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Abstract

Mixtures of hyaluronic acid (HA) with liposomes lead to hybrid colloid—polymer systems with
a great interest in drug delivery. However, little is known about their microstructure. Small
angle neutron scattering (SANS) is a valuable tool to characterize these systems in the semi-
dilute entangled regime (1.5% HA) at high liposome concentration (80 mM lipids). The
objective was to elucidate the influence of liposome surface (neutral, cationic, anionic or
anionic PEGylated), drug encapsulation and HA concentration in a buffer mimicking biological
fluids (37 °C). First, liposomes were characterized by SANS, electron cryomicroscopy, and
dynamic light scattering and HA by SANS, size exclusion chromatography, and rheology.
Secondly, HA-liposome mixtures were studied by SANS. In HA, liposomes kept their integrity.
Anionic and PEGylated liposomes were in close contact within dense clusters with an
amorphous organization. The center-to-center distance between liposomes corresponded to
twice their diameter. A depletion mechanism could explain these findings. Encapsulation of a
corticoid did not modify this organization. Cationic liposomes formed less dense aggregates
and were better dispersed due to their complexation with HA. Liposome surface governed the

interactions and microstructure of these hybrid systems.

Keywords: cryo-electron microscopy, depletion, drug encapsulation, hyaluronic acid, hybrid
systems, liposomes, microstructure, semi-dilute entangled regime, small angle neutron

scattering, surface.
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1. Introduction

In drug delivery, nanocarriers provide numerous advantages over conventional forms. Indeed,
they can sustain drug release, target specific organs, increase therapeutic index, and protect
poorly-stable molecules. Among the nanomedicines on the market, liposomes are predominant
due to their excellent safety profile and versatility [1]. These colloids consist of lipid bilayers
surrounding one or several aqueous compartments, enabling the encapsulation of lipophilic and
hydrophilic molecules respectively. Their size (50 nm to 5 um) and surface are easily tunable.
Researchers incorporate liposomes in polymer solutions or hydrogels to obtain locally
injectable drug delivery systems [2,3]. Indeed, for some targeted tissues that are hardly
accessible from the bloodstream, local therapies allow a higher dose and residence time for

drugs.

Hyaluronic acid (HA) is a linear polyanionic polymer composed of N-acetyl-glucosamine and
glucuronic acid units [4]. It is naturally present in the human body, highly biocompatible, and
biodegradable. At high molar weights (>500 kDa), this polymer possesses healing and
mucoadhesive properties that are much valued in the medical field [5]. Furthermore,
concentrated solutions of HA are easily injectable through fine needles thanks to their shear-
thinning behavior. Such solutions are also very viscous, which increases the residence time of

the system locally.

The mixture of HA with liposomes leads to hybrid colloid—polymer systems. They exhibit
interesting properties and potential applications in drug delivery, particularly in otology [6] and
ophthalmology [7]. Structural characteristics of smaller nanocarriers such as pluronic micelles
(~20 nm with a narrow size distribution) combined with HA were already investigated by small-
angle neutron scattering (SANS) [8]. However, little is known about hybrid systems involving
liposomes, although SANS could provide crucial information on their microstructure.

From a fundamental perspective, colloid—polymer systems are organized into two classes: the
“colloid limit” (large colloid-small polymer) and the “protein or nanoparticle limit” (small
colloid-large polymer) [9,10]. The protein limit theory (Re/Rcoioid > 1, with Rg the polymer
gyration radius and Rcoioid the colloid radius) is less established than its counterpart, the colloid
limit (Re/Rcoioid < 1). In the colloid limit, a polymer depletion mechanism induces colloid
aggregation. As the polymer cannot penetrate the colloidal particles, the entropy of the polymer
is reduced. The polymer is excluded from a layer corresponding to Rg around the colloidal

particles [11]. Polymer chains are also excluded when the polymer-depleted layers of two
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adjacent colloids overlap. Due to this polymer depletion, an osmotic imbalance takes place,
leading to particles aggregation. This phenomenon increases the available volume for polymer
chains, increasing the depletion effect [10,12] and resulting in segregative phase separation.
For the protein limit (Re/Rcoloid > 1), experimental models are still lacking. Phase separation is
also observed, but the polymer can also wrap around the smaller particles [13]. Many colloidal
interactions are also implicated in addition to polymer-polymer interactions and polymer
conformation [14]. The first scaling laws and models were developed by Sear [15-17] with the
following hypothesis: (i) the polymer is in good solvent conditions and does not adsorb on
particles, (ii) all interactions are considered as excluded volume ones. For non-adsorbing
polymers, this segregation into colloid-rich and colloid-poor phases might result from the
depletion effect that relies on excluded volume interactions [10,12]. This mechanism was often
investigated for nonionic non-adsorbing polymers in the dilute regime. Polyelectrolytes in
semi-dilute polymer regime have been rarely considered in the literature, although they have
many applications in the pharmaceutical field.

This work investigates by SANS a pharmaceutical colloid—polymer system with more
dispersity and complexity than model systems classically studied by this technique. Our hybrid
system is composed of HA (high molecular weight) and liposomes (high lipid concentration),
which maximizes the amount of drug administered [6]. This HA-liposome system has already
demonstrated its ability to deliver drugs of different nature (peptides [7], antioxidants [18], and
corticoids [6]) in animals. This study aims to evaluate the impact of the polymer on the integrity
and organization of liposomes and the potential interference of an encapsulated hydrophilic
drug in this organization.

The influence of liposome surface properties (neutral, cationic, anionic, or anionic and covered
with poly(ethylene glycol) (PEG)), HA concentration, and the encapsulation of a corticoid
(dexamethasone phosphate, DexP) on the microstructure of the HA-liposome system was
evaluated in a saline buffer mimicking biological fluids (37°C, high salt limit, pH 7.4). Firstly,
primary constituents of this hybrid system were characterized separately: liposomes by SANS,
electron cryomicroscopy (cryo-EM), and dynamic light scattering (DLS); HA by SANS, size
exclusion chromatography, and rheology. Secondly, HA-liposome mixtures were studied by
SANS.



2. Materials and methods

2.1. Material

Sodium hyaluronate (HA) with a high molecular weight was provided by Acros Organics
(M.W. supplier of 1.6.10° g/mol, batch A0375841, purity 95% Geel, Belgium). 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy-poly(ethyleneglycol)-2000] (DSPE-PEG2000)
was obtained from Lipoids GmbH (Ludwigshafen, Germany). Egg phosphatidylcholine (EPC,
purity 96%) was provided by Lipoid GmbH (Ludwigshafen, Germany). Dexamethasone
sodium phosphate (purity 98%) was purchased from Fagron (Amsterdam, The Netherlands).
Cholesterol (Chol), D>O (99.9 atom % D), egg L-a-phosphatidylglycerol (PG), sodium
chloride, stearylamine (SA), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES),
phosphoric acid, trichloroacetic acid, were obtained from Sigma-Aldrich Co. (St. Louis, USA).
MilliQ water was used, with a resistivity of around 20 MQ.cm (Millipore, Molsheim, France).
All other chemicals were of analytical grade. The physical parameters of the different

components of the formulations are detailed in Table 1.

Table 1. Physical parameters of the different chemicals used: chemical formula, ratio (if

chemical mix), molecular weight My, density, neutron scattering length density p.

Formula Molar ratio My (g/mol)  Density p (neutron)
(g/cm?®) (cm™)
EPC CaoHsoNOgP 1:1 734 0.97" 0.22 10%
C44H84N03P 786
Chol Ca7H460 — 387 1.07* 0.26 10%
SA CisH3zoN — 270 0.86* —-0.3310%°
PG CasH74010PNa 1:1 745 1.00* 0.38 10%°
CsoH78010PNa 797
DSPE C41Hs,08P — 748 1.00% 0.25 10%
PEG (repeat unit)y  C,HsO - 44 1.01* 0.55 10%°
Dexamethasone C22H28FNa,OsP - 516 1.32% 1.63 10%°
phosphate
HA (repeat unit) CosH43N2023Na — 401 1.70+ 2.31 101
Solvent D,O:HEPES:NaCl 99.2:0.2:0.6  20:238:58 1.10 6.33 10%

Density values were taken in *Grillo et al., 2020; *Haynes, 2016; "Rowe et al., 2009 or *approximated. Chol:
cholesterol, DSPE: 1,2-distearoyl-sn-glycero-3-phosphoetanolamine, EPC: egg phosphatidylcholine, HA:
hyaluronic acid, HEPES: 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid, PEG: poly(ethylene glycol), PG:
egg L-a-phosphatidylglycerol, SA: stearylamine.



2.2. Preparation of liposomes

Liposome suspensions with different surfaces (neutral: Lip; positively charged: Lip*; negatively
charged: Lip ; PEGylated: LipPEG) were prepared by the thin-film hydration method
(Bangham et al., 1965). Lipids (Table 2) were dissolved in chloroform, sampled with Hamilton
syringes (Bonaduz, Switzerland) in appropriate amounts to reach a theoretical lipid
concentration of 90 mM. They were mixed in an amber glass balloon, and chloroform was
evaporated on a rotary evaporator BUCHI R-124 at 100 mBar. The lipid film was hydrated with
D20 buffer (HEPES/NaCl 10/115 mM, pH 7.4) under vortex for 10 min. Extrusion through 0.2,
0.1, and 0.05 um polycarbonate filters (LIPEX Extruder, Evonik Nutrition & Care GmbH,
Vancouver, Canada) was used to reduce the size of liposomes and reach the targeted
hydrodynamic diameter of 75 nm. Lip and Lip* suspensions were also sonicated for a few
cycles of 15 min (pulse of 30 ms every 2 seconds) using a Branson 450 digital sonifier (Branson

Ultrasonics Corporation, Danbury, USA).

Dexamethasone phosphate-loaded PEGylated liposomes (DexP-LipPEG) were also prepared,
as previously described by El Kechai et al. (2016). Briefly, the lipid film was hydrated with
dexamethasone phosphate solution at 100 mg/mL in D2O. After extrusion on 0.2, 0.01, and
0.05 um polycarbonate filters, the non-encapsulated fraction of dexamethasone phosphate was
eliminated by dialysis with repeated medium changes for 48 h at 4 °C. A Gebaflex® dialysis
bag with a molecular weight cut-off between 12 and 14 kDa (Interchim, Montlucon, France)
was bathed in D20 buffer (HEPES/NaCl 10/115 mM, pH 7.4). All samples were protected from
light.

2.3. Liposome characterization

2.3.1. Size and zeta (&) potential determination

The liposomes' size and C potential were determined in triplicate at 25 °C using a Zetasizer
Nano ZS (Malvern, Worcestershire, UK), after dilution of the liposomal suspensions to 2 mM
of lipids with milliQ water. Each measurement was the average of at least 12 runs. The
hydrodynamic diameter (Dn) was measured by dynamic light scattering (DLS) at the
backscattering angle 173°, with refractive indexes of 1.45 and 1.33 respectively for dispersed

material and solvent. The deviation of the mean was estimated through the polydispersity index
(PdI) width (Pdl width = z-average x+/Pdl ). This calculation was more relevant than the

standard deviation of 3 different measures and allowed a better understanding of the distribution



of size in the suspension. Pdl was obtained from the slope of the correlation function. The
¢ potential was assessed at a count rate > 100 kcps and conductivity of around 0.3 mS.cm™.
Liposomes were placed under an electric field, and their mobility was measured, related to the

¢ potential using the Smoluchoswki equation [21].

2.3.2. Lipid quantification

EPC concentration was quantified by an enzymatic phospholipid assay (Biolabo SA, Maizy,
France) after extrusion, sonication, or dialysis. Liposome suspensions were diluted to perform
measurements in the validity range of the assay (0.22-10.75 mM). 10 uL of sample were
incubated with 1 mL-enzyme reagent for 10 min in a water-bath at 37 °C (n = 2). Absorbance
was measured at 500 nm (UV-Vis spectrometer Lambda 25, Perkin-Elmer, Waltham, USA).
Assuming that the lipid ratios did not change during the different steps of liposome preparation,
the total amount of lipids was calculated from EPC concentration (Eq. 1):

Y [ Lipid
[L|p|d3]= Aneasured % [ Ipl S]O X103

Eq. 1
A) M EPC fEPC

with Ao and [Lipids]o respectively the absorbance and the lipid concentration (mM) of the
standard solution, Mepc and fepc respectively the molar mass (g/mol) and the molar fraction of
EPC (mol/mol) in the EPC formulation, and Y the dilution factor of the liposomes. Suspensions
were adjusted to 80 mM of lipids.

2.3.3. Cryogenic electron microscopy (cryo-EM)
The cryo-EM grids were prepared using a Vitrobot Mark 1V (ThermoFisher) at 20 °C and 100%
humidity. 3 uL of sample were applied onto freshly glow-discharged Quantifoil grids (R2/2),
200 mesh grids. The grids were blotted for 7 s with blot force 2, then plunge-frozen in liquid-
nitrogen-cooled ethane. Cryo-EM images were observed in a Tecnai G2 FEG electron
microscope (ThermoFischer) operating at 200 kV and equipped with a DDC K2 Summit direct-
detection camera (Gatan Inc.). Images were recorded at 15 000x magnification, with a pixel
size of 2.5 A at the specimen level and 20 e”/AZ. The mean horizontal diameter was determined
for each liposome suspension on cryo-EM pictures using ImageJ 1.52a software (Wayne
Rasband, USA). On several images, the horizontal diameter (Dem), shell thickness (lipid

bilayer) (ts &m)), and the mean number of shells per vesicle (Ns) were systematically measured,



with more than 300 compiled measures for each type of liposome. The Pdl was estimated from

data dispersity as follows:

Eq. 2

EM

L 2
Pdl :(standard dewann)

2.4. Multi-detection coupled on-line size-exclusion chromatography

HA solutions were prepared or diluted at 0.1 g.L 1 in the eluent and filtered on a 0.45 um filter
(regenerated cellulose). Number-average molar mass (Mn), weight-average molar mass (Mw),
and dispersity (D) were determined by size exclusion chromatography coupled with multiangle
light scattering detector, a viscosity detector, and a refractive index detector. The whole line
was equipped with an online degasser, a pump (LC10Ai, Shimadzu, Japan) with a flow rate of
0.5 mL.min™%, an automatic injector (SIL-20A, Shimadzu, Japan) set-up at 500 pL, a 0.45 pm
guard filter unit, an analytic size-exclusion column OHpak SB 807 HQ with a guard column
OHpak SB-G (Shodex™, Showa Denko America, Inc., NY, USA), and three detectors: (i) a
multiangle light scattering detector (Dawn® EOS, Wyatt Technology Corp., Santa Barbara, CA,
USA) fitted with a K5 cell of 50 uL, a 5 mW red source (Ga-As 690 nm) and 18 diodes, (ii) a
differential refractive index detector (RID-10A, Shimadzu, Japan), and (iii) a differential
viscosimeter detector (Viscostar Il, Wyatt Technology Corp., Santa Barbara, CA, USA). The
eluent solvent (0.1 M LiNO3) was filtered through a 0.1 um filter unit. The differential
refractive index dn/dC value was 0.15 mL.g*. Data were analyzed on Astra v6.0.6.13 software
(Wyatt Technology Corp., Santa Barbara, CA, USA).

2.5. Preparation of HA liposomal mixtures for SANS experiments

HA solution was prepared by dissolving HA powder in D20 buffer (HEPES/NaCl 10/115 mM,
pH 7.4). HA-liposome mixtures (HA-Lip, HA-Lip*, HA-Lip~, HA-Lip PEG, and HA-DexP-
LipPEG) were prepared by dissolving HA at 1.5% (w/v) in liposome suspensions at 80 mM of
lipid concentration. HA solutions and HA-liposome mixtures were immediately homogenized
by vortexing for 10 min, maintained at room temperature for 1 h, and manually stirred for 30 s.
Bubbles were removed using a vacuum pump, and samples were kept at 4 °C for at least 12 h
before use. HA-Lip PEG mixtures (80 mM lipids) were also prepared at 0.15% (w/v) of HA to
evaluate the effect of the HA concentration on liposomal mixture behavior.



2.6. SANS

SANS experiments were carried out on the PAXY instrument at Laboratoire Leon Brillouin
(Saclay, France). q is the modulus of the scattering vector (q = (4n/A) sinB) with 26 the
scattering angle. To cover a g-range from 0.002 to 0.5 A%, four configurations were used with
the following wavelengths A and sample-detector positions D (A\=5A, D=1m; A =5A,
D=35m; A=8A, D=5m; A=15A, D=7m). Liposomal suspensions and liquid
formulations were measured in 1 mm-path length rectangular quartz Hellma cells. Viscous
mixtures at 1.5% HA (w/v) were included in homemade quartz cells manufactured at
Laboratoire Leon Brillouin. The mixture was contained between two cylindrical slices
(diameter = 10 mm, thickness = 1 mm) separated by a 1 mm spacer. Then, it was trapped in a
homemade measurement cell to prevent sample evaporation. All samples were thermostated at
37 °C through a circulation water bath system. Data were corrected from the electronic
background and empty cell. They were normalized to absolute scale (cm™) using standard

procedures implemented in PASINET software at Laboratoire Leon Brillouin.

2.7. SANS data analysis

The scattering intensity 1(g) from suspensions exhibiting a vesicle shape was defined as:

I (q) = ¢Iipids X(pSO|V _ps )2 thot X P(Q)X S(q) + Ibck Eq 3

with dipigs the volume fraction of lipids, ps and posov respectively the scattering length densities
of the shell (lipid bilayer) and the solvent (whom difference is the contrast), Vot the total volume
of the vesicle. P(q) is the form factor that gives information on the particle size and shape, S(q)
the structure factor that gives correlations between centers of mass of vesicles, and is thus
directly linked to inter-particle interactions, and Inck is the contribution of the background signal
(due for example to incoherent scattering in the case of neutrons). Polydispersity was applied
to the core and the shell independently, assuming a gaussian and a lognormal distribution,
respectively. The diameters 2Ry of the vesicles (without HA) were calculated from the
parameter values extrapolated from the best fits of SANS data with the formula
2R\ = 2R + 2ts vy with Rc the core radius and ts (v the shell thickness. The aggregation number

of liposomes Nagg Was estimated as follows:
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I (q = 0) = Nagg thotz ><¢Iipids ><(psolv ~Ps )2 X P(q = 0) Eq. 4

The gyration radius Re of the vesicles was extrapolated from the Guinier plot (see
supplementary material, Fig. S1). The scattering intensity from dexamethasone phosphate
aggregates was modelled with a sphere model for the form factor and a Hayter-Penfold for the
structure factor (see supplementary material). A unilamellar vesicle model with a hard-sphere
structure factor (see supplementary material) was used to fit the curve from DexP-LipPEG

suspension.

In SANS experiments, neither unilamellar nor multilamellar vesicle models described
adequately Lip suspension data (see supplementary material, Fig. S3). So, the scattering

intensity 1(q) from a lamellar phase was also used for this system:

2P
I (q) = ¢Iipids ><(Iosolv _pL )2 X 7;2t(q) + Ibck
L

with t the total layer thickness. Form factors were detailed in the supplementary material.

3. Results

First, we characterized the individual components of the system (i.e. liposomes and HA
solution) by using different methods (DLS, cryo-EM, and SANS for liposomes and SEC,
viscometry, and SANS for HA) before studying hybrid systems (i.e. HA-liposomes mixtures)
by SANS. SANS experiments were conducted at 37 °C to be close to physiological conditions
in a HEPES/NaCl buffer (10/115 mM, pH 7.4) mimicking biological fluids.

3.1. Liposome characterization

Liposomes of different surface properties were prepared: neutral (Lip), cationic (Lip*), anionic
(Lip"), and PEGylated (LipPEG). Their size, polydispersity, and surface characteristics are
presented in Table 2.

11



Table 2. Size and surface characteristics of liposome suspensions, determined by DLS, cryo-
EM, and SANS. Dn: hydrodynamic diameter determined by DLS; Dem: liposome diameter,
ts em) shell thickness, and Ns: mean number of shells determined by cryo-EM; 2Rn: liposome
diameter and ts (): shell thickness calculated from the parameter values obtained for the best fit
of SANS data with a vesicle model; 2Rg: liposome diameter extrapolated from Guinier radius
Rc obtained from SANS.

Name Electrophoretic mobility/DLS Cryo-EM SANS

Lipid 25 °C, 37 °C,

composition [Lipids] =2 mM [Lipids] = 80 mM

Lipid ratio ¢ Dn by Dn by Dem ts Em) Ns 2RN ts (n) 2Rc

(mol%) potential intensity number (nm)* (nm)* &l (nm)* (nm)* (nm)
(mvV) (nm)* (nm)

Lip -10+1 85+17 68+12 82+41 45+05 1.9 n.d. n.d. 52

EPC:Chol [0.13] [0.25] [0.02] [0.44]

65:35

Lip* +53+3 82 +13 67+23 73+32 5505 1.2 3617 39+04 40

EPC:Chol:SA [0.10] [0.19] [0.01] [0.14] [0.22] [0.11]

55:35:10

Lip~ -56+4 72 £11 58+10 5632 5404 11 32+6 3.7+05 42

EPC:Chol:PG [0.09] [0.33] [0.01] [0.05] [0.20] [0.13]

55:35:10

LipPEG 435 78 £15 65+21 5227 48+0.6 11 32+6 3.9+05 36

EPC:Chol:DS [0.15] [0.27] [0.01] [0.06] [0.20] [0.13]

PE-PEG2000

60:35:5

DexP-LipPEG -36+1 83+13 69 £ 22 n.d. n.d. n.d. 509 n.d. 62

EPC:Chol: [0.09] [0.21]

DSPE-PEG2000

60:35:5

*The corresponding polydispersity index or polydispersity ratio value is reported in brackets. n.d.: not

determined

The different liposomes were characterized by a monodisperse distribution by intensity of Dn
(DLS) of around 80 nm, whatever their charge and nature. The measured size was different
depending on the technic used. Larger diameters were measured by DLS, followed by those
determined by cryo-EM (Table 2). When liposome distribution by DLS was expressed by
number, namely by rectifying the distribution from the scattering of the largest particles, Dn
was decreased by 15 nm and closer to Dem. Cryo-EM images showed that liposomes were

unilamellar except for Lip, which were oligomellar (Fig. 1).
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Lip- LipPEG

Fig. 1. Cryo-EM images of liposome suspensions in D,O buffer (HEPES/NaCl 10/115 mM,
pH 7.4). Scale bar = 100 nm.

3.1.1. SANS experiments: effect of liposome surface

SANS curves of liposome suspensions at 80 mM in D>O buffer HEPES/NaCl are shown in
Fig. 2, with their respective fitting.

108
105 —
104
103
102

I (cm™)

10-3 0 10-2 . ,. 101
q (A7)

Fig. 2. Scattering intensity from liposome suspensions. Bests fits of form factors from SANS
data analysis are represented in full lines. Lip (O), Lip* (©), Lip~ (@), LipPEG (®), DexP-
LipPEG (). [Lipids] =80 mM, T =37 °C, D20 buffer (HEPES/NaCl 10/115 mM, pH 7.4).
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The SANS data were fitted by pure form factors P(g). A lamellar model better adjusted the
scattered intensity of Lip (see supplementary material, Table S1) while Lip*, Lip~ and LipPEG
were fitted by a unilamellar vesicle model (parameters are presented in Table 3).

Table 3. Fit parameters from SANS data analysis to a unilamellar vesicle model for the form
factor. [Lipids] =80 mM, T =37°C, DO buffer (HEPES/NaCl 10/115 mM, pH 7.4).
Theoretical diipias: theoretical volume fraction of the lipids; Rc: core radius; ts: shell thickness;

Ps, Psolv: Scattering densities of the shell and solvent.

Suspensions: Lip* Lip~ LipPEG DexP-LipPEG
Theoretical diipias 0.048 0.051 0.051 0.051

R: (hm)* 14 [0.22] 12 [0.20] 12 [0.19] 21[0.21]

ts (nm)* 3.9[0.11] 3.7[0.13] 3.9[0.13] -

ps (10 A2) 0.19 0.24 0.22 0.22

psotv (10 A?) 6.33 6.33 6.33 6.33

*The corresponding polydispersity ratio value is reported in brackets.

Aggregation numbers Nagg Were estimated by dividing the experimental intensity 1(q)q—o by
the fitted one at g = 0. Relatively low values (Nagg ~1-2) were obtained. It allowed determining
2Rn and 2Rg liposome diameters from these concentrated suspensions (Lip*, Lip~ and
LipPEG). The 2Ry diameter was around 32—36 nm, and the thickness of the shell (lipid bilayer)
around 3.7-3.9 nm (Table 2). However, the gyration radius Re seemed closer to cryo-EM
values than Ry radius (Table 2) and thus more representative of the sample. Overall, the size of
the different kinds of liposomes was similar by SANS analysis. However, the actual size of
LipPEG might be slightly higher than the one observed by SANS due to the PEG2000 COrona
being organized in brush (~4.5 nm) [22]. Indeed, the PEG layer was almost invisible to neutrons

for contrast reasons due to its hydration by the D20 solvent.

For neutral liposomes (Lip), the SANS curve was not adequately fitted by the unilamellar
vesicle model because no oscillation was observed in the intermediate g-range. As the cryo-EM
images suggested deformed oligolamellar liposomes (Fig. 1), we also tested a multilamellar
vesicle model (see supplementary material, Fig. S3). It was not able to fit the data at
intermediate ¢. The presence of a g2 variation over a large g-range at intermediate g was better
described by a lamellar model (Table S1). Although this latter model was not suited to depict
the actual sample or fit low q data, this approach allowed to determine the thickness of the lipid
bilayer, which was equivalent to that of the other liposome suspensions (t. = 3.7 nm). The
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presence of a poorly defined oscillation around q = 0.006 A suggested a high polydispersity
in the number of bilayers and/or in the inter-bilayer distance. It is in accordance with the cryo-
EM images (Fig. 1) on which Lip were oligolamellar vesicles with Ns = 1.9. As the correlation
function of Lip by DLS was well fitted by a monodispersed distribution (see supplementary

material, Fig. S2), it is in favor of a large polydispersity of the inter-bilayer distance.

3.1.2. SANS experiments: dexamethasone phosphate-loaded liposomes
Dexamethasone phosphate is a hydrophilic drug that self-associates in water for a concentration
superior to the critical aggregation concentration (3.5 mg/mL at 37 °C) [23]. Its molecular
structure (see supplementary material, Fig. S3) is close to bile salts, which were more
extensively studied by SANS [24]. The analysis of SANS data of the dexamethasone phosphate
solution (100 mg/mL) used for encapsulation showed small aggregates of 1.7-nm diameter
(Table S3). Its scattering had thus a much lower intensity than vesicles at intermediate and low

g. The encapsulated drug might impact neutron scattering profiles of liposomes only for q > 0.1

Al

DexP-LipPEG suspensions were fitted by a unilamellar vesicle model with a hard sphere
structure factor for g < 0.1 A%, There was a significant increase of the size measured by SANS
for DexP-LipPEG compared to LIipPEG, as revealed by the shift of the first oscillation of P(q)
towards low q. DexP-LipPEG liposomes were enlarged by 20 nm due to the presence of
dexamethasone phosphate aggregates in the aqueous core. However, the Dy value measured by
DLS was similar between loaded and unloaded LipPEG (Table 2). Besides, if LipPEG without
dexamethasone phosphate were slightly aggregated (Fig. 2), it was not the case for DexP-

LipPEG for which repulsive interactions appeared.

3.2. Hyaluronic acid characterization

As a semi-rigid polyelectrolyte, the molecular organization of HA in an aqueous medium
depends on its concentration and solvent ionic strength. In the present study, the salt
concentration of the buffer screened the repulsive electrostatic charges between HA chains
(1=0.115 M). As regards its conformation, HA behaved as a neutral polymer in good solvent
conditions [25] while remaining negatively charged. Thus, the organization of HA chains relies
mainly on its concentration and can be divided into three domains: the dilute regime, the semi-
dilute unentangled and the semi-dilute entangled regimes, delimited respectively by the overlap
concentration C”, and the entanglement concentration Ce. For a weight average molar mass of

1.14 108 g/mol determined by size exclusion chromatography coupled on-line with multiangle
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light scattering (Table 4), C* was estimated by extrapolation at a specific viscosity for ns = 2
(see supplementary material, Fig. S4, C" ~0.045% w/v) [25]. The Rg value of HA was then

around 100 nm according to the following equation [14]:

M Eq. 6
Claw |

4
gﬂRGSNA

with Na the Avogadro constant. The entanglement concentration Ce=0.25% w/v was
determined by measuring the specific viscosity as a function of HA concentration in D20 buffer

at 37 °C (see supplementary material, Fig. S4).

Table 4. HA characteristics: number average molecular weight (Mn), mass average molecular
weight (Mw), polydispersity index (P), degree of polymerization and mass average intrinsic
viscosity ([n]w) determined by size-exclusion chromatography coupled on-line with multiangle

light scattering, degree of polymerization, overlap concentration (C*), and gyration radius (Rg).

M Mw 5 Degree of [M]w c Ro
(108 g/mol) (108 g/mol) polymerization (mL/g) (% wiv) (nm)
1.00+0.03 1.14+£0.05 1.13x0.06 2842 1695 0.045 100

HA concentrations of 0.15 and 1.5% w/v belonged to the semi-dilute unentangled and semi-

dilute entangled regimes, respectively.

3.3. SANS experiments on HA liposomal mixtures

As the size of all types of liposomes was approximately the same, it was possible to evaluate
precisely the influence of their surface on the scattered intensity from HA-liposome mixtures.
Then, the effects of HA concentration and drug encapsulation on the scattered intensity were
studied for the HA-LIpPEG system.

3.3.1. Effect of liposome surface
Mixtures of HA at 1.5% w/v and liposomal suspensions at 80 mM (Lip, Lip*, Lip~ and
LipPEG) were evaluated by SANS at 37 °C (Fig. 3).
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Fig. 3. Impact of liposome surface on scattering intensity for liposomes in suspensions (O) and
HA-liposome mixtures (A) with Lip in orange, Lip™ in red, Lip~in green, and LipPEG in blue.
[Lipids] =80 mM, T =37 °C, [HA] =15% w/v in HA-liposome mixtures, D>O buffer
(HEPES/NaCl 10/115 mM, pH 7.4). Bests fits of form factors from SANS data analysis are

represented in full lines.

No macroscopic phase separation was observed at this HA concentration regardless of the
liposome type. For these hybrid systems, HA contributed significantly to the scattered signal at
large angles (q>0.1 A1) (see supplementary material, Fig.S5). At low q, the scattered

intensity was dominated by the scattering of the vesicles.

The curves of HA-Lip, HA-Lip~ and HA-LIpPEG were characterized by a sharp rise at low q
with a g2 slope (Fig. 3). This slope revealed large density fluctuations within the mixtures,
between HA and liposomes. It suggested aggregation of the liposomes, with aggregates larger
than the ones that could be probed within the g-range of the SANS experiment. For HA-Lip~
and HA-LipPEG, pronounced correlation peaks appeared at intermediate g that partially
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overlapped with the oscillations of the vesicles form factor. Conversely, HA-Lip did not present
any correlation peak at intermediate g. This effect might result from the high polydispersity of

the objects observed.

For HA-Lip", the slope at low q was weaker (q*’) than one of the other liposomes (q73),
suggesting that density fluctuations were less pronounced for this system. A correlation peak
was also observed at intermediate q for HA-Lip* but was much less intense than HA-Lip~ and
HA-LipPEG.

Whatever the liposome surface, the scattered intensity at large g for g > 0.15 A~* was strongly
influenced by the presence of HA compared to those of pure liposomes. The polymer was
responsible for the differences in the profile. However, the curves were almost superimposed
between 0.07 and 0.15 A (Fig. 3). In the case of Lip*, Lip~ and LipPEG (fitted by a vesicle
model), the g-position of the oscillation arising from the bilayer’s thickness at the edge of the
q* decay at high q was similar for both suspensions and HA-liposome mixtures. It means that
the thickness of the lipid bilayer is unchanged, and the form of the vesicles is not drastically

modified, even if liposomes might have been slightly distorted.

Since the shape of the vesicles was not modified in the presence of HA or only weakly changed,
it appeared that the correlation peaks at intermediate q arose from correlations between the
vesicles. In all cases, the position of the second correlation peak was observed precisely at twice
the position of the correlation peak qo, i.e. it was its harmonics. It allowed the calculation of a
center-to-center distance between two vesicles, the so-called d-spacing do in direct space, from
do = 27/qo (Table 5).
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Table 5. Structure factor characteristics of HA-liposome mixtures, assuming liposomes
retained their vesicular shape and size in HA solutions. [Lipids] =80 mM, T =37 °C,
[HA] = 1.5% wiv, D,O buffer (HEPES/NaCl 10/115 mM, pH 7.4). qo: length of the scattering
vector at the lower correlation peak; do: d-spacing between two vesicles or characteristic length

of the system.

HA-liposome mixtures Qo (AY) do (nm) Harmonics
HA-Lip* 0.0175 35.9 100, 200
HA-Lip~ 0.0204 30.8 10, 200
HA-LipPEG 0.0212 29.6 10, 200
HA-DexP-LipPEG 0.0124 50.7 10, 200

These distances correlate well with the corresponding 2Rn diameter of the liposomes (Table 2).

It shows that liposomes were in close contact within the HA network.

3.3.2. Effect of HA concentration
We assessed the impact of HA concentration on the scattered intensity profile of HA-LipPEG
mixtures when HA was in the semi-dilute unentangled regime. It prompted us to choose a

concentration of 0.15% w/v (Fig. 4).
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Fig. 4. Scattering intensity of LipPEG in suspensions (O), in HA solution at 0.15% wi/v (V,
C'<C<Ce¢) or at 1.5% wiv (A, C>Ce). T=37°C, [Lipids] =80 mM, DO buffer
(HEPES/NaCl 10/115 mM, pH 7.4).

At this concentration, the viscosity of the medium was low (sampling with pipette was
possible). The decay of the scattered intensity at low q (q*) was much lower than at 1.5% w/v
(q31). At 0.15%, HA chains were not entangled, while at 1.5%, they formed a network. The

fact that HA formed a network at 1.5% seemed to increase density fluctuations drastically in
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the hybrid system. Despite the high lipid concentration (80 mM) used for HA-LipPEG mixtures
and LipPEG suspension, the lipid volume fraction appeared lower in HA-LipPEG at 0.15% w/v
HA than the LipPEG suspension in SANS data (Fig. 4). Due to the lower viscosity, a slight
creaming was observed during the experiment; thus, the neutron beam might have crossed the

sample in the most diluted part of the sample.

3.3.3. Effect of HA on dexamethasone phosphate-loaded liposomes
As demonstrated in section 3.1.2, the encapsulation of a hydrophilic drug such as
dexamethasone phosphate significantly increased LipPEG size (SANS). Surprisingly, there was
no shift of the correlation peaks towards smaller angles for the HA-DexP-LipPEG compared to

HA-LipPEG (Fig. 5).
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Fig. 5. Effect of dexamethasone phosphate encapsulation within LipPEG on the scattering
intensity. (A) LipPEG (O) and DexP-LipPEG ( ®) suspensions. (B) HA-LipPEG (A) and HA-
DexP-LipPEG (A). [Lipids] =80 mM, T = 37 °C, [HA] = 1.5% w/v in HA-liposome mixtures,
D20 buffer (HEPES/NaCl 10/115 mM, pH 7.4).

As in the previous section, the position of the second correlation peak was precisely at twice
the position of qo (Table 5). The resulting d-spacing do between the centers of two vesicles
corresponded exactly to 2Ry diameter within the HA-DexP-LipPEG mixture. When the
LipPEG size was enlarged by 20 nm, due to dexamethasone phosphate encapsulation, the d-
spacing do was increased by the same distance. Furthermore, for both HA-LipPEG mixtures
with or without dexamethasone phosphate, a slope in ~q was observed at low g meaning that
the presence of dexamethasone phosphate did not modify the heterogenous organization of the

system.
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4. Discussion

In the pharmaceutical field, HA-liposome mixtures is a versatile hybrid system suitable for
different administration routes such as the transtympanic one [6]. They showed many
advantages for sustained drug delivery. Before considering their clinical use, it is crucial to
understand the physicochemical properties of these systems to control their use properties.
Thus, the main objective of this work was to elucidate the impact of HA concentration,
liposome surface and drug encapsulation on the organization and structure of liposomes within
the hybrid system. We first characterized the liposomal suspensions by SANS, DLS and cryo—
EM. Then, we explored the HA-liposomes systems by SANS. Different parameters were
studied: HA concentration (C* < C < Ce and C > C,), the liposome surface and dexamethasone

phosphate encapsulation.

The size characteristics of Lip*, Lip~and LipPEG were consistent with the literature (for review,
see [26]). Only Lip seemed to exhibit a polydisperse internal structure, as confirmed by cryo—
EM images (Fig. 1), and were therefore not fitted with a vesicle model. The size measured by
SANS was lower than that of cryo-EM and DLS. DLS measurements determine a correlation
time related to a diffusion coefficient of the colloidal objects and then to a hydrodynamic
diameter through the Stokes-Einstein equation. Dy takes into account the hydration layer
surrounding the colloids. Conversely, SANS provides a structural determination. Neutrons are
scattered by the nuclei of the atoms of the objects. The difference of scattering length density
between the deuterated buffer and the protonated phospholipids dominates the scattering length
density profile of the liposomes. The hydration shell thickness is not taken into account. Both
methods (SANS and DLS) detect an ensemble of particles whereas cryo-EM measures the size
of single particles. In this latter technic, the image reflects the electron density inhomogeneities
within the sample. The measured diameter is thus closer to the core size than to hydrodynamic
diameter. These discrepancies were observed experimentally and also reported by Varga et al
[27]. Furthermore, DLS was performed on diluted samples (2 mM) in milliQ water, which may

favor an osmotic pressure-driven increase of liposome size.

Interestingly, when dexamethasone phosphate was encapsulated into LipPEG, the vesicles
were enlarged by 20 nm according to SANS results, which was not expected. Indeed, such a
difference in size was not observed by DLS. The origin of this upsizing is not explained yet,
though it might be induced by a difference in the ionic strength inside and outside the vesicles.

However, the osmolarities inside and outside the DexLipPEG were of the same order
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(~300 mOsm/kg). The lack of investigation for hydrophilic compound encapsulation within
vesicles in the SANS literature did not allow any comparison. Most of the publications studied
drug encapsulation within the lipid bilayer (for review, see Di Cola et al. (2016)). The signature
of the DexP micelles for g > 0.1 A is still observed in the SANS profile of the liposomes
(Fig 5), indicating that most DexP molecules are in the aqueous compartment of the vesicles.
We do not exclude that some DexP molecules could also be embedded in the lipid bilayer of
the liposomes due to their amphiphilic character. However, this insertion in the bilayer is likely
to be limited. Indeed, we did not observe a significant modification of the Zeta potential value
(43 £ 5 mV without DexP versus —36 + 1 mV with DexP, (see Table 2). In addition, even if
we did not fit the large g data of the DexLipPEG (the remaining scattering of DexP in solution
in such g-regime would had introduced a large uncertainty on the value obtained for the bilayer
thickness), the SANS oscillation related to the phospholipid bilayer was not qualitatively
influenced by DexP. It means this drug does not modify the lipid bilayer characteristics

(thickness and polydispersity).

Besides the increase of vesicle size, the presence of a negatively charged cargo (dexamethasone
phosphate) seemed to induce an additional repulsion between the DexP-LipPEG. Surprisingly,

this behavior observed by SANS did not reflect on £ potential values (Table 2).

In a second step, we assessed the influence of HA on the SANS profiles of the different
suspensions in the high salt limit since HA was dissolved in a buffer mimicking biological
fluids (HEPES/NaCl, 10/115 mM, pH 7.4). Two HA concentrations were chosen, 0.15% and
1.5%, in the semi-dilute unentangled and entangled regimes, respectively. The low intensity of
the HA signal measured by SANS at low q (see supplementary material,Fig. S6) did not allow
us to determine the mesh size & of the network at 1.5% w/v experimentally. However, we could
estimate its value. Assuming that HA was in the high salt limit in good solvent conditions, the

correlation length scales with HA concentration as follows [14]:

e (C]"

The correlation length & was thus estimated at ~41 nm and ~7 nm respectively for 0.15 and
1.5% w/v of HA. Studies performed with HA of different molecular weights and different
concentrations determined mesh sizes between 13 and 22 nm by FRAP technique (1.4—
2.4% wlv, My = 0.7 10® g/mol, saline phosphate buffer, pH 7.3) [28] and ~9 nm by electron
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spin resonance technique (1.4% w/v, My = 1.01 10° g/mol, HEPES/NaCl 50/100 mM, pH 7)
[29].

For our polymer-colloid mixtures, the scattering intensity was dominated by the signal of
liposomes at low and intermediate g. Thus, it gave direct information on the form factor and
the dispersion state of the liposomes within HA. The main results of the study can be

summarized as follows:

(1) Whatever the content or surface of the liposomes, they kept their integrity within the

HA-liposomes mixtures in the entangled semi-dilute regime (1.5%).

(2) By tuning the liposome surface, their organization was modified within HA solutions
in the concentrated regime (1.5%). Anionic liposomes (Lip~ and LipPEG) were in
close contact within the mixtures, with a center-to-center distance corresponding to
twice the liposome size. In contrast, Lip™ were less impacted by the presence of HA
and appeared more dispersed within the hybrid system than the other ones. With

neutral liposomes (Lip), results were difficult to interpret due to their polydispersity.

(3) The change in the HA concentration regime induced a rearrangement of liposomes
within the mixtures. In the semi-dilute unentangled regime, LipPEG were slightly
perturbated by the presence of HA at the micro-scale. Conversely, in the concentrated

regime, LipPEG were in close contact.

(4) The encapsulation of dexamethasone phosphate enlarged LipPEG size but the vesicles
remained in close contact within HA solutions at 1.5%, with a center-to-center distance
of 2R,

Whether or not liposomes kept their integrity within HA was an essential question for the use
of these hybrid systems in drug delivery. Indeed, liposome disruption would lead to a premature
release of the encapsulated drug. Liposome volume fraction and bilayer thickness were both
preserved. Thus, liposomes remained intact within HA, and the system can be considered a

mixture of polymer and colloids.

In the dilute regime, the ratio Re/Rcoioid between the HA gyration radius (Rg =~ 100 nm) and the
radius of the liposomes measured by SANS (16 <Rcoioid < 25 nm) ranged between 4 and 6,
placing HA-liposome mixtures in the protein limit (Re/Rcoioid > 1) [11]. In the semi-dilute

regime investigated in our study, the correlation length & fixed the range of interactions within
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the system. The size ratio, now defined as Dcolloia/E, Was close to 1 for [HA] = 0.15% w/v and
between 4 and 7 for [HA] = 1.5% w/v. At 0.15%, below Ce, the vesicle size (from 32 to 50 nm)
is close to the correlation length & = 41 nm, while at 1.5%, above Ce, their size was larger than
the HA mesh size £~ 7 nm. HA chains were excluded from vesicle volume, increasing HA
concentration locally, which could shrink the network mesh size by 50% [30]. This hypothesis
IS consistent with the increased viscosity previously observed when liposomes were
incorporated in HA [31]. Furthermore, vesicles were more concentrated than other polymer—

liposomes hybrid systems reported in the pharmaceutical field [32-34].

Whatever the liposome surface and content, they were gathered in clusters that exceeded the
scale of observation of SANS. In our work, we reported a slope close to g~ for most HA-
liposome mixtures (HA-Lip, HA-Lip-, HA-LIpPEG, and HA-DexP-LipPEG) (Fig. 3). For a
better description of the microstructure of polymer-nanoparticle systems, fractal dimensions
were associated with specific micro-scale organization in other studies [35,36]. In mixtures of
PEG and silica nanoparticles, Kumar and colleagues suggested that the q~* slope was associated
with aggregates of silica nanoparticles of finite size, close from a micro-scale phase separation.
They attributed the one approaching 3 (as in our case) to the coexistence of aggregates and
individual objects [35,36]. Conversely, for cationic liposomes (Lip™) clusters of fractal
dimension 1.7 were formed within HA by electrostatic attraction between liposomes and HA.
Such fractal dimension was typical of diffusion-limited aggregation [37]. Silica nanoparticles
dispersed in HA solutions (0.8 %, HA 10° g/mol) forming ramified clusters [38], also reported

similar fractal dimensions (~1.5-2).

Within the aggregates, liposomes were separated by a center-to-center distance corresponding
to the diameter 2Ry of the liposomes, whatever their surface or content. Liposomes were
touching each other and might eventually be distorted due to their close packing. It agrees with
previous freeze-fracture electron microscopy experiments on larger liposomes (150 nm) in
which honeycomb structures were identified [31]. However, in the present study, Lip* seemed
less compacted in the presence of HA and more dispersed within aggregates, which suggested
that HA chains might coat Lip* by complexation. The manufacturing process might favor this
coating. Indeed, HA chains were progressively dissolved under shear into the liposome

suspension, promoting the complexation between Lip* and HA.

Grillo et al. (2020) reported the formation of clusters characterized by a crystalline

microstructure with hybrid systems composed of HA and poloxamer micelles (dsans = 21 nm).
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In the semi-dilute regime at high salt concentration and in the protein limit (3 < Dcoloid/§ < 5,
C > C"), small micellar clusters organized into a face-centered cubic liquid crystalline phase,
though poloxamer was poorly concentrated (3 vol%) in the mixture. This crystalline
organization was reinforced by increasing HA concentration or molecular weight. This structure
is usually observed with pure poloxamer micelles, in salt-free solutions and at concentrations
above 15 vol%. In the present work, no crystallization of liposomes was observed, even for
liposomes with the same surface as the poloxamer micelles (i.e. PEGylated). Although
liposomes were closely packed in the presence of HA at 1.5%, they were more deformable, and
their size was more polydisperse than those of poloxamer micelles. It could impede the
crystallization process. Nevertheless, the structure factor S(q) of HA-Lip™ and HA-LipPEG,
calculated by dividing the scattered intensity by the form factor P(q), revealed large and well-
defined structure peaks (Table 5) that correspond eventually to an amorphous organization [39].

In earlier work on HA-liposome mixtures (150-nm sized liposomes) [40], HA could impact
liposome organization within the mixtures depending on their surface properties at the macro-
and micro scales. Indeed, for C < Ce, segregative phase separation occurred between HA and
liposomes within 48 h at the macro scale except for Lip*™. Conversely, all mixtures stayed
macroscopically homogenous for C > Ce except for HA-Lip* which underwent a slight
syneresis at 2.28% (M.W. supplier = 1.5 10° g/mol). At 2.28% of HA, confocal microscopy
[40] and freeze-fracture electron microscopy [31] suggested a micro-phase separation between

liposomes and HA within the hybrid systems.

The micro-phase separation reported earlier [40] and the close packing of liposomes observed
in our study were consistent with a depletion effect of entropic origin [39]. Polymer segments
were excluded from the space between colloids. It led to an unbalanced osmotic pressure
difference that pushed colloids together [41]. This depletion effect was characterized by
segregative phase separation between a colloid-rich phase and a polymer-rich one. When the
polymer concentration was increased, so as the viscosity of the hybrid systems, HA network
prevented the macro-phase separation. In our study, the depletion effect was likely to cause the
segregative microphase separation for HA-Lip, HA-Lip~ and HA-Lip PEG mixtures. However,
the possible interactions between liposomes and HA have to be also considered. Indeed, more
complexity emerges when polymer chains are attracted to particle surface since both enthalpy,
and entropic effects are involved [42]. Besides depletion attraction, other mechanisms were
described: tight particle bridging, steric stabilization (layer of adsorbed polymer), and “tele-
bridging” where distinct adsorbed layers coexist with longer range bridging [39,43]. The
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Velogol-Thwar theory estimates the effect of the non-uniformity of surface charge on the
interaction potential between colloid particles that can be attractive even for particles of the
same charges. This potential was used to explain the phase diagram obtained with liposomes
with oppositely charged polyelectrolyte where a re-entrant aggregation and phase separation
were observed [44-46]. Noteworthy, our systems were more concentrated in both lipids and
polymer, HA molecular weight was higher, as well as the charge ratio between the
polyelectrolyte and the lipids. Moreover, in our study, the polyelectrolyte was hydrated with
the liposome suspension to avoid dilution of the system, whereas the other groups added a
polyelectrolyte preexisting solution to the liposome suspension.

Neutral liposomes (Lip) could potentially bind to the hydrophobic regions along the HA chain
[47], though the depletion effect seemed to prevail over these interactions. For HA-Lip, it was
difficult to draw a clear conclusion on its micro-scale organization. Indeed, weak correlation
peaks were observed by SANS due to the polydisperse internal structure of Lip suspension. HA
could interact with cationic liposomes (Lip*) by electrostatic attractions and complexation.
Gasperini et al. (2015) demonstrated HA (16 10° g/mol) could bridge cationic liposomes
together to form dense aggregates. When HA concentration increased between 20 to 80 % w/w,
a complete coating of their surface was achieved, leading to a shift of  potential from positive
to negative values. Cryo-EM and small-angle X-ray scattering showed that cationic liposomes
were dispersed within HA solutions [48]. In our work, HA could wrap around Lip* increasing
their distribution within HA. However, we used a high molecular weight HA that could also
build inter-particulate bridges. At our level of knowledge, it was not easy to conclude on the
local particle organization for HA-Lip*. For Lip~ and LipPEG, their negative charge at the
surface could provide electrostatic repulsions with the negatively charged carboxylate groups
of HA. In addition to the repulsive electrostatic interaction, steric repulsions also occurred
between the PEG chains present at the surface of liposomes and HA chains [49]. Therefore, HA

was unlikely to adsorb on the surface of these vesicles.

We tried to fit the experimental SANS data with a square-well potential or a sticky hard sphere
models, that are raw but used in several studies to model the depletion interaction [8]. However,
in our case, they did not agree with the data (data not shown). A rigorous analysis of the HA-
liposome SANS data would require the calculation of dedicated interaction potentials between
HA and liposomes, which was beyond the scope of this study. Potential interactions [9,10] and

more recent models [50] would certainly better reflect the physics of these hybrid systems.

Fig. 6 summarizes the different HA-liposome microstructures suggested in this study.

26



HA-LipPEG

)

C HAl=

L o

Hyaluronic acid Dexamethasone Liposomes: Anionic PEGylated  Cationic
(HA) chain phosphate (DexP) Lip~ LipPEG Lip*

= 28
< P 2,
L o =y 3
\ ()] {&%ﬁ%? /4 st & i

negative charge

Fig. 6. Schematic representation of the microstructure of HA-liposome mixtures.
(A) Effect of liposome surface and (B) dexamethasone encapsulation within LipPEG on HA-
liposome microstructure, [Lipids] =80 mM, [HA] = 1.5%. (C) Effect of HA concentration on
LipPEG organization within HA solutions, [Lipids] =80 mM.

4. Conclusion

This study was performed on complex hybrid systems in the protein limit. Conditions used in
this study were particularly relevant for pharmaceutical drug delivery systems (different
liposome surfaces and high concentrations of HA and liposomes). SANS proves to be a valuable
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tool to characterize their microstructure. It provides information about the internal structure of
liposomes in suspensions confirmed by cryo-EM. Except for neutral liposomes, SANS curves
of liposome suspensions are adequately fitted by a unilamellar vesicle model. The integrity of
all types of liposomes is preserved in HA. In the semi-dilute entangled regime of HA, Lip~and
LipPEG are organized in clusters. They are in close contact in these aggregates, with a center-
to-center distance corresponding to twice the liposome size. This result agrees with a depletion
mechanism previously reported for mixtures of HA and pluronic micelles [8]. Unlike these
micelles, liposomes are in an amorphous organization, probably because they are more
deformable and polydisperse. Interestingly, the encapsulation of a drug in the aqueous core of
LipPEG does not modify this organization. Due to their complexation with HA, Lip* are better
disperse within the polymer network. In a further study, we will investigate the impact of these
microstructures on the release of liposomes/drugs from these promising and versatile hybrid

systems.
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Supplementary material

SANS data supplementary analysis methods

The form factor for a unilamellar vesicle was expressed as follows [51]:

P(q) _ ¢|ipids |:3Vtot jl(thOt) _ 3Vc jl(ch):|2 Eqg. S1
\ R R,

S
where gipias was the lipid volume fraction, Vs was the volume of the lipidic shell, Vit was the

total volume of the vesicle, V. was the volume of the core, Ryt was the outer radius of the

shell, Rc was the radius of the core, and j; was the spherical bessel function.

The lamellae form factor was [52]:

P(q) = sin? (ﬂ) Eq. S2
q 2
. ] 2”%mids
The distance & between two bilayers was calculated as —

L
The scattering intensity was expressed as 1(q) = P(q)xS(q) + 1, with P(q) the sphere form

factor of dexamethasone phosphate aggregates defined as:

(aR.)’

With @aggregates the volume fraction of the aggregates, Rc and paggregates the core radius and the

sphere

2
¢a regates sin Rc - Rc COosS Rc
P(q) = t x 3Vsphere x (psolv - psphere ) X (q ) q (q ) Eq S3

scattering density of the aggregates. The structure factor S(g) represented interparticle
interactions and was calculated using the method of Hayter—Penfold Rescaled Mean Spherical

Approximation for charged spheres [53]. The Debye screening length k! was calculated as

2
(SEN Avogadroe I

12

. 1 . .

where | was the ionic strengthz—(z +)2[Na+], & was the dielectric
1000 KT 2\ Na

constant of D20, Kg was the Boltzmann constant and e was the electronic charge.

The multilamellar vesicle form factor was defined as:

1(q) = Do p2q) Lok Eq. S4

V(R.)
where

30



3V(rl.

)

sin

(

qu.)—qu. cos(qu.)

(ar)

P(q) = (ps _psolv)i Eq 85
i1 )
_3V(Ri)sm(qR[)— qriacos(qR[)
_ (aR) |
for the solvent radius before shell i: . =R_+(i—1)(t, +t,) Eq. S6
and the shell radius for shell i:R, =r, +¢, Eq. S7

With giposomes the volume fraction of liposomes, V(r) the volume of a sphere of radius r, Ry the

outer-most shell radius and tw the thickness of the solvent layer between the shells.

Liposome characterization by SANS and DLS

N I
1x10-4 1.5x10-

L L 1 L 1 L L L
0 5x10-5
9? (A%

Fig. S1. Guinier representation for Lip~ (@), Lip* (®) and LipPEG (®). T =37°C,
[Lipids] = 80 mM, D20 buffer (HEPES/NaCl 10/115 mM, pH 7.4). Full lines correspond to the
linear fit at small values of the scattering vector g. The slope was Rg?/3.
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Table S1. Fit parameters from the SANS data analysis of Lip to a lyotropic lamellar phase
model for the form factor. T =37 °C, DO buffer (HEPES/NaCl 10/115 mM, pH 7.4). diipids
theoretical: theoretical volume fraction of the lipids; t.: layer thickness; pi, psoiv: Scattering

densities of the layer and solvent.

Lip
[Lipids] (mM) 80
diipias theoretical 0.051
t. (hm)* 3.7 [0.05]
Distance between two layers (nm) @ 71.8
pL (10 A2) 0.22
Psolv (10-6 A-Z) 6.33

*The corresponding polydispersity ratio value is reported in brackets.
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‘\“
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900 10" 102 103 104 105
Lag time (ps)

Fig. S2. Correlation coefficient measured by dynamic light scattering as a function of the lag
time for Lip (' /). Full line represents the best fit for a mono-exponential decay (R? = 0.9999).
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Table S2. Fit parameters from the SANS data analysis of Lip to a multilamellar vesicle model
for the form factor. [Lipids] =80 mM, T =37 °C, D>O buffer (HEPES/NaCl 10/115 mM,
pH 7.4). Rc: core radius; Ns: shell number per liposomes; ts: thickness of the shell; tw: thickness

of the solvent layer between the shells; ps, psoiv: Scattering densities of the shell and solvent.

Suspensions: Lip

Rc (nm) 80[0.3]
ts (nm)* 3.5[0.1]
tw (nm)*# 9.6 [1.15]
Ng *# 1.9 [0.44]
ps (10 A?) 0.22

Psolv (108 A2) 6.33

*The corresponding polydispersity ratio value is reported in brackets. “Measured from cryo-EM images
(198 counts).

104
103k
102

10'F

I (cm™)

100
101

102

10 3l il
10 1072 1

“a (A"
Fig. S3. Scattering intensity for Lip in suspensions (O). [Lipids] =80 mM, T =37 °C, D20
buffer (HEPES/NaCl 10/115 mM, pH 7.4). The best multivesicular fit of Lip form factor from

SANS data analysis is represented in full line.
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Dexamethasone phosphate micelle characterization by SANS

104
103
102

101

1(em™)

100k
10-1f

102

10-3L
107

Fig. S4. Scattering intensity from dexamethasone phosphate at 100 mg/mL in D2O. T = 37°C.
The full line represents the best fit from SANS data analysis to a sphere for the form factor and

to a Hayter-Penfold rescaled mean spherical approximation for the structure factor.

Table S3. Fit parameters from the SANS data analysis of dexamethasone phosphate in D20 to
a sphere model for the form factor and Hayter-Penfold rescaled mean spherical approximation
for the structure factor. T = 37 °C. ¢aggregates: VOlume fraction of the aggregates; Rc: radius of the
aggregate core; paggregates, Psolv: Scattering densities of the aggregates and solvent; &: D.O

dielectric constant.

Dexamethasone phosphate

Concentration (mg/mL) 100
d)aggregates 0023
R¢ (nm) 0.84
Charge of aggregates (e) -16
[Na*] (mol/L) 0.39
Psphere (10_6 AZ) 1.46
Psolv (10_6 A—Z) 6.40
€ 74

HA characterization by rheological measurements

Flow measurements were performed in triplicate on HA solutions (0.05, 0.075, 0.1, 0.15, 0.2,
0.25,0.3,0.5,0.7, 1 et 1.5% (w/v)) prepared in D.O buffer (HEPES/NaCl 10/115 mM, pH 7.4),

using a rotational rheometer ARG2 (TA instruments, New castle, USA) equipped with an
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aluminum cone/plate geometry (diameter 4 cm, angle 1° and cone truncation 28 um). After
2 min of equilibration at 37 °C, the shear rate was decreased from 1000 to 0.01s™* and

measurements were performed under steady state conditions.

Below Ce, HA solutions had a Newtonian behavior and the corresponding rheograms were fitted
with the Newton equation (Eq. S8) using TRIOS software (TA instruments — Waters LCC, New
Castle, USA) to determine the viscosity 7 that is independent of the shear rate 5 (s2):

(o}
n=2 Eq. S8
7

with o, the stress (Pa).

Above Ce, HA solutions exhibited a shear-thinning behavior with a plateau at low shear rates.
Rheograms were fitted according to the Williamson equation (Eg. S9) [54] using TRIOS

software (TA instruments — Waters LCC, New Castle, USA) to determine the zero-shear rate

Viscosity .

__ o Eq. S9
7 1+(ky)"

with k (s) the consistency and n the power law index.
The specific viscosity nsp was calculated as follows:

— 17— solv or nsp — o — Nsoly Eq. S10

77 solv nsolv

with 7soiv the viscosity of the solvent at 37°C (HEPES/NaCl 10/115 mM in D20, pH 7.4,
Nsolv = 0.89 mPa.s).

nsp
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Fig. S5. Determination of the entanglement concentration (Ce¢) of HA for My = 1.14 MDa.

Variations of specific viscosity (7sp) as a function of HA concentration. T = 37°C, DO buffer

(HEPES/NaCl 10/115 mM, pH 7.4). 1.5 and 4.3 are the scaling exponents in semi-dilute

unentangled and entangled regimes, respectively.

HA characterization by SANS
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Fig. S6. Scattering intensity curves from D20 buffer (HEPES/NaCl 10/115 mM, pH 7.4) (A)

and HA at 1.5% w/v (©) in D20 buffer. T = 37°C.
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