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Abstract

Quercetin is a flavonoid with antioxidant/anti-exfhmatory properties, poorly absorbed when
administered orally. To increase its bioavailapiihd optimize its release in the intestine, a iaybr
system made of liposomes coated with cross-linkedogan, named TPP-chitosomes, was
developed and characterized by light scatteringnsimission electron microscopy, differential
scanning calorimetry, X-ray powder diffraction ahdrbiscarf technology. The TPP-chitosomes
were nanosized (~180 nm), fairly spherical in shapd unilamellar. The actual coating of the
surface of liposomes with the cross-linked chitoseas demonstrated by Small-Angle X-ray
Scattering.

The release of quercetin in simulated gastric atestinal pH was investigated, the results showing
that the system provided resistance to acidic ¢mmdi, and promoted the release in alkaline pH,
mimicking the intestinal environment.

The proposed hybrid system represents a promisingbmation of nanovesicles and chitosan for
the delivery of quercetin to the intestine in therapy of oxidative stress/inflammation related

disorders.
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1. Introduction

Quercetin (3,3',4’,5,7-pentahydroxyflavone) is avibnoid present in a large number of edible
vegetables and fruits [1,2]. This molecule has madrsalth-promoting effects, including
improvement of cardiovascular health, reducing fisk cancer, and coping with inflammatory
disorders, mainly related to its strong antioxidaation, by which it upregulates the endogenous
free radical defenses [3,4]. However, the efficatyguercetin is limited due to its hydrophobicity,
instability in physiological media, poor gastrostieal absorption, and extensive xenobiotic
metabolism at intestines and liver (i.e., glucudaion or sulfation), which collectively contribute
to its low oral bioavailability [4-6,7]. Various natechnological approaches have been used to
enhance its solubility, dissolution rate, and hernmeavailability, including solid dispersions,
nanosuspensions, microemulsions, solid lipid nanmbes and prodrugs [8-12]. Therefore, a
critical need exists to develop alternative forniuka strategies to overcome the shortcomings of
guercetin and enhance its bioavailability.

The objective of this study was to develop, optengnd thoroughly characterize a formulation that
enhances quercetin local bioavailability, bypaseesstomach and allows its release in the intestine
for the treatment of disorders in which oxidatiteess and inflammation are involved [2,13,14].
Among the different approaches to achieve intektinag delivery, the use of natural polymers
holds promise. In recent years, polymer-coatedsbpaoes have been proposed for the targeted
delivery of drugs to the inflamed intestinal mucospon oral administration [14]. Conventional
liposomes can be hardly used, due to their lowstasce to gastric pH and enzymatic degradation,
but they can be easily protected by a polymeridicgaChitosan is one of the most widely used
polymers for coating liposomes. It is a linear @ait polysaccharide comprised of$4)-linked
units of glucosamine and N-acetyl-glucosamine, lggnoduced by partial deacetylation of chitin.
Due to its unique and attractive properties, iniclgd biocompatibility, biodegradability,

biorenewability and bioadhesion, chitosan is widekplored for biopharmaceutical applications,
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especially for intestinal drug delivery [15,16]. Wever, it has a limited capacity for controlling
drug release from oral dosage forms due to itsdastolution in the stomach. To overcome this
disadvantage, three dimensional networks have leseloped by non-covalent complexation
relying on electrostatic, hydrophobic and/or hy@nodponding forces. The cationic amino groups of
the repeating glucosamine units of chitosan casract electrostatically with the anionic groups of
other polyions to form polyelectrolyte complexesfie$e cross-linking interactions are physical in
nature and reversible, but can provide the requpexperties for optimal drug delivery if the
polymer is properly complexed. In a previous wathifosan was complexed with Nutriose FMQ6

a branched dextrin obtained from starch, and ugesbat polyethylene glycol-containing vesicles,
with the aim of producing an enzyme-sensitive, [ty delayed release system for the delivery of
guercetin to inflamed colon [14].

In the present paper, chitosan was complexed wathus tripolyphosphate and used to coat
liposomes, thus obtaining a hybrid system conceived increasing the bioavailability of
incorporated quercetin and optimizing its releage to reach the intestine. To achieve these goals,
it was imperative to assess the effectiveness aasildility of the system by a thorough
characterization using different analytical todsich as Light Scattering, Transmission Electron
Microscopy (TEM), Differential Scanning CalorimeffpSC), X-Ray Powder Diffraction (XRPD),
and Small-Angle X-ray Scattering (SAXS). Furthé&e tbility of the system to release quercetin in

simulated gastric and intestinal pH was investigate

2. Materials and methods

2.1. Materials

Phospholipon90H and Phospholipon50 (P90H and PB@sphatidylcholine-based phospholipids)
were purchased from Lipoid GmbH (Ludwigshafen, Gamg). Cholesterol (CHOL), chitosan of

low molecular weight (50-190 kDa; degree of dededign >75%), sodium tripolyphosphate
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(TPP), phosphate buffered saline (PBS, pH 7.4)cqamtcetin (QUE) were purchased from Sigma-

Aldrich (Milan, Italy).

2.2. Preparation of TPP-chitosan/liposome hybridteyn

P90H (60 mg/ml), P50 (30 mg/ml), CHOL (2 mg/ml) amakercetin (5 mg/ml) were weighed in a
glass vial, PBS was added and the dispersion waisaded (5 seconds on and 2 seconds off, 25
cycles) to obtain liposomes. After that, an equalime of chitosan dispersion (0.5% wi/v) in acetic
acid/water (0.5 % v/v) was added to the vesiclgealision to produce chitosomes, which were
further treated with an equal volume of a TPP agsesolution (0.2% w/v) to cross-link the

chitosan, thus obtaining TPP-chitosomes.

2.3. Hybrid system characterization

The shape and morphology of liposomes, chitosomes&P-chitosomes were examined by TEM.
Samples were stained with 1% phosphotungstic awidexamined with a JEM-1010 microscope
(Jeol Europe, Paris, France) equipped with a digitanera MegaView Il and the software
“AnalySIS”, at an accelerating voltage of 80 kV.

The average diameter, polydispersity index (P.measure of the width of size distribution) and
zeta potential of the systems were determined byabyc and Electrophoretic Light Scattering
(DLS) using a Zetasizer nano-ZS (Malvern InstrureghiK). Samples (n = 6) were diluted with
PBS (1:100) and analyzed at 25 °C.

The systems were purified from non-incorporatedrcgten by dialysis. Each sample (1 ml) was
loaded into Spectra/Pdrtubing (12—14 kDa MW cut-off; Spectrum Laborateriec., DG Breda,
The Netherlands) and dialyzed against PBS (2 |)2fdrours, at room temperature. Both non-
dialyzed and dialyzed samples were diluted with haetl (1:100) and assayed by HPLC to

quantify the content of quercetin in the vesicudgstems. A Perkin Elm@rSeries 200 HPLC
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equipped with a fluorescence detector was usedcdhenn was a Kroma$ilC18, 5.0um (150
cmXx4.6 mm); the mobile phase consisted of acetonitriigater : acetic acid (80:19.8:0.2 v/v),

eluted at a flow rate of 1 ml/min. Quercetin wasited at 370 nm and detected at 530 nm. The

drug entrapment efficiency (EE%; Eq. 1) of the ¢hsgstems was calculated as follows:

actual QUE

EE% =| —
initial QUE

jxlOO (Eq. 1)

whereactual QUEis the amount of drug in vesicles after dialyaisdinitial QUE is the amount of
drug before dialysis, as calculated by HPLC.

X-ray powder diffractograms of the raw material®.(i P90H, P50, cholesterol, TPP, quercetin,
chitosan), physical mixture and lyophilized drugded TPP-chitosomes were recorded by a Bruker
AXS D8 Advance, with Cul radiation, equipped with a LynxEye energy-dispexsiD detector
(Karlsruhe, Germany) in theéd2ange from 8 to 80°, with steps of 0.02°.

DSC thermograms of the raw materials, physical mnextand lyophilized quercetin-loaded hybrid
system were recorded using a DSC Mettler Toledoah8dl (Greifensee, Switzerland). Samples
(2-5 mg) were scanned in sealed aluminum pans umttegen atmosphere. DSC thermograms

were scanned at a constant rate of 10 °C/minj@mgerature range of 25-400 °C.

2.4. Small Angle X-ray Scattering

The nanostructure of the hybrid vesicle/polymerteays was studied by SAXS. SAXS patterns
were recorded using a S3-MICRO (Hecus X-ray systé€snaz, Austria) coupled to a GENIX-Fox
3D X-ray source (Xenocs, Grenoble, France) workih§0 Kv and 1 mA. This source produces a
focused X-ray beam with =1.542 A at Cu k-line with more than 97% purity and less than 0.3%
KpB. The two detectors are position sensitive deted®8D 50 (Hecus, Graz, Austria). The working

q range were 0.04 q< 0.6 A, where q = (4 simd)/x is the modulus of the scattering wave vector,

0 the scattering angle arid the wavelength. The samples were loaded in flomudh glass
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capillaries and the diffraction patterns were rdedrat 25 °C. For each experiment, the scattering
pattern was recorded as a sum of subscans to tkefg was no sample evolution. The scattering
curves were background subtracted using the samé#ace filled with water. To obtain useful
information from the scattering curves, a home-nrad@mization routine based on the Leverberg-
Marquad scheme was used. The calculated scattetinges were smeared according to our
experimental set up, which corresponded to a dwtdotused beam convoluted with the linear
detector width. We used a model based on the onelafeed by Pabst et al. [17] to calculate the
bilayer electronic profile and its combination witte Caillé structure factor. Contrary to the model
of Pabst, we also included a constant term thrahghhydrophobic part of the bilayer, to give
account of the methylene contribution [18]. Furtharorder to simulate asymmetric profiles, the
description of Varga et al. [19] for the bilayee@ironic density was used. In this case, we résttic

the possible free parameters by allowing only thernisity to be different in both bilayers.

2.5. Accelerated stability studies

The stability of quercetin hybrid systems was eatdd by standard long-term stability tests, i.e.
analyzing vesicle mean size, P.l. and zeta poleowier one month at 4 °C. Accelerated stability
tests were also carried out by using the Turbi8c&@ Station (Formulaction, I'Union, France),
which was previously used to evaluate the stabditycolloidal dispersions [20]. The apparatus
consists in the Turbiscan Lab Expert, which measuhe multiple dispersion of the light by
suspensions, coupled with an Aging Station cortstittby a robot with three thermoregulated
blocks for the storage of the samples. 10 ml ohesample was placed in a glass cell in the
Turbiscan block and kept at 25 and 40 °C for 15sddye detection head is composed of a pulsed
near-infrared light source. = 850 nm), a transmission (T) and a backscattd&®) detector. The
former receives the light that crosses the sangild§0° from the incident beam), while the latter

receives the light scattered backwards by the sani@ 45° from the incident beam). The
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measurement principle of the Turbis€ais based on multiple light scattering: the photans
scattered many times by the particles before beetgcted by the backscattering detector. The
detection head scans the height of the sample asiyiring transmitted and backscattered light
each 4Qum. The intensity of the light backscattered byshmple depends on three parameters: the
diameter of the particles, their volume fractiondaime relative refractive index between the
dispersed and continuous phases. Therefore, anygehdue to a variation of the particle size
(flocculation, coalescence) or a local variationtb& volume fraction (migration phenomena:
creaming, sedimentation) is detected by the optleaice. The Turbisc&hmakes scans at various
pre-programmed times and overlays the profiles oe graph, in order to show possible
destabilization phenomena. In our experiments,stability of the samples was evaluated on the
basis of the variation of transmissiofT(), which was elaborated &SI profiles by the Turbiscan
EasySoft Converter showintgl in ordinate and the height of the cell in absxiss

For a comparative evaluation between the diffesamiples we exploited the Turbiscan Stability
Index (TSI) computation, that provides a key numbelated to the general behaviour of the

formulation. Samples were significantly different ATSI values greater than 0.4.

2.6. In vitro drug release studies

Thein vitro release profile of quercetin from the vesicle dispns was assessed in two different

buffered solutions mimicking the gastric and intestpH (1.2 and 7.0, respectively), using a USP

basket dissolution apparatus. The dispersions Weaked in a dialysis tube (see Section 2.3) and
immersed in the dissolution medium, thermostategirad + 0.5 °C. Drug release was assessed: for
120 min (2 h) at pH 1.2 and for 480 min (8 h) at pH. At scheduled time intervals, an aliquot of

the medium was withdrawn and refreshed to ensume @dnditions, and the drug content was

assayed by HPLC (see Section 2.3). All experimesete performed in triplicate.



2.7. Statistical analysis of data

Results are expressed as the meastandard deviation (SD). Multiple comparison of ame
(Tukey’s test) was used to substantiate statistifdrences between groups, while Studemttest
was used to compare two samples. Significance eged at the 0.05 level of probabilify).(Data

analysis was carried out with the software paclkgeersion 3.1.2.

3. Resultsand discussion

3.1. Hybrid system’s fabrication and key features

A hybrid system made of quercetin-loaded liposomasted with TPP cross-linked chitosan was
developed aiming at realizing an efficient inteskidelivery system by exploiting the attractive
biopharmaceutical properties of the flavonoid, phespholipid vesicles, and the polymer, as well.
The polycationic chitosan was dissolved in acetid golution to protonate the free amino groups
and allow the supramolecular self-organizing intBoam with negatively charged liposomes on the
one hand, and with negatively charged polyanion,T@Eng as a crosslinker, on the other. Hence,
a three-dimensional polyelectrolyte coating wasned on the surface of liposomes, with the aim of
protecting quercetin from the gastric environmentt eontrolling its release to reach the intestine.
The cross-linked chitosan/liposome hybrid systers tiroughly characterized by evaluating key
parameters, also in comparison with the nativesiypoes and the chitosan-only coated liposomes.
The morphological investigation of quercetin liposes by TEM showed small vesicles varying
from spherical to elongated, irregular shape. Tihesbme membrane was composed of two or
more lamellae, thus resulting in oligolamellar stanes (Fig. 1A). Chitosomes and TPP-chitosomes
displayed similar characteristics: they were lahan liposomes, quasi-spherical shaped, and their
lamellar arrangement was not detectable (Fig. N®)drug crystals were visible on TEM images,

regardless of the step of processing.



In agreement with TEM observations, DLS resultsb{&al) showed that all the three systems
prepared were nanosized, being around 120 nm wigequercetin was not loaded, around 140 nm
when the quercetin was loaded in liposomes, and krger (180 nmp < 0.05) when the vesicles
were coated with chitosan and TPP-chitosan. Thewas$ around 0.4 for all the three systems,
indicating an acceptable degree of polydisper3ihe zeta potential of liposomes was negative (~ -
30 mV; Table 1), due to the charge carried by Pa@tl P50, which is ideal for binding positively
charged chitosan. An inversion of the zeta potemteés detected upon coating the liposomes with
the polymer (+46 mV), and as soon as the crossainkvith anionic TPP took place, the zeta
potential became less positive, approaching netytrgt2 mV). These results confirm that cross-
linked chitosan formed a shell layer on the outefase of liposomes, which is expected to protect
the inner phospholipid structure and the incorptaiuercetin.

The entrapment efficiency (EE%; Table 1) of quercet liposomes was 55%, and it was clearly
affected by the chitosan coating, as it increasedd®o and 91%. This is reasonably due to the fact
that the free quercetin, which was not entrappediposomes, was embedded in the three-

dimensional polyelectrolyte shell during the cogtamd cross-linking process.

3.2. SAXS analysis

Further insights into the morphology and lamellanagement of the prepared liposomes, as well
as the effect of the polymer coating and crossitigkwere gained by SAXS, a well established
technique for the study of self-assembling nancsires.

The SAXS curve of empty liposomes showed the tymbape for unilamellar vesicles, that is a
broad symmetric band (Fig. 2A). The coating witltatan and the cross-linking with TPP did not
alter such arrangement, as demonstrated by th&asi8AXS profiles (Fig. 2A). On the other hand,

the presence of quercetin had a moderate effe¢h@rthree systems, the most evident being a
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conformational difference in liposomes, as thetscay curve featured two bumps, which can be
attributed to vesicle oligolamellarity (Fig. 2C).

All the SAXS patterns were fitted with two modets)e for the symmetric and the other for the
asymmetric bilayer, and the fitting parameters r@@orted in Table 2. For liposomes, both the
models provided an adequate fitting of the scaitedurves, as it can be deduced from the slight
difference iny%eq being approximately 2 (for purely statistical $®j%eq = 1; for good statistical
fitting x%ed < 3; ¥’req in the range of 5 to 10 = poor fitting). In comstrathe differences ig’eq Were
significant for the chitosomes, and even more puoced for TPP-chitosomes (~30 vs 2; Table 2),
pointing to the superiority of the asymmetric mofilthe fitting of the hybrid systems.

In order to minimize the fitted parameters, in &symmetric model we allowed the intensity of the
external Gaussian to be different from that of iteer Gaussian, preserving both the width and
position with respect to the bilayer center. lgjiste clear from the data summarized in Table 2 tha
chitosan was arranged on the outer surface ofdipes and TPP was entangled with the chitosan
chains. Indeed, the main effect of chitosan wasdaigtion of the polar heads separation, with an
increase in width of the Gaussians correspondinghto polar headsof, Table 2). Further,
proceeding from liposomes, which were symmetrislghtly asymmetric, with the interior layer
more dense than the outer laypk ¥s pn2), to chitosomes, the outer polar head electrorsiden
increased, and this was even more noticeable fé&-dritosomespi,, Table 2; Fig. 2B and D).
Additionally, Z,, which is the distance of the polar heads to #rdre of the bilayer, increased for
liposomes when the quercetin was loaded, suggestm@nlargement of the vesicles. This is
consistent with the DLS results showing that theaméiameter of liposomes increased from 116 to
138 nm (Table 1). Such increase inviias not observed for the hybrid systems, deslpédericrease

in size measured by DLS (from 120 to 180 nm). Tdéosfirms the chitosan did not alter the

assembly of the phospholipids in vesicles, but raétser arranged on the outer surface of liposomes
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forming a three-dimensional shell when cross-linkeith TPP, which caused the enlargement

detected by DLS.

3.3. X-ray diffraction and DSC analyses

X-ray diffraction studies were carried out to intigate the microstructure of the drug, the
phospholipids and the polymer and their interactionthe prepared hybrid system (Fig. 3). The
raw P90OH showed partially crystalline charactersstvith the major peak at approximately 287 2
while P50 showed amorphous structure. Cholestetubéed several sharp crystal reflections [21],
TPP was in the monoclinic crystalline phase C2&160, b=5.24, c=11.25 A3=93°) [22], and
guercetin revealed its anhydrous crystalline fomnth multiple sharp peaks of different intensities
between 8° and 32%9423]. Chitosan exhibited two major peaks at arolilBtl and 19° @, the first
one showing stronger intensity, which correspondh®woa andp crystal forms and represent the
typical fingerprints of the semi-crystalline polyni&3,24].

For comparative purposes, a physical mixture of rda@ components was prepared by gently
grinding the powders at the same mass ratio asPAR-dhitosomes. The diffractogram of the
physical mixture was basically a superimpositiothaf individual patterns of the main components,
the phospholipids and chitosan (the two amorphalsshwere clearly visible), hiding the peaks
characterizing quercetin, and there was no sigheformation of a new structure.

On the other hand, the diffractogram of the TPReslomes exhibited a distinctive pattern, with two
predominant low-intensity, broad peaks, indicating structural changes of the components, and
the presence of chemical interactions between lan&esd-chitosan, quercetin and the phospholipid
vesicle when they formed the hybrid system. In @oldlj the high-intensity crystalline peaks of
guercetin were not detectable, suggesting its anmapon/dispersion when loaded in TPP-

chitosomes.
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DSC thermal analyses of the raw materials, theysigal mixture and quercetin-loaded TPP-
chitosomes are presented in Fig. 4. In the therarogof P90H, a major endothermic peak was
detected at 82 °C, while for P50 a set of thermeahés was observed between 110 and 295 °C. This
may be due to the fact that P9OH is composed mos$tbhosphatidylcholine (not less than 90%),
which reflects in the major melting peak, while P&thtains 45% phosphatidylcholine plus 10—
18% phosphatidylethanolamine, and triglycerides dipids (e.g., fatty acids, glycolipids,
phosphatidylinositol), each one having a diffeneeiting point [25].

The thermogram of cholesterol showed a sharp eeduoibh peak at 149 °C, corresponding to its
melting point, and the curve of TPP displayed thregor endothermic peaks at 81, 194 and 295
°C. The thermogram of chitosan was characterizedwuwoythermal events: the first endothermic
centred at about 45 °C, attributed to the loss atewassociated with the hydrophilic groups of the
polymer, and the second exothermic centred at aB0@t °C, corresponding to the thermal
degradation of the polymer. The thermogram of cet@rcdisplayed a major sharp endothermic
peak at 322 °C, which corresponds to the meltingtpaf the drug crystals. This peak was still
detectable in the curve of the physical mixtureicllwas an apparent combination of events of the
phospholipids and chitosan. In contrast, the DS@ecof the TPP-chitosomes showed the complete
disappearance of the characteristic peak of guercstiggesting that it may be molecularly
dispersed within the phospholipid-polymer systenntiter, the DSC profile was markedly different
from that of the physical mixture, showing broaghsils with low intensity, which may be ascribed

to the presence of physical or chemical interastiora newly formed system.

3.4. Accelerated stability tests
The Turbiscafi technology was exploited to detect possible inbtaphenomena in the prepared
systems, thus providing an accurate, qualitatiszgation of the vesicular dispersions, in terms of

demixing behavior and predictive stability. No aion in vesicle size occurred for liposomes
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stored at 20 and 40 °C for 15 days, since the tnégsson profile was within the interval £2% (Fig.
5). On the other hand, TPP-chitosomes showed aicenstability due to the vesicle migration to
the top of the cuvette, indicating the occurrentcereaming. The intensity of the phenomenon was
higher for TPP-chitosomes than for chitosomeshasva in theAT profiles. However, creaming is

a reversible phenomenon, since the creamed lapdveaasily redispersed by gentle shaking.

On the basis of the TSI results (Fig. 5), the fwllay stability order can be derived: chitosorres
liposomes > TPP-chitosomes. These findings areaordance with the stability profiles observed
at 24 h for chitosan-coated liposomes by Goncadted. [26], and highlight the important role of
chitosan in the structural organization of the rsystem, that is an improvement of the stability.
These findings are in agreement with the DLS dantd,can be related to the zeta potential values of
the samples. The zeta potential is a well-knowefulgool to predict the sample stability during
storage, ensured by electrostatic repulsion. Wherparticles have and maintain a large negative or
positive zeta potential, like in liposomes (-32 mand chitosomes (+46 mV), they repel each other
and the dispersion is stable. In particles with keta potential, like in TPP-chitosomes (+2 mV),
there is only a little repulsion force and the pées will eventually aggregate, resulting in
dispersion instability. Overall, it can be inferréoht chitosan and TPP critically modified the
sample stability, with an opposite effect likelyredated with the modification of the surface
charge of the hybrid system, in accordance witlviptes findings on the stability enhancement of
lipid nanoparticles due to the addition of a pesity charged coating layer [20]. Nevertheless, as
mentioned above, it is worth noting that the ingitgbof TPP-chitosomes was reversible, as the

creamed layer could be easily redispersed by geh#king.

3.5. In vitro drug release studies
The ability of the prepared hybrid system to passugh the acidic environment of the stomach and

release the incorporated quercetin in the intestiag assessed by conducting drug release studies
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under conditions mimicking the stomach and intestenvironment. The release profiles of
guercetin from TPP-chitosomes are shown in FigsGa function of the time and pH of the release
medium. At acidic pH, the release of quercetin frdfP-chitosomes was not time-dependent,
reached the maximum amount after 10 minutes, am@ireed constant up to 2 h. Conversely, at
intestinal pH, the release was enhanced and tirperdient: after 2 h the amount of drug released
was 2 times greater than that obtained at pH h@,adter 8 h it was 2.7-fold greater. Therefore, it
can be concluded that the system modulated thaselan a pH-dependent fashion. Further, the
observed sustained release may be attributed tadithesion of quercetin through the hybrid

system.

4. Conclusions

The goal of this work was to design a formulationthe intestinal delivery of quercetin, with great
potential for health promotion. The developmentsath system that achieves both therapeutic
effectiveness and biocompatibility is a challengiagk, since quercetin has low oral bioavailahility
In this context, a cross-linked chitosan/liposomgbrid nanosystem loading quercetin was
successfully fabricated, without any complicategpaptus or organic solvents. The morphology
and structure of the system were analysed usirfgreift non-invasive techniques, such as light
scattering, transmission electron microscopy, tifiéial scanning calorimetry and X-ray powder
diffraction. The system possessed a satisfact@®y sange (~180 nm) and attractive entrapment
efficiency (~91%). The formation of a cross-linkedating layer on the liposome surface, as well
as the effect of the polymer-mediated conformatichange were followed with the help of SAXS
technique and explained with a proposed modelesgmting a novel aspect of this work. Indeed, it
was demonstrated that chitosan did not alter teerably of the phospholipids in vesicles, but was
rather arranged on the outer surface of liposoroasihg a three-dimensional shell when cross-

linked with TPP, which caused an increase in sizb@system.
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The use of a protective three-dimensional polyebége shell layer was expected to allow
circumventing possible damage of both the vesiatekthe incorporated drug due to the acidic pH
of the stomach. Fronm vitro tests, it was found that the system modulateddlsase of quercetin
as a function of the pH (preferably alkaline), @ngas likely governed by the diffusion of the drug
through the hybrid system.

In conclusion, several insights to understand thectire of the hybrid system and its potential as
smart carrier in drug delivery applications, espkgifor the therapy of intestinal inflammatory-
based disorders, were given. We anticipate thatghidy would provide a better understanding of
the advantages of combining liposomes and chitqgsanng the way for the next investigations that
will be carried out on the proposed system, by ghmanthe amount of both the quercetin and the
polymer, to confirm the obtained results and to etdde release properties of the system. Further
studies are also required to evaluate the fatetlamdherapeutic efficacy of the hybrid system

Vvivo, upon oral administration.
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Captionsto Figures

Fig. 1. TEM images of liposomes (A) and TPP-chitosomes B arrows indicate the lamellae of

liposomes.
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Fig. 2. SAXS (A-C) and electron density (B-D) profiles erhpty and quercetin-loaded liposomes,
chitosomes and TPP-chitosomes. The lines correstite best fits of Gaussian bilayer models:

see the text for details on the fitting.
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20 mm). The progression of the analysis over tisnedicated by the arrow.

The Turbiscan stability index (TSI) of liposomekjtosomes and TPP-chitosomes stored at 20 and

40 °C is also presented.
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Table 1

Main features of empty and quercetin-loaded systewerage size; polydispersity index, P.l.; zeta

potential, ZP; entrapment efficiency, EE%. Valuesthe means + standard deviation (n = 6).

Size nm + SD P3. ZP mV + SD EE%
Empty liposomes| 116 +4.5 0.38 -20+54
Empty 119+2.0 0.44 +23+9.3
chitosomes
Empty TPP- 120+ 2.9 0.46 +1.6+0.8
chitosomes
QUE liposomes 138 £6.3 0.38 -32+3.6 55+7.0
QUE chitosomes| 174+5.1 0.39 +46 £ 9.3 70 £ 10.0
QUE TPP- 182+ 7.0 0.42 +23+21 91+1.0
chitosomes

a SD for P.I. values was alway8.02.

Table 2A. Comparison of the fitting parameters obtained from the symmetric (left column) and asymmetric

(right column) models for the empty samples shown in figure 2.

Liposomes Chitosomes TPP-chitosomes
Xored' | 2.6 2.3 3.7 1.1 34.9 1.9
on’ 5.5+0.5 5.6+0.5 5.8+0.5 8.0+0.5 1.3+£0.5 10.1 £0.5
Ph’ 0.57+£0.03 | 0.49+0.05 | 0.37+0.04 0.4+0.04 1.7+0.2 0.3+0.08
zZy 20.8+£1.0 20.8+1.0 20.6%1.0 18.7+1.0 16.0+£2.0 17.5%1.0
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4.2+0.5

4.010.5

3.1+0.5

5.1+0.5

8.8%£1.0

3.8%0.5

0.7+0.08

0.6£0.05

0.8+0.10

Table 2B. Comparison of the fitting parameters obtained from the symmetric (left column) and asymmetric

(right column) models for the quercetin loaded samples shown in figure 2.

Liposomes’ Chitosomes TPP-chitosomes
Xred | 2.4 1.9 6.4 1.07 30.6 2.7
Oh 4.4+0.5 6.0+0.5 | 6.0+0.5 | 8.2+0.5 1.5+0.5 9.2+0.5
Pn 0.63+0.04 | 0.6+0.04 | 0.5+0.1 | 0.46+0.04 | 1.2+0.2 0.5+0.08
Zy 22.4+1.0 | 22.0+1.0 | 20.3+1.0 | 18.4+1.0 | 15.9+2.0 17.5%1.0
Oc 4.0+0.5 3.4+0.5 | 4.1+0.5 | 5.6%0.5 7.6x1 5.0+0.5
Ph2 0.4%+0.07 0.70%0.05 1.3+0.15

X’ rea =1 for a perfectly statistical fit, values of 2 or 3 are reasonably good.
’0,, corresponds to the polar head gaussian amplitude in A.
*p, corresponds to the polar head relative electron density (-1 for the methyl groups).
*Z. the center of the polar head gausian with respect to the bilayer centre in A.

>0, the methyl deep amplitude in A.

®on, only appears for the assymetric model and corresponds to the outer polar head electron density.
’This sample showed significant multilamelarity, with a repetition distance of 81.1+0.5 A, a Caillé

paremeter of 0.25+0.02 and 1.5%0.2 correlated bilayers.
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