (1- X)*Apc 4)
The effective volumes of DOPC/Flavonoid bilayer systems were estimated using:
V(x) = X Vaay + (1- X)* Vpc (5)
Nagle et al. published the absolute specific volume of fully hydrated DOPC MLVs; Vpopc =
1303.0 A?at 30 °C.33 Afterwards, Pan et al. reported the temperature dependence of Vpopc.>*

From these literature values, we interpolated Vpopc at 25 °C to be 1298 A3, Results of the

effective volumes are summarized in Table 2.



Table 2. Concentration-dependent effective volume estimates for flavonoids incorporated into
DOPC MLVs at 25 °C.

Concentration (mol%) Vefr DoPC/Quercetin (A%) Vefr popc/Rutin (AY)
0 1298 1298
2 1278 1284
6 1237 1256
12 1176 -
MD Simulations

Force Field Parameters. The Amber force field (FF) Lipid1435 was used to describe DOPC
lipid molecules. The lipid bilayers were solvated by TIP3P* water model. FF parameters of the
quercetin moiety were derived from GAFF*’ using the antechamber package.* Atomic charges
were derived from RESP (restrained fit of electrostatic potential) based on calculations achieved
within the density functional theory (DFT) formalism with the (/EFPCM)-B3LYP/cc-pVDZ
method, using diethylether as an implicit solvent.*” The DFT calculations and the atomic charge
fitting were performed with the Gaussian09.RevA*’ and RESP-v.III softwares,*' respectively.
GLYCAMO6j-1*? FF parameters were used to describe the sugar moiety of rutin (i.e., p-D-
glucose and a-L-rhamnose). For available Forcefield parameters, please refer to Table S6 in the
Supplementary Information.

System builder. A pure DOPC bilayer model made of 128 lipids was created using the
membrane lipid builder from the CHARMM-GUI server.** The membrane model was solvated
with 50 water molecules per one lipid. Na* and Cl ions were added to match with experimental
conditions (i.e., [NaCl] = 0.154 M). MD simulations were carried out using the CPU-PMEMD
code available in Amber16.***’ Particle-Mesh-Ewald MD simulations were run first on the pure
DOPC lipid bilayer, which was carefully prepared as follows: minimisation of water molecules

prior to entire system minimisation; slow thermalisation of water molecules up to 100 K in the
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(N,V,T) ensemble for 200 ps; thermalisation of the whole system up to the final temperature
(298.15 K) of the entire system was achieved for 500 ps in the (N,P,T) ensemble with a joint
pressure Berendsen weak coupling (pressure relaxation time set up at 2 ps). Then, the DOPC
lipid bilayer was equilibrated for 230 ns in the (N,P,T) ensemble. This membrane model was
then used to build the systems including both quercetin and rutin at two different concentrations,
1.5 and 12 mol%, corresponding to 2:128 and 15:128 polyphenol:lipid ratio, respectively.

For the 1.5 mol% polyphenol-containing systems, both the neutral and the 7-OH depronotated
polyphenol were considered; these solutes were initially located in bulk water in each side of the
lipid bilayer model. Because the pK. values of the flavonoids are lower than most physiological
pH values and the pH of the solutions used here experimentally, the two charge states were
modelled to assess the role of pH on polyphenol partitioning. The 12 mol% polyphenol-
containing systems were made from equilibrated DOPC lipid bilayer in which two regular 6
point grids were defined at the mid-position of layer thickness. At each point of the grid, lipid
molecules were removed according to solute size to prevent unnatural steric clashes but keeping
the exactly same number of lipid molecule in each leaflet. The neutral forms of quercetin and
rutin were then added at each point of the grid, i.e., 6 and 6 located in the lower and upper
leaflet, respectively. Depending on the different solute sizes, the final systems of 12 mol%
quercetin- and rutin-DOPC were made as follows: (12:116) and (12:104) polyphenol: DOPC
molecule ratio, respectively. Production MD simulations in the (N,P,T) ensemble were

performed for 500 ns for each system. Analyses were carried out over the last 200 ns.
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Results and Discussion

Structural Changes of the Bilayer upon Lipid-Flavonoid Interaction

SAXS experiments were performed to characterize the membrane structure of both pure and
flavonoid-loaded (fully hydrated) DOPC MLVs. In Figure 2, background subtracted SAXS data
and corresponding fitted curves are shown for the two systems recorded at room temperature (25
°C). All scattering patterns were globally fitted to extract structural and mechanical features of
the membranes. While not shown in Figure 2, this analysis was also carried out temperature
dependent as reported in Figures 3 and 4. Structural behaviour of DOPC MLVs compares well
with the literature findings on similar bilayer systems over a range of temperature from T = 15
°C to 45 °C.** Augmenting the temperature creates an increase in the water layer thickness and
membrane undulations of DOPC bilayer (both by about 5%), as well as a decrease in the
membrane thickness (by 1.5 %). The reduction in the bilayer thickness of DOPC membranes
follow a linear behaviour, which leads to obtaining the thermal expansion coefficient of -5.5x10"
4 K1, Similar membrane behaviour, e.g., increased fluctuations at higher temperatures has also
been reported for other fully hydrated vesicles comprising 1,2-dimyristoyl-sn-glycero-3-
phospho-choline (DMPC),* and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). "
4849 The increase in bilayer fluctuations is mainly governed by a progressive decrease of the
bilayer bending rigidity modulus, K¢.3*

Quercetin was incorporated into DOPC MLVs over a range of concentration from 1 mol% up
to 24 mol%. As shown in Figure 2A, typical scattering patterns of SAXS for DOPC MLVs were
well-maintained in the presence of quercetin up to 12 mol%, and in the presence of rutin up to 6
mol% (Figure 2B), indicating a perfect incorporation of these flavonoids within vesicles. As seen

in Figure 2, an additional scattering contribution with an upturn at low g values was observed at
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higher quercetin content (at 24 mol%) and rutin (at 12 and 24 mol%). Such additional diffuse
scattering contribution most probably accounts for an exceeded solubility of quercetin and rutin,
since insolubilized flavonoid crystals are expected to scatter at low g (gmi» = 0.05 nm™ in our set-
up), referring to crystallite sizes greater than 0.1 um (Figure S1 in the Supporting Information).
In order to prevent any misinterpretations that might arise from coexisting flavonoid crystallites,
the structural analysis of quercetin and rutin by SAXS are restricted to 12 mol% and 6 mol%

concentrations, respectively.

Intensity (a.u)

Ap (a.u)

Intensity (a.u)
3,

10" | — pure DOPC

— Quercetin_2%

— Quercetin_6%

102 — Quercetin_12%
— Quercetin_24%

10-1 — pure DOPC
— Rutin_2%
— Rutin_6%
-2 | — Rutin_12%
107 | Rutin 24%

1 2 43 1 2 3 -
a(nm) q(nm’”) z (nm)

Figure 2. Background subtracted SAXS data, and corresponding fitted curves (solid lines)
recorded at 25 °C in PBS (pH 7.0). A.) Pure DOPC MLVs (black) and quercetin-loaded MLVs.
B.) Pure DOPC MLVs (black) and rutin-loaded MLVs. Note, red circled regions display diffuse
scattering arising from coexisting crystallites (see Figure S1 in the Supporting Information). C.)
Three electron density profiles are displayed. From bottom to top DOPC (black), DOPC with 6
mol% rutin (green) and DOPC with 12 mol% quercetin (blue), all recorded at 25 °C. Note,
subsequent EDPs are shifted for clarity by 1 and 2 units, respectively. Further, the maximum

electron density of the head group is normalised to unity.

The effect of quercetin on the structural parameters, extracted from the global analysis fits (see
Figure 2C for electron density profiles of DOPC MLVs with and without quercetin), intensified
as a function of increased concentration and temperature as shown in Figure 3. Despite slight
influence of quercetin on lattice spacing, d, (Iess than 1% variation), a visible membrane thinning

effect (smaller dHH) is demonstrated in a concentration and temperature dependent manner

13



(Figure 2C and Figure 3B). This decrease in dHH is accompanied by an increase in the water

layer thickness, dW (Figure 3C), and a concomitant increase also in the membrane fluctuation

parameter, 1| (Figure 3D), as also observed for other MLV systems %!,
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Figure 3. Membrane parameters, d, dun, dw and 7 (A-D) as a function of temperature and quercetin
concentration. Black, yellow, blue and red lines are temperature lines at 15, 25, 37 and 45 °C,
respectively.

Structural parameters of DOPC MLVs in the absence and presence of rutin (up to 6 mol%) are
displayed in Figure 4. The influence of rutin on the structural parameters of DOPC MLVs was
not as strong as for quercetin. Even at the concentration of 6 mol%, the impact of rutin is
relatively weak, which changes the bilayer thickness over the entire range of the flavonoid’s
concentration only a few tenth of an A (Figure 4B). Alike pure DOPC membranes, the
temperature response of the membranes with incorporated flavonoids demonstrate a linear

reduction in membrane thickness as a function of increasing temperature. Yet, the induced
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changes seem to be less responsive, i.e. the linear expansion coefficient decrease to 5.0x10* and
4.7x10* K™ for membranes containing 6 mol% quercetin and rutin, respectively (for further
details see Table S2 in the Supporting Information).

Existing studies with model membranes using different characterization methods and MD
simulations also suggest that the insertion of a flavonoid into a lipid bilayer can result in changes
of membrane thickness.’* 3 > For example, a MD simulation study reported quercetin-triggered
deformations on the surface of a DOPC membrane, which resulted in the creation of small
cavities embedding water molecules and quercetin molecules, resulting in a local decrease in the
membrane thickness.

Green tea catechin derivatives have also been reported to create a membrane thinning effect.>>:
% Sun and co-workers for example, measured the bilayer thickness of vesicles made from three
different lipids (namely DOPC, POPC and egg PC) in the presence of epigallocatechin gallate
(EGCG), using X-ray diffraction. Membrane thickness alterations were measured via X-ray
diffraction as a function of EGCG/lipid ratio, and EGCG was found to thin the membrane for
each model system studied. Similarly, the same group reported a decrease in bilayer thickness

upon incorporation of curcumin into DOPC bilayers. '*
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Figure 4. Membrane parameters, d, dun, dw and 7 (A-D) as a function of temperature and rutin
concentration. Black, yellow, blue and red lines are temperature lines at 15, 25, 37 and 45 °C,
respectively.

An interesting side-topic concerns the influence of bilayer thickness alterations being
associated with ion channel activity.'* 1* 573 The two isoflavonoids, daidzein and genistein,

1.13 One proposed

were seen to increase the lifetimes of the gramicidin A (gA) ion channe
mechanism bases on the ability of flavonoids to reduce the bending modulus, K¢, of the model
membranes. This results in a softer and more easily deformable bilayers, which in turn reduces
the energy to overcome the hydrophobic mismatch between an ion channel and the surrounding
lipid bilayer. Following this view, quercetin and rutin are expected to behave similarly, since
both flavonoids were seen to induce bilayer thickness and fluidity changes (cp. Figure 3 and 4)

and since we observe a monotonous increase in bilayer undulations as a function of flavonoid

concentration, which are dependent on K¢ (cp. Eq. 1 and Figures 3D and 4D). The other

16



mentioned mechanism explains an increase in ion channel lifetimes with the isoflavonoid’s
ability to thin the bilayer membranes. Thin membrane regions could increase the attractive
interactions between gA dimers and isoflavonoids, and as a result of enhance ion-channel
stability, its lifetime is expected to increase as well.'* Noteworthy, also curcumin has been
reported to increase the single-channel lifetime of gA in DOPC bilayers without altering the
single-channel conductance.” Another study further showed a concentration-dependent
nonlinear membrane thinning along with a reduced elasticity moduli of the bilayers, when
curcumin gets added.'*

The ability of flavonoids to modify membrane fluidity is also particularly important, since
alterations in membrane fluidity have been reported to accompany a number of disease
processes % 3 Remarkably, the administration of naringenin resulted in a substantial decrease of
erythrocyte membrane fluidity in patients with essential hypertension, when compared to healthy
controls.'? Moreover, genistein and daidzein were also reported to reveal a softening effect on
DOPC bilayers using a combination of X-ray scattering and MD simulations studies.'* Our
findings on the membrane-fluidizing effect in the presence of quercetin and rutin, correlates well
with literature findings, which suggest the presence of flavonoids within the membrane leads to
soften the membrane. Notwithstanding this view, some studies reported a rigidifying effect of
membranes of fluid phase (L, phase) with flavonoids.®> °' In Arora’s study, the influence of
several flavonoids, including rutin and naringenin on the fluidity of membranes composed of 1-
stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine (SLPC) was measured via anisotropic
fluorescent microscopy. Apart from a membrane rigidifying effect, the authors suggested a
localisation of the flavonoids in the hydrophobic core of the membranes.® Similarly, quercetin,

rutin, naringenin and naringin at 20 mol% also induced rigidification of GUVs made of DOPC.5!
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The main reason why the findings in this context are quite diverse, is due to different flavonoid
concentrations and membrane composition used. Reviewing literature suggests that when high
concentrations of flavonoids are incorporated into more ordered bilayer with saturated
hydrocarbon chains such as DPPC-based membranes, they create a fluidisation effect, whilst
unsaturated lipid membranes such as DOPC-based systems mostly become more rigid. This
biphasic effect of flavonoids on membrane lipids is similar to the influence observed with
cholesterol.> 62 Cholesterol at 1-5 mol % induces a membrane fluidisation effect on POPC
bilayers, whereas at higher cholesterol content, i.e., above 10 mol%, it rigidifies membranes.*
These results imply that flavonoids may have some sort of “regulatory role” on membrane
fluidity, in principle similar as cholesterol does. However we should keep in mind that
flavonoids exist in the organism at much lower concentration than cholesterol, for which the

biological role is more likely prevalent as membrane fluidizer.’

Molecular Areas of the Incorporated Flavonoids as Deduced from SAXS

The effective lateral area per molecule can then be determined using Eq. 4. The results of the

lateral areas are summarized in Figure S.

18



©
o
o]
o

\,

=)

HH

—a

3

i~ 5

[ S

o

[}
o
MMM AL RAAAAAAAS)
1
(2]
o
T
/
/
1

[$)}
o
T
1
(62
o
T
/
1

N
)
1
N
o
T
1

w
o
T
1

w
o
Averaged Area per Molecule (A)

Averaged Area per Molecule (A)

N
o
T
N
o

T

PRRFEN PRSI BUEN BN SETE R S SRR SRS S 1 1 1 1 1 1 1 1 1
0O 10 20 30 40 50 60 70 80 90 100 0O 10 20 30 40 50 60 70 80 90 100
Concentration of Quercitin (mol%) Concentration of Rutin (mol%)

Figure 5. Effective lateral molecular area as a function of flavonoid concentration. Note, in the
MD simulations of this study, this area is referred to as averaged area per molecule (APM).

Using the Eq. 4, we interpolated the effective lateral areas per molecule to 100% flavonoid
concentration and obtained the partial molecular area of quercetin and rutin to be 26 £ 6 A?and
51 +8 A2 respectively. Note, at 100% DOPC the area per lipid 72 + 2 A, which is in excellent
agreement to the literature value of 72.5 A2 at 30 °C.%* However, Langmuir-trough monolayer
study by Ferreira et al. determined the area per quercetin molecule as Agpay = 89 Alat 7 =20mN
m™.% Although the two values seem to be contradicting to each other (26 vs 89 A?), this
difference might arise from the different orientations of quercetin molecule at two different
interfaces. At the air water interface, quercetin molecules might preferentially align in a way
with the rings oriented mainly parallel to the water surface. A parallel oriented quercetin
molecule would have the largest projected area. However, when incorporated into the membrane
at full hydration, occupied in-plane surface area by quercetin is close to the smallest possible

projected area.
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Positioning of Flavonoids in DOPC Bilayers by MD Simulations

The two flavonoids inserted and partitioned in lipid bilayer at different locations, according to
the presence (or not) of sugar moieties and charge state. Standalone quercetin located below the
high lipid-density polar head region, at 12.2 £ 2.2 A from the membrane centre (namely, lipid
bilayer centre of mass, COM, see Table 3a and Figure S8 and S9 in the Supporting Information).
This position is driven by H-bonding interaction between the OH-groups of quercetin and the
polar head groups of DOPC. Concerning rutin, the sugar moiety pulled the flavonoid moiety
towards water-membrane interface, and the COM of this moiety located at 15.6 + 1.8 A (see
Table 3a). The rutin glucose and rhamnose moieties located at 17.8 £2.2 A and 16.0 +2.0 A
from the membrane centre, respectively. Due to their polar and H-bond donor/acceptor features,
sugar moieties tightly anchored rutin to the polar head region, maximising noncovalent
interactions with phosphatidylcholines (see Figure 6 top).

As expected, and previously observed with other derivatives,: 7 68 the phenolate forms of
both derivatives exhibit superficial insertion in the bilayer, owing to strong noncovalent
electrostatic interactions between the anionic polyphenol moiety and the choline moieties of the
membrane (<Zgiavonoia> = 15.8 + 1.8 A and 16.1 + 1.9 A for quercetin and rutin, respectively, see
Table 3a). Consequently, the sugar moieties of anionic flavonoids inserted slightly deeper than
for their neutral counterparts. It is highly expected that the flavonoids approach membrane in
their anionic form and re-protonate at membrane surface (see Figure 6 bottom). In this region,

pKa values are probably modified to facilitate neutral forms and subsequent insertion.
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Table 3. Average distances of characteristic moieties with respect to the membrane centre of mass
(COM) (in A) in (a) 1.5 mol% and (b) 12 mol% enriched quercetin- and rutin-DOPC systems.

(a) Quercetin:DOPC Rutin:DOPC
Moiety Neutral Anionic Neutral Anionic
Flavonoid 122+£22 158+1.8 156+1.8 16.1+19
Glucose - - 178 2.2 171+19
Rhamnose - - 16.0+2.0 13.0+2.0
(b) Quercetin:DOPC Rutin:DOPC
Flavonoid 13.6 +2.1 13.7+2.0
Glucose - 164+26
Rhamnose - 163+30
Water
Quercetin Rutin

@% Polar head
=¥ (JJ) region

Lipid tail
region

O S ot 5 €50 60N
\_yw % B E@%&%\ @f Polar head

Q‘”A S 0 ‘ e
T0 (% O o =0 Q B region
Quercetinate Rutinate
Water

Figure 6. Representative snapshots of positioning of quercetin and rutin (1.5 mol%) in a DOPC
membrane model. The flavonoid moieties are depicted in green and red for neutral and charged
species, respectively; the sugar moieties are coloured in blue.

With high flavonoid concentrations (12 mol%), the depth of insertion was significantly

affected with respect to the lower concentration (1.5 mol%) situation, as <Zpiavonoia> was 13.6
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2.1 Aand 13.7 2.0 A for quercetin and rutin, respectively (see Table 3b). The sugar moieties of
rutin were still in close contact with the polar head region (see Table 3b and Figure 7). However,
these differences observed with respect to the flavonoid concentration suggest a dramatic
reorganisation of lipid bilayer structure in the presence of large number of flavonoid molecules
(see below for further details). Only a few self-association events (i.e., noncovalent flavonoid
dimers) were observed in the 12 mol% quercetin-DOPC systems along MD simulations.
However, such events have been repeatedly described with polyphenols in water,” and were also
seen between polyphenols and vitamin E in lipid bilayers.%® Due to differences in solvophobic
effects in both water and lipid environments, n-7 stacking interaction between aromatic
polyphenol moieties is more likely to happen in water. However, such interactions may also
happen in lipid bilayer when increasing concentration, thus initiating the formation of
polyphenol nanodomains. When increasing concentration, bigger aggregates are likely to be
formed, in agreement with aforementioned SAXS experiments wherein crystallization was

observed above 24 mol%.

Figure 7. Representative snapshots of (a) quercetin-DOPC and (b) rutin-DOPC (12 mol%) from
MD simulations. Polyphenol and sugar moieties are depicted in green, blue, respectively.
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The current view for the localisation of quercetin and rutin within the biomimetic membranes
correlates well with other existing studies, which suggest localisation of flavonoids between the
phospholipid/water interface and the upper half of the hydrocarbon chain region,? 70717273
Some studies instead report that the flavonoids partition into the hydrophobic region of the

membrane, 6!

which is unexpected regarding the amphiphilic character of quercetin and rutin,
and also because their OH groups are prone to form hydrogen bonds with the polar head groups.
An extensive NMR study using POPC MLVs as model system supports this notion of
flavonoid’s localisation at the lipid/water interface with the OH groups tendency to hydrogen
bond to the polar headgroup moieties.”” As we observed here, Movileanu et al.” observe a pH-
dependent insertion of quercetin within membranes. That is, quercetin molecules inserted
between the polar head groups at alkaline pH and with a deeper location at acidic pH (cp. Table
3A). This is related to the pK, of flavonoids, where the phenolate form cannot insert deep in the
membrane and locates closer to polar interface (cp. Figure 7). Conversely, at acidic pH, the
protonated (neutral) form is predominant, allowing the flavonoid to insert deeper in the
membrane. KoSinovd and co-workers confirmed this trend by MD simulations, showing that for
the protonated forms of quercetin and its metabolites, the 3-OH, 3'-OH, 4'-OH and keto groups
were localised at 15 + 2 A from the membrane centre,> thus orienting the flavonoid moiety more
parallel to the surface. Rutin-membrane interactions have also been studied via infrared (IR)

spectroscopy. The frequency shift of OH and keto groups indicated rutin associated with the

polar end of the phospholipids.”

Orientation of Flavonoids in DOPC Bilayers by MD Simulation
The orientation of the flavonoid moieties in lipid bilayer membrane were assessed in terms of

the a-angle defined between the membrane normal z-axis and the B-ring-to-A-ring vector (see
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Figure 1). Quercetin appears slightly tilted from the parallel to the membrane surface (a-angle
ca. 60° with great flexibility, see Figure S2 in the Supporting Information). The a-angle profile
of its (non-inserted) anionic form is broader (Figure S2), due to the numerous possibilities of
interatomic (noncovalent) interactions providing greater flexibility at the membrane surface.
Rutin behaves differently due to its sugar moiety, which anchors the molecule to the polar head
group region and drives the flavonoid moiety more perpendicular to membrane surface (a-angle
of 30° £ 15°).

The a-angle profile of quercetin was similar with both 1.5 and 12 mol% quercetin to DOPC
ratio, suggesting a low concentration dependence (Figure S2 and S3 in the Supporting
Information). Conversely, for both rutin, the a-angle profiles were dramatically broadened
(Figure S2 and S3), possibly due to significant changes in the lipid bilayer structure and a more
bulky environment, when increasing rutin concentration.

Interactions between lipid polar heads and polyphenols can also be monitored by polyphenol-
induced PC tilts (8pc). This was assessed by calculating the deviation of the angle between
normal z-axis and the PC P-atom to N-atom vector according to the presence of quercetin or

).7> At lower flavonoid

rutin molecules (below 20 A, see, Table S3 in the Supporting Information
concentration (1.5 mol%), PC heads were suggested to be strongly tilted in presence of
polyphenols (27.5 £5.2° and 11.7 + 5.2° for quercetin and rutin, respectively) in agreement with
previous observations.” This might be attributed to the strong H-bond interactions between
polyphenol OH groups and phosphate moieties, which in turn orient PC head towards small
molecules. In the case of rutin, the presence of sugar moieties allows H-bond interactions

directly in the polar head region, which distort less PC polar heads as pictured by a lower rutin-

induced tilt with respect to quercetin. It is worth mentioning that polyphenol-induced PC tilt
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heads cannot be statistically discussed for larger concentration (12%) since almost all PC heads
are within 20 A of polyphenol molecules. This, anyhow, strengthen the aforementioned
hypothesis of global significant change in the lipid bilayer structure at this concentration (Table
S3 in the Supporting Information).

Simulations of Flavonoid-Induced Membrane Structure Modifications

Even tough models consisting of ca. 128 molecules are not sufficiently big to comprehensively
picture macroscopic lipid bilayer structural modifications, the calculated features provide hints.
In the presence of 1.5 and 12 mol% quercetin, the lipid bilayer thickness, dun (measured as
phosphate-phosphate distance) did not change significantly. The same accounts for also for 1.5
and 12 mol% of rutin: within errors no clear trend is displayed. That is, the overall thinning
effect of flavonoids as seen with X-ray experiments cannot be confirmed, however, the absolute
thickness values compare well to the results from Figure 3 and 4 (Table 4).

Although the two 1.5 mol% systems exhibited similar area per molecule (APM) of ca. 68 A
(Table 4), the 12 mol% quercetin-DOPC system exhibited a greater decrease in APM than with
the 12 mol% rutin-DOPC system (<KAPM> being 62.0 and 63.7 A2, respectively, see Table 4).
Note, that this trend is confirmed by the X-ray-based estimations, where we find <APMs> of 66
and 69 A for 12 mol% quercetin and rutin, respectively (cp. Figure 5), i.e., quercetin displays
clearly a smaller <APM> than rutin, and both flavonoids decrease APM values with increasing

concentration.
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Table 4. Averaged area per molecule (KAPM>, in A?), DOPC membrane thickness, dup (in A)
and Viais (kcal'mol!-atoms™) based on distance between P-atom density peaks. In brackets X-ray
data at 25 °C from Figure 3, 4 and 5 are reported.

<APM> (A?) dun (A) V taits
Quercetin 1.5mol% 674+1.1(71x2) 379+05356=+0.2) -0.508 = 0.005
12mol% 620+1.0(66+3) 382+0.6(35.1+£0.2) -0.500 = 0.006
Rutin 1.5mol% 68.0+£1.1(72+2) 37.7+£0.5(36.1+0.2) -0.529 + 0.006
12mol%  63.7+£12(69+3) 374+0.6356'+0.2) -0.665+0.006

'This dpn value is actually determined at 6 mol% rutin. Note, at 12% we had already observed that rutin was not fully
dissolvable in the membrane.

Inter-lipid interactions and lipid packing were assessed by Vi, the average of potential
noncovalent interaction energies (i.e., electrostatic and van der Waals interactions) between each
lipid tail (i.e., the sn1- and sn2-tail chains up to the three glycerol atoms).”®”” The 12 mol%
DOPC/rutin systems exhibited more attractive Viis suggesting a stronger packing of DOPC lipid
bilayer in the presence of large flavonoid concentrations (Table S5 in the Supporting
Information). This is mainly attributed to more attractive electrostatic interactions in the lipid
polar head region, due to the presence of rutin. This is confirmed by greater lipid order value in
the upper part of the lipid tails (Figure S4 in the Supporting Information). To confirm the key
role of electrostatic interactions, flavonoid-DOPC energies of interaction were split into three
contributions: flavonoid-lipid, flavonoid-polar head and flavonoid-lipid tail noncovalent
interaction energies (Table S4 in the Supporting Information). Electrostatic interactions with
polar head groups clearly appears as the major contribution. This contribution is stronger with
rutin due to increased electrostatic interactions with the sugar moiety. This contribution
decreases in the 12 mol% systems due to a lower lipid density and thus less lipids surrounding
the solutes, e.g., the energy of interaction between quercetin and polar head groups is -0.18 to -

0.02 kcal'mol™- solute™ with 1.5 mol% and 12 mol%, respectively (Table S4 in the Supporting
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Information). To a lesser extent, flavonoid-lipid interactions are also driven by H-bonding
between the OH-groups and the phosphatidylcholine moieties. This H-bond network is stronger
with rutin since sugar moieties are strong H-atom donors and acceptors. Interestingly, this H-
bond network is not concentration-dependent, the number of H-bond per molecule being similar

for 1.5 mol% and 12 mol% systems (Figure S5 in the Supporting Information).

Conclusions

This work combines small angle X-ray scattering and MD simulations to determine structural
and dynamic properties of DOPC bilayers in the presence of two prototypical flavonoids,
quercetin and rutin. In a previous study,'® we provided an overview on flavonoid interactions
with planar membranes, ranking the extent of interactions in the order of quercetin > kaempferol
> naringenin > hesperetin > catechin for flavonoid aglycones and tiliroside > rutin > naringin for
flavonoid glycosides. Since quercetin clearly displayed stronger membrane interactions than
rutin, we expected to observe this also in the nanostructural properties of flavonoid-loaded fluid
bilayers. Some differences are indeed prevailing, while other trends are more subtle. Partial
molecular areas of quercetin and rutin as well as the averaged molecular area per molecule,
clearly show that rutin occupies an almost twice as big area in the head group region. Likewise,
full solubility of rutin in DOPC membranes is reached already at 6 mol%, which is only half of
that of quercetin. Further, it is tempting to assume that both flavonoids induce an increase in
membrane fluidity, since membrane undulations and membrane thinning enhance monotonously
with the flavonoid’s concentration. Again, quercetin showing a subtle, but significantly stronger

effect than rutin. MD results display further differences: the flavonoid moieties of quercetin and
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rutin are located at a depth of 12 and 16 A, respectively, as rutin is more anchored to the polar
head group surface by its sugar moiety. Their phenolate (anionic) forms display a location closer
to the polar interface. Quercetin displays are more tilted orientation of 60° with respect to the
bilayer normal, whereas rutin is oriented more perpendicular (a-angle 30°). Finally, at all
concentrations studied rutin induces a stronger attractive electrostatic interaction between the

polar lipid head groups due to its presence in this interfacial region.
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