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Abstract

Liposomes are nanocarriers composed of phospholipids, especially designed to potentially carry
drugs. However, liposomes suffer in terms of leakage of small hydrophilic drugs. To control the
release, a system with lipid shell and polymeric viscous core, namely Hybrid liposome/polymer
inside (HLRy), has been designed. For this purpose, we setup a syringe pump apparatus equipped
with homemade tubing system. HhRormulation consisting of poloxamer (5% wi/v) was found

to be optimal when produced at injection rates of 5 mL iilthen, we tend to characterize the
HLP;, with DLS, TEM, TRPS, thermal analysis and densitometry in comparison with a polymer
added after formation of the liposomes. The optimal formulation was evaluated for its stability
and cytotoxicity. The selected conditions and composition resulted in nanocarriers which are
highly reproducible with mono-disperse size distribution with an average size of 206 + 4.8 nm
and a polydispersity index of 0.15 + 0.015. Densitometry and thermal analysis results confirmed
the formation of HLR. Interestingly, HLR were stable over 2 months, produced no cytotoxicity
and exhibited slow release of rhodamim@d Doxorubicinin comparison to liposome
formulation. Our homemade tubing system coupled with syringe pump apparatus achieved
reproducible, precisely controlled production for the HlfBrmulation which can be scale up.
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Abbreviations

DOPC, 1,2 Dioleooybnglycero-3-phosphocholine; P407, Poloxamer 407; Cbnventional
liposome; HLR, Hybrid liposome/polymer inside; HLR, Hybrid liposome/polymer outside;
TEM, Transmission electron microscopy; Rhod, RhadenB; DLS, Dynamic light scattering;
DSC, Differential scanning calorimetry; TRPS, Tuleabesistive pulse sensing; CT, Cell

toxicity; Gelliposomes, Gls

1. Introduction

Liposomes are vesicles composed of phospholipidecutdés enclosing an aqueous droplet.
Initially designed to mimic cell membranes vitro, they were consequently proposed as drug
delivery system. Due to high loading capacity adl vas similarity with cell membrane,
liposomes have been implemented to serve in seappdications in the field of pharmaceuticals,
such as cancer diagnosis and therapy (Torchili@5R0Potential application of liposomes as
therapeutic tools is still being challenged by thghysical and chemical instability, which may
result in increased bilayer permeability and dregkbge (Guan et al., 2015). In order to improve
the stability of liposomes, many approaches haes Iseggested like liposomes coated with PEG
polymer. However, the use of an external coatinglccaeduce liposomes cellular uptake
(Wollina et al., 2003; Zhang et al., 2013). Moreamrtly, a new approach has been investigated in
order to alleviate the limitations of liposomesyastem composed of a polymeric-core and a lipid
shell have been introduced, in this nanosystem liptd and polymer are unified to yield
theoretically stable particles, enhanced encapeunlatontrolled and modified release drug
delivery system (Mandal et al., 2013).

Polymers form 3D structures in contact with watgéydrophilic polymers swells when hydrated
and expand by the absorption of water (Peppas,)2@@oxamers are non-ionic copolymers
arranged in triblock of EOx-POy-EOx consisting dfiygene oxide (EO) and propylene oxide
(PO) parts, x and y values can have modulated pmodwa collection of poloxamer derivatives.
Poloxamers exhibit low critical solution temper&uiLCST). The poloxamer based nanogels
have the particularity to be temperature respons8reall nanogel particles around 120 nm
swelled drastically to over 400 nm when temperatapedly decreased below LCST (Lee et al.,
2008).



In the literature hybrid structures of liposomeshwolymer or gel are termed differently such as
gelliposome or lipogels. These structures desidferént compositions which possess various
characteristics. To control the release of drugnkat al formulated hybrid liposomal lipid
bilayers with a Poly(Poly{-Isopropylacrylamide-co-acrylic Acid) core (Kim at., 1997). In
2015, Guan et al prepared gelliposomes composdigasomes with a gelatin core to enhance

the stability and the structure of liposomes (Getal., 2015).

In our case, we were interested in developing iiotigrviscous core liposomes with no additional
charges or chemical component to avoid the riskoafcity. The most similar works in the
literature were carried by Chandaroy and his tedm proposed the hybrid Liposomes and very
low concentration of Pluronic, the another similark in the literature was done by Zhang et al.
His team proposed interiorly thickened liposomeghwhigh poloxamer concentration of
poloxamer (Chandaroy et al., 2001; Zhang et all,320This approach lead to an increase of
liposomes stability and provided controlled relea$encapsulated drugs. The obtained micro
particles having an average size of 1.2 um andbékig an important polydispersity (Zhang et
al., 2013). In order to enhance the encapsulatiairi@ and slow their release while keeping a
good pharmacokinetics profile, it would be preféeaio obtain monodisperse nanoparticles with
controlled preparation process. In this work, wemed to obtain nanosized hybrid
liposome/polymer particles with enhanced inner coseosity usingan optimumconcentration

of poloxamer, that should enhance the encapsulath delay the release of drug. For this
purpose, an appropriate preparation method withroled experimental conditions had to be
set-up.

Several techniques were described for the preparati liposomes, the conventional ethanol
injection technique provides the advantage of bedimgple to form vesicles without the
application of a lot of energy and the possibibfyscale up (Akbarzadeh et al., 2013; Batzri and
Korn, 1973; Wagner et al., 2002). Automatizationtle¢ process by the merger of ethanolic
injection technique with a syringe pump apparatusaaced the reproducibility while reducing
the variability related to the experimenter. Addlially it allows to achieve a large scale
production of liposomes (Pham et al., 2012; Pradttat., 2008).



In this paper, we developed a hybrid liposome/patogr inside (HLR) formulation using a
syringe pump apparatus coupled with a homemadendubystem. We first optimized the
composition and the experimental parameters inra®btain small size and monodispersed
particles. The optimal formulation was extensiveharacterized in term of physico-chemical
properties. The cytotoxicity, encapsulation aneasé kinetics ofivo hydrophilic drug models

were then evaluated.

2. Materials

DOPC (1,2 Dioleooyl-sn-glycero-3-phosphocholine)swaurchased from Avanti polar Lipids
(Alabaster, Alabama, USA), Poloxamer 407 (P40 &nown by its trade name as Kolliphor
P407 was provided by BASF (Ludwigshafen, Germamygxorubicin Hydrochloride (Sigma
Aldrich, France), Rhodamine B (Sigma Aldrich, Frapdodine and Potassium lodine were
provided by Prolab (Briare, France). Water was fagti on Milli-Q system from Millipore
(Fontenay-sous-bois, France), Ethanol 96% was pseth from Carlo-Erba reagents (Val-de-
Reuil, France). Ultra-filtration units VivaspiB0 were purchased from Sartorius (Geottingen,
Germany), ultra-filtration units NANOSEP 300k wasurghased from PALL filtron
(Massachusetts, USA), Dialysis device Microfloaty&er 100 KD was purchased from spectrum
laboratories (CA, USA). Polyether ether ketone (REtibes, T-shaped connectors and ferrules
were purchased from IDEX Health & Science (Oak ldariVA, USA).

3. M ethods
3.1. Preparation of the formulations

In this work, three formulations were designed: @oional non-ionic liposomes, Hybrid
liposome/poloxamer inside (Hkf and Hybrid liposome/poloxamer outside (HLJP

Conventional liposomes (CLs) were prepared by tharmlic injection method using a syringe
pump apparatus (Harvard apparatus PHD 2000). Omegsy(1 mL) was filled with ethanolic
solution of DOPC (20 mg.nit, 25.4 umol.mL*) and another syringe (10 mL) was filled with
Milli-Q ® water. Both syringes were fixed on the syringe pupparatus, injection speed was set
to 0.5 mL.min' for the lipid solution and 5 mL.mihfor the aqueous solution. Apparatus ran for
1 min giving final volume of 5.5 mL, yielding a fhconcentration of DOPC (2 mg/mL, 2.54

mmol.mL?).



Hybrid liposome/poloxamer inside (HlJPwas prepared using the same procedure as lip@gsome
preparation. The aqueous phase was replaced byxgmoéy 407 (P407) solution at different
concentration (0.5, 5 and 10 % w/v). Different floates of P407 solution injection (0.1, 1, 5, 10
and 37 mL.mif) were tested in order to choose the optimal vaRagio of the injection flow
rates between the lipid solution and the P407 mwlwas kept at 1:10 for all experiments.
Liposomes with gel outside termed as Hybrid liposfpoloxamer outsid@HLP). HLPoy: was
prepared by first preparing conventional liposomik concentration of DOPC (4mg.mfl.5.08
mmol. mLY). A poloxamer solution (10 % w/v) was preparedpdsome suspension and
poloxamer solution were then mixed with 1:1 volurago to obtain final concentration of lipid
and poloxamer similar to HL,P
In case of rhodaminer Doxorubicin HCL (DOX)encapsulation, the formulations were prepared
by following the same procedure discussed abovedoh formulation. The only difference was
the addition offhodamine or DOX (0.5 mg.mtand 5 mg.mL, respectivelyjn aqueous phase
or in poloxamer solution during preparation.
The theoretical calculation of Reynolds Number évedmine the laminar flow in the tubes was
computed using the equation,

pVD
T
Wherep represents the fluid density, V is the linear e#joof the solution, D the tube diameter

Re

and p the dynamic viscosity of the fluid. The dgnsf a 5% P407 solution was experimentally
determined by densitometry (DMA™ 4500 M, Anton Bamerformed at 20 °C.

Wherep = 1.00612 kg/L, V is the linear velocity which depls on the injection rate, D = 0.25
mm, the viscosity of poloxamer (P407 0.56F 2.29 cP.

3.2.  Evaporation of ethanol

The removal of ethanol was performed using a roéagporator. The formulation was collected
in an evaporation flask and treated by using aveggar (Rotavapor R-144, Bichi, Switzerland)

at the following conditions (rotating rate 60 rpB% °C, pressure 10 mbar). These conditions
applied for 15-20 min to achieve 25-35% evapora@ma 30-40 minutes to achieve 60-65%
evaporation of formulation measured by weight whigtre later adjusted with by adding Milli-

Q® water.



3.3. Densitometry

The density was measured by using a Densitometgo(APaar DMA™ 4500 M). Densitometry
analysis is based on the principle of oscillatingube to determine the density of samples based
on an electronic measurement of the frequency oflason, from which the density value is
calculated. Experiments were performed at temperdb and 37 °C. The U-tube was washed
with Milli-Q ® water then with ethanol 96% following by dryingthiair, before and after each
utilization. The oscillating U-tube was filled witibout 1.5 mL of sample with a syringe. The U-
View ™ camera function shows and records live insagfethe oscillating U-tube to ensure that
there should be no bubbles and that the U-tubetisety filled with the sample.

3.4. Ultrafiltration by Centrifugation

Ultrafiltration column (Pall Filtron, USA) with 30RDa molecular weight cut-off (MWCO) were
used to separate free poloxamer and non-encapsutaddamine B from liposomal suspension.
The filtration was carried out by centrifugation1&000 rpm for 30 min in a refrigerated bench-
top centrifuge (Hettich Rotanta 460 RF, Germany) &t.

3.5. Physicochemical characterization

Dynamic light scattering (DL S)

The liposome, HLR and HLR,; diameters were determined at 25 °C by quasi-eldsht
scattering using a Zetasizer Nanoseries Nano-Z3vévta Instruments, France). The scattering
was measured at a 173° fixed angle and the posétod.65. Each sample was run for 3
measurements. Results were expressed as the avsmigelynamic diameter and the standard

deviation of the triplicate.

Transmission Electron Microscopy (TEM)

The liposome, HLR and HLB, formulations were observed by Transmission Electro
Microscopy (TEM). Briefly, 10 uL of the sample wdsposited on a carbon-coated copper grids,
excess solution was removed after 2 min by a fpegser. This was followed by the application
of 5 uL of uranyl acetate 1% to the same grid for 2miktess stain was then removed with filter

paper. Sample is subsequently air-dried at roonpéeature. The grid placed on a slide was



inserted in the microscope. The sample analysispea®rmed with a JEOL JEM 100 S (JEOL
Ltd Tokyo, Japan) TEM operating at 80 kV. TEM imageere captured using an Orius Sc 200
digital Camera (Gatan-Roper Scientific, Evry, F&nc

Tunable Resistive Pulse Sensing (TRPS)

Measurements were made using a gNano system fr@N IZcience equipped with an upper and
a lower fluid cell, each one containing an Ag/Aglictrode. The measurements were done using
electrolyte (standard provided with Izon kit) sodut and a pressure of 0 mbar to allow the
passage of the particles through the pore. The mamlstretch was comprised between 45 and
47 mm and the voltage were adjusted in order te tmbaseline current between 120 and 145
nA. Data were acquired using Izon Control SuitelVEach acquisition presented is the result of
the passage of at least 500 liposomes. The lipostreeand concentration were calculated after
the measurement of the calibrated particles saistiwith Nano-pore (NP250) allowing a
measurement of a total size range between 100 @fAdnth according to manufacturer. The

results were determined using the IZON Control &sdftware.

Thermal analysis

The Differential Scanning Calorimetry (DSC) expeszimts were performed on the differential
scanning calorimeter 822e (Mettler-Toledo, Switaed) previously calibrated with high purity
indium (Tius = 156.6 °C AnsH = 28.45 J.§") and zinc (Tus = 419.6 °CAwH = 107.5 Jg"). DSC
experiments were performed at temperature stafitimg 5 to 60 °C at 1 K.mihscan rate under
dry air (60 mL.mif"). Empty aluminum pan of 100 uL was hermeticallgled and holed from

the top by means of a small pin of controlled $&& mm) and used as a reference.

3.6. Calorimetric assay (Baleux assay)

Poloxamer quantification was carried out by a doletric assay as previously described by
Baleux et al (Baleux and Champetier, 1972). Briefl®.5uL lodine solution (iodine solution at
10 mg/mL and potassium iodide solution at 20 mg/mias added to 1 mL of diluted sample.
The absorbance of the complex was measured aftenirb at 540 nm using UV-Vis
spectrophotometer (Varian CARY100). linearity was checked for standard solutiovith



concentration ranging from 0.05 to 1Q@.mI*. Poloxamer concentration of samples were

calculated using calibration curve withaf 0.99.

3.7. Stability study

Stability tests were carried out for CLs, HLBnd HLR formulations for 2 month3he three
formulations were prepared, filtered and kept &C4 The liposome and HLP diameters were
determined at 25 °C by quasi-elastic light scatterusing a Zetasizer Nanoseries Nano-ZS

(Malvern Instruments, France).

3.8. Cytotoxicity tests

The murine fibroblast NIH/3T3 (ATCE CRL1658™) and liver normal epithelial BNL 1ME
A.7R.1 (ATCC® TIB75™) cell lines were purchased from the Amemidgpe Culture Collection
(ATCC, Manassas, USA). The cell line NIH/3T3 waswn at 37 °C and 5% COn DMEM
containing 2 mM L-glutamine, 100 U/mL penicillin iri00 ug/mL streptomycin, 10% bovine
serum, whereas cell line BNL was grown in the samedium just replacing the bovine serum by
a fetal one. Cells were plated onto 96-well plate20000 cells per well in 106 of culture
medium. Twenty-four hours after plating, 100 of medium containing the compound of interest
(final concentrations ranging from 0.06-2 mg/mLtémms of lipid or 1.5-50 mg/mL in terms of
P407, in 2-fold dilutions) was added to the wel$ter 24h of exposure, the cell viability was
evaluated using the MTT test. Then, the absorbaraeread at 560 nm in a microplate reader
(Infinite F200 Pro - TECAN). Results are expressedercent of viability compared to the same

concentration of solvent.

3.9. Loading content and encapsulation efficiency

The liposome and HLRPformulations encapsulating rhodamine B (0.5 mg'nar doxorubicin
(5 mg.mLY)were filtered as described in section 3.3. Thepamemained on the filter was re-
suspended with Milli-§ water in order to make up to the initial volumedaguantified by
spectrofluorometry using a Varian CAR$pectrofluorometer atxcitation 490 nm and emission
580 nm for rhodamine and at excitation 490 nm ang&on 595 nm for doxorubicitinearity
was checked for standard solutions with conceoimatanging from 0.075 to fg.mi™ for

rhodamine and 1 to 2pg.mI* for doxorubicin. Rhodamine and doxorubicin concatitn of



samples were calculated using calibration curvéh witof 0.98 and 0.97, respectively. The
solutions of rhodamine B and rhodamine B with P&38 were taken as controls. Loading

content and encapsulation efficiency were calcdlateusing the following equations:

Loading Content (%) = ( weight of loaded drug ) 00
oading Content (%) = weight of drug loaded particles

E lation Effici %) = ( weight of loaded drug) 00
ncapsulation Ef ficiency (%) = weight of drug in feed

3.10. Invitrorelease

A stock solution of rhodamine B (0.5 mg.fjLwas used to prepare two different samples:
solution of rhodamine B encapsulated within lipossnand rhodamine B encapsulated within
HLP;, formulation. Dialysis device (Micro Float-A-LyzeFrance) was filled with the required
volume of each sample and kept floating in a beak#tr PBS at 37 °C using an agitation rate of
60 rpm, volume of medium to volume of sample ratas fixed at 1:1000. At defined points, 1
mL of samples were removed from the release medindireplaced with fresh PBS to maintain
the volume constant. The amount of rhodamine Basseld was monitored by spectrofluorometer
(Varian CARY®) at 580 nm.In vitro release test was performed in triplicatés.similar

procedure was followed for Doxorubicin Phosphaten(bmL?) release study.

3.11. Statistical analysis

For the size measurement and the Stability testdtia was presented as the mean + SD. The
graph Pad Prism software was used to analysesdfseashd determine statistical significance
between groups for cytotoxicity and release tegtotOxicity experiment data was treated with
Gaussian nonlinear regression fit and two-way ANOWa&s applied p<0.001, ***. The release
test graphs presented one phase decay nonline@ssemn fit and student t test was applied

p=0.0001, ***. All the experiments were performexdtriplicates.

4. Results and Discussion

4.1. Conception of the formulations



In this study, a hybrid composition of lipid andlyoer was selected to achieve a formulation
that offers an improved encapsulation and conulaldease of the encapsulated drug. The lipid
used for this formulation was DOPC and the polymsed was poloxamer 407 (P407). The
designed formulation is referred as Hybrid liposfpooxamer inside (HLF). Regarding
physicochemical properties, the HLRystem is expected to increase the viscosity &ed t
density of the liposome core by incorporating palmer into the aqueous core of the liposomes.

This approach should enhance the entrapment ofatrd@void its fast release.

4.1.1. Optimization of the experimental conditions

All formulations were prepared according to thenpiple of ethanolic injection with the help of a

syringe pump device and tubing system that we dgeel (methods section 2.1). The preparation
of formulations with the syringe pump apparatus loiores two main principles, the ethanolic

injection and microfluidics. The instrumental segtiwas designed to provide fully controlled and
reproducible experimental conditions due to minimarperimenter influence, in addition to

offer the possibility to scale up the productiorhé@tosset et al.,, 2015). From a formulation
standing point, the main advantage is to producareow size distribution of liposomes in a

single step, without extrusion or sonication. Hoarewo generate a reproducible formulation
having relevant characteristics, several parametesded to be setup, i) optimization of

experimental setup, ii) optimization of formulatioegarding the lipid and poloxamer ratio, and
iii) optimization of formulation regarding the selnt content.

41.1.1. Optimization of experimental setup

In order to optimize the conditions for formulatorpreparation, the influence of two
instrumental parameters on the final preparatiamp@rties was studied, a) the tubing internal
diameter and b) the injection flow rate. The HL@rmulation with poloxamer concentration
(0.5% w/v) was used for the optimization of the exmental conditions. For this experiment,
two types of tubbing systems with different compiosis and internal diameters were considered
in order to select the most suitable to preparefdhmulations as emphasized in Figure 1. Both
preparation systems are comprised of 3 distinctiiees connected to each other by the
intermediate of T-shaped connector (Figure 1A). Tube system was composed of two
polyethylene inlet tubes having a 1 mm internafhrditer followed after the junction by one outlet

tube of 250 pum internal diameter composed of pbbretther ketone (PEEK) which is high



performance engineering thermoplastic inert to watel the most common chemical solvents
(Haleem and Javaid, 2019). Whereas, T-2 preparaystem composed of three PEEK tubes
with the same internal diameter (250 pum). HLPBrmulation was prepared using both
preparation systems according to the procedureridescin preparation of the formulations
(section: 2.2.1).

The second parameter requiring optimization wasrtjeetion flow rate. For that purpose, HLP
formulation was prepared using different injectibow rates (0.1 mL.mil, 1 mL.mir*, 5
mL.min™, 10 mL.miri*, 37 mL.mirY). The optimal injection flow rate was selectedading to
the DLS characterization of the final preparatibig@re 1B: left and right, respectively). First,
we verified that both preparation systems wouldegate to laminar flow which is necessary to
obtain liposomes (Yu et al., 2009). For this pugasge calculated the Reynolds (Re) number for
both preparation systems depending on the injedtawn rate. As described in the literature, a
Reynold number lower than 2000 is representativéaofinar flow conditions, favorable for
liquid mixing and to the formation of smaller andiform size liposomes with low PDI (Bessoth
et al., 1999; Jahn et al., 2004; Yu et al., 2008 Reynold number was calculated for each tube
(Table 1). Regardless of the flow rates employeglnBmber was systematically well within the
range of 2000 and lower for the T-2 tube than the flibe demonstrating the formation of a
laminar flow and (Table 1). Therefore, the diffeareanfigurations T-1 and T-2 were suitable for

the formation of liposomes.

Table 1. Re numbers obtained by T-1 and T-2 tube system obtained with different flow rate

Flow Rate (mL.miff)  Reynolds number  Reynolds number

T-1 tube T-2 tube
0.1 0.06 0.01
1 0.56 0.07
5 2.80 0.35
10 5.60 0.70
37 20.7 2.59

All preparations produced had acceptable range@fage hydrodynamic size and PDI except in
the case of the lowest infusion flow rate (0.1 minf) with Tube-1 system. The comparison
showed that the polydispersity (PDI) of the lipogsnobtained from T-1 tube was significantly
higher than the PDI obtained from T-2 preparatigsteam, as the average PDI for all flow rates
was 0.232 and 0.098 respectively. As the T-2 pegjmar system exhibited lower Re number than



T-1 system at each flow rate (see Table 1), thidccexplain the formation of formulations with
slightly better PDI obtained with the T-2 tube gyst(Figure 1B: left and right).

The two preparation systems designed to be usedomunction with the syringe pump
demonstrated to be suitable for the production lo§ @d HLP formulations in a robust manner.
This instrumental approach has the advantage tade@n optimal usage of the volume of the
different solutions by minimizing the dead volunfédlee preparation system. In addition, because
it relies on the use of PEEK tubbing readily aJa®a it appears as particularly cost-effective
approach which can be easily implemented. On tkes lod Re numbers and PDI of HLPTube-

2 system was considered further for optimizingdipoloxamer ratio according to the injection

flow rate.

41.1.2. Optimization of the formulation regarding lipid and polymer ratio

The lipid and polymer ratio adjustment was the rpdse to attain the intended formulation. The
lipid to poloxamer ratio was optimized at fixed itlpconcentration and varying poloxamer
concentration using various flow rates. We obsethati the average hydrodynamic size and PDI
values increased with the rise of P407 percentagarly at all flow rates (Figure 2 A and B).
HLP;, with poloxamer 0.5% had the smallest size and P@l dt this concentration, it was
thought difficult to increase the liposome innerecwiscosity. HLR with poloxamer 5% was
found optimal as it exhibits an average size witiineptable range and a slightly better PDI than
HLP;, with poloxamer 10%.

Finally, the formulation with the optimal averageesand PDI was obtained with the T-2 tube
system at a flow rate of 5 ml.mirwith 5% of P407 in HLR. These parameters were also set for
the other two formulations taken as controls, Cotieaal liposomes (CL) and Hybrid
liposome/poloxamer outside (HLE) in which the poloxamer was added after the foromabf

liposomes.

41.1.3. Optimization of the formulation regarding the solvent content

Density analysis was performed in order i) to opterthe evaporation procedure with respect to
HLP integrity, and ii) to evidence the internalipat of the polymer within the liposomes. As far
as the validation of the evaporation procedureoiscerned, it has been demonstrated that the

control of ethanol/water quantity in the formulatioss necessary to prevent liposomes from



dissolving (in case of too high quantity of ethamoy.10% in the present study) or aggregating
(in case of water over-evaporation). To optimize tvaporation procedure, the obtained
formulations were evaporated up to 25-35% and &®-@5 controlled temperature and pressure.
As it can be seen in Table 2, volumetric mass oPkland HLR; was differentiated only for
formulation evaporated up to 25-35%. In the casenaf-evaporated formulations, a slight
differentiation was noticed by comparing convendioliiposome formulations and water/ethanol
90/10 v/v solutions volumetric masses. Similarlglwmetric mass was quite comparable for the
HLP,, and HLR formulations with 60-75% evaporation + q.s. MO water. These results
could be explained by relative disruption of thpoBomes membrane leading to the same
P407/lipid system.

Table 2. Volumetric mass of different formulations as function of the ethanol/water ratio at 25 °C

Formulation Volumetric mass (g.cHh25 °C

Without evap. 25-35% evap. + q80-75% evap. + Q.s.
Milli-Q water 0.99705 0.99705 0.99705
Water/ethanol (90/10, v/v) 0.98462 0.99637 0.99702
Conventional liposomes  0.98644 0.99634 0.99685
HLPgy 0.99743 1.00214 1.00236
HLP;, 0.99171 0.99881 1.00325

Interestingly, densitometry analysis has also destrated that with 25-35% of evaporation of the
ethanol/water medium, less than 0.3% of ethanol mvasining in the final formulations. Such
ratio makes the formulation more stable and swet&dnlin vivo administration.

Furthermore, once the overall formulation procechas been optimized.€. 5% P407, 25-35%
evaporation + g.s. Milli-& water), densitometry experiments help to haverst fisight into
HLP,, and HLR: properties differentiation. For that purpose, dopamer density calibration
curve has been firstly established (data not sh@md)highlights the fact that volumetric mass of
aqueous solution of P407 is directly proportior@lttte polymer concentration. This could be
helpful to estimate the poloxamer amount in the Hafnulations. As far as the present results
are concerned, a 5% P407 solution have a volumetass of 1.00253 g.cfat 25 °C. This
density value is similar to that of the optimizetRd,; formulation, possibly due to the fact that

P407 in the HLR, formulation is present in the continuous mediuwr. fhe HLR, formulation,



the density is lower compared to the 5% P407 smiubiut higher compared to the conventional
liposome prepared the same way. This suggeststhieapolymer is encapsulated within the
liposomes.

To apprehend the HLPand HLRy behavior at body temperature, densitometry expsrim
were also performed at 37 °C (Table 3). A simil@h&vior is observed, indicating that the
liposome as well as the poloxamer entities undexgahange at that temperature. We assume
that, at the body temperature, the encapsulatifiniesfcy should be the same as at room
temperature. These results will comfort the furtimevitro andin vivo experiments. As far as the
current results are concerned, a 5% P407 solutisr b volumetric mass of 0.99816 gtat 37
°C. To resume, the densitometry experiment dematestrthat 25-35% of evaporation of the
continuous medium was the best range to optimizeHhP formulations by maintaining its
required characteristics.

Table 3. Volumetric mass of different formulations after ethanol/water evaporation up to 25-35% + q.s. Milli-Q® water 25 and 37
°C

Formulation Volumetric mass (g.6n25°C Volumetric mass (g.ci) 37°C
Milli-Q water 0.99705 0.99328

Conventional liposomes 0.99634 0.99263

HLPgy 1.00214 0.99766

HLP;, 0.99881 0.99431

Concurrently, this procedure allows removing theximam of ethanol to make the HLP
formulations biocompatible. The formulations re&nwith the help of the densitometry
experiments were then filtrated and considered féother characterization studies such as
physicochemical experiments, within the objectidfeaocessing the poloxamer encapsulated

inside liposome for the HLPformulations.

4.2.  Physicochemical characterization

4.2.1. Dynamic light scattering (DL YS)

The results of the patrticle sizing of our formubas are summarized in table 4. The table shows
the z-average diameters, the polydispersity indetained for the various liposome, Hj.Rnd

HLP formulations. The z-average diameter values aartean of measurements repeated on 5



samples of each formulation of CL, HiLRnd HLR,. The data shows that the measurements are
reproducible for each formulation. In addition, tlesults show that the size is dependent of the
formulation composition.We obtained nanoscale particle size within a rasggable for
systemic delivery. This was definitely an advanees regard to the microscale particles

gelliposomes reported in the literature (Guan e28I15; Zhang et al., 2013)

Table 4. DLS results of size and PDI for CL, HLPout and HLP;,

Formulation Size (nm) Pdl
0.22 +
cL 91+12.8
0.019
0.17 +
HLP_ 183+5.5
0.016
0.15 + _ o _
HLP 206 + 4.8 0015 The physical characterization of liposomes,

HLP, and HLR, is of great importance in
understanding their stability and suitability fohet variety of applications. After size
determination, the TEM imaging was carried out t@meine the morphological difference

between the formulations.

4.2.2. Transmission electron microscopy (TEM) and Tunable resistive pulse sensing
(TRPS)
TEM images of liposome, HLPand HLR,: revealed the structure and morphology of each
system. The morphology of these formulations wéferdint from each other (as shown in fig: 3
left panel). The liposome exhibits various morplgs lose their defined shape related to the
effect of grid drying. HLRB, exhibited more defined structures with few clustefhe
deformation of the HLR; vesicles can be explained by a significant amoftifitee poloxamer in
the continuous medium. Interestingly, Hi-8howed regular structures under TEM observations
(Figure 3A, B, and C, left panel).
To complete the DLS and TEM data, the number ofoparticles obtained were determined
using tunable resistive pulse-sensing. The liposoared HLRB, tend to exhibit a main size
distribution between 150 to 200 nm with concentrati.4 x 18 particles/mL and from 170 to
250 nm with concentration 1.5 x %jarticles/mL respectively (figure 3 A and B graptright).



HLP;,, tends to exhibit a broader range from 150 to 260 with concentration 7.0 x %0
particles/mL (figure 3 C graph at right). Theseeiptetations indicate that the Hj.Formulation

may contain encapsulated poloxamer as it contagrmaller number of particles, which can be

) Experimental  Experimental Extrapolated Effective ATy (°C) due
Formulation P407 %
Tmic (OC) ATmic (OC) Tmic (OC) tO
Free P407 23.6 - 5.0% — — mor
HLP;, 23.6 - 5.0% - - e
HLPgt 23.6 - 5.0% - -
. hom
filtrated HLR, 29.1 55 3.4% 24.2 4.9
filtrated HLPy, ~ 27.2 3.6 2.3% 24.8 2.4 oge
neo

us shape and size as observed in TEM images anetter B°DI obtained with DLS. The
poloxamer inside the liposome might provide stapilstrength and viscosity to the core of
liposomes (Zhang et al., 2013). In order to vetifis hypothesis, thermal analysis experiments

were performed from

Table 5. Experimental and recalculated temperature of micellization

5 to 60 °C, as the poloxamer suspension presemtscellization transition in this range of

temperature, and since the poloxamer environmegtimpact such a transition.

4.3. Differential scanning calorimetry (DSC)

Poloxamer behavior as a function of temperatureagueous medium is well known and
discussed in numerous publications (Chen et al.32Dumortier et al., 2006; Pembouong et al.,
2011). Indeed, one can have access to the poloxametization transition by deriving the heat
flow vs. temperature signal obtained from the DSC analg$ishe poloxamer solution. An
endothermic signal is then obtained with a peakitipos corresponding to the micellization
temperature. This transition corresponds to theoxaiof water (likely dehydration process)
from PPO of the PEO-PPO-PEO chains of the poloxathemng the micelles formation
(Alexandridis et al., 1994; Ur-Rehman et al.,, 2010p5ince the micellization temperature
decreases with concentration, and since the smyeal in proportional to the concentration, the
micellization temperature is inversely proportiot@mpeak height. No difference in micellization

was noticed between P407 5% aqueous solutiontersfd HLR, and HLR,: formulations (Fig.



8 A, B, and C). This is due to the fact that freédogamer influences the thermal transition of the
overall lipid/polymer systems. But once HLBnd HLR,; are filtrated, one can easily distinguish
both formulations since their temperatures of nlization are shifted to higher temperatures
(Figure 4 D and E). Interestingly, P407 temperatfrenicellization (Tc) for filtered HLR, is

5.5 °C higher than that of both unfiltered HLBnd free P407 5% formulations. As far as filtered
HLPo: is concerned, P407, the micellization temperaiar8.6 °C higher than that of both
unfiltered HLR; and free P407 5% formulations (see experimeXilal. data in Table 5).

This result should support our former hypothesisrafapsulated poloxamer in the HlL¥esicles
only if we can certify that decrease in P407 quwrdfter the filtration process is not the only
factor responsible of such a shift in the tempeeatof micellization. To evaluate the
concentration contribution to) data for filtrated HLR and HLR: formulations, a i vs.
concentration curve calibration has been estaldighesults not shown), and then correlated to
calorimetric assay of poloxamer in filtrated in aodt formulations. The results of the latter
experiment are presented hereafter in part 4.4aa@clso considered for some data in Table 5.
By measuring temperature of micellization for sel&407 aqueous solutions in the 5% to 20%
range of concentrations, the relation betwegn @and P407 concentration L allowed us to
obtain a linear correlation that is fitting by tfilowing equation, Fc = -0.53xG, + 26.0 (f =
0.99999). P407 concentration will be later detesminy calorimetric assay, allowing to
recalculate the temperature of micellization (epotated Tc) that would correspond to phase
transition temperature taking into consideratioa golymer concentration decrease due to the
filtration. Finally, the extrapolatedyJ; allows determining the effective variation of tesmgture

of micellization (effective ATmic) between the filtereted and unfiltereted formuwalas,
independent to P407 variation of concentration. Tdiger result clearly indicates that the
effective increase of 4.9 °C for filtrated HLH i is due to the poloxamer encapsulation within
the liposomes. By similarity, the effective increasf 2.4 °C for filtrated HLR: Tmic can be
explain by i) a percentage of poloxamer entrappedhe liposomes, and/or ii) a specific
interaction between poloxamer and the DOPC. lbieworthy to mention here that mixtures of
unorganized DOPC and poloxamer do not modify theperature of micellization of poloxamer

compared to that of free poloxamer (results nowst)o

4.4. Calorimetric assay (Baleux assay)



To determine the quantity of poloxamer entrappesitia the liposomal shell, calorimetric assay
was carried out by means of poloxameg/Kiteractions. This has been made possible since we
demonstrated that DOPC presence does not influgecquantification of poloxamer by such a
technic (results not shown). The estimated pergestaf entrapped poloxamer for the filtrated
HLP;, and HLRy formulations were 67% and 45%, respectively. Th&irguishable data
between these two formulations confirm the TEM ism@reviously described. Indeed, HLP
have higher amount of entrapped poloxamer thangHLAdditionally, the results obtained allow
us to interpret the DSC data.

45. Stability

The liposome stability is the limit to which a drsgibstance or product retains the same
properties and characteristics, throughout itsqaedf storage and use (Winterhalter and Lasic,
1993). Stability study of liposome, HLR and HLR, formulations carried in terms of
measurement of average size and PDI. The samples kept at 4 °C during the whole
experiment of 2 months. The results were compaediiden day 0 and day 58 in terms of
average size and PDI. In case of conventional ipes and HLR no significant difference was
observed in terms of their average size and PDlefd4s in HLR,; formulation, the change in
average size and PDI was observed that may beodpeesence of substantial amount of P407
which leads to liposomal membrane disruptidhe stability study was also discussed previously
by Guan et al showing that the stability of lipogsmwas definitely improved in gel core
liposomes (Guan et al., 2015)

The stability of our formulation was notable in quamison of HLRB: formulation used as control.
This experiment confirms that our main formulatidhP;, was stable enough and should be
considered for next experiments. Therefore, we fssessed its cytotoxicity in two different cell

lines.

4.6. Cytotoxicity

To investigate the cytotoxicity of our formulations vitro, the study was carried out on two
different cell lines, NIH 3T3 and BNL. Both the téhes were treated with each formulation
(CL, HLPyy, HLPy, and P407 10%). The viability results for each tiaks are presented in

Figure 6 A and B, as a function of lipid (left) aRd07 concentration (right). The mean inhibition



concentration 50 (IC50) values determined for eagtve is shown in Table 6. Cytotoxicity
results obtained for HLP and HLR, formulations in both cell lines were similar toeth

cytotoxicity of conventional liposomes and poloxarRd07.

Table 6. IC50 values as
function of Lipid and P407

Cell lines CL : HLPgy : HLPI;, i P407 . on NIH/3T3 and BNL cells
Lipid >2 14+0.1 1.5+£0.2
NIH 3T3 (IC50)
P407 37.9+55 352+5.8 281+7.6
Lipid 1.3+0.2 15+04 1.3+0.2 --
BNL (IC50)
P407 -- 36.6 +12.8 32.7+7.0 38.5+47

In BNL cell line the IC50 value was approximatel$ Ing/mL in terms of lipid and 35 mg/mL in
terms of P407. However, on NIH/3T3 cells, lipososhewed low toxicity with 80% of viability
at 2 mg.mL* of lipids (p<0.001, ***). Hybrid lipid/poloxamerdrmulations induced a little
toxicity in NIH3T3 cell line, probably due to P4®&cause IC50 was around 35 mg:hithe
MTT assay revealed the no cytotoxicity over theasmration of poloxamer in our preparations
(approximately 30 mg.mt for HLP,, and 25 mg.mt* for HLP,, measured after filtration by
calorimetric assay). This can be ascribed to tleedsnpatible nature of lipid and poloxamer in

our formulations.

4.7.  Encapsulation efficiency and loading content.

The main idea to design this lipid/polymer hybriccarier was to improve the encapsulation
and/or release kinetic of hydro-soluble drugs. Boe evaluation of encapsulation ability,
Rhodamine B was used as a model drug and doxonulasi a drug. Three different
concentrations of drug solution were used to evaluhe effect of initial drug solution
concentration on encapsulation efficiency and legdiontent. Rhodamine or doxorubicin were
added in HO or P407 solution and encapsulated during the goagipn of CL and HLRE,
respectively. The encapsulation efficiency and ilogaontent of HLR was compared to those

of liposomes (Figure 7 A for rhodamine and B foxadbicin). For both nanosystems, EE %



and LC % were increased for both drugs when inargase initial concentration. Differences in
encapsulation values between CLs and HuRere significant for the low initial concentraten
of drugs. It was previously reported that the iiotecontent of liposomes is a key factor for
increasing encapsulation (Guan et al., 2015). ith@ies that the incorporation of rhodamine in
thickened liposomes should have been greater theapsulating rhodamine in empty liposome.
However, no difference was observed at the higbastentrations, 0.5 mg.rifland 5 mg.mL*

for rhnodamine and doxorubicin, respectively.

To examine if these two formulations could exh#itifferent release kinetics, a release study
was carried out on these two formulations. The lughcentrations for both drugs was used for
the release study, this choice was made considdmagolume of release medium and the limit

of detection of the spectrofluorometer.

4.8. In vitro release kinetics

In vitro release studies were conducted to determine tfieretice between drug solutions
(rhodamine or doxorubicin), encapsulated drug podomes and HLPfrom 1 to 24 hours
(Figure 8 and 9, respectively). All the experimewtse performed in triplicates at 37 °C. The
half-life of rhodamine solution, rhodamine reledsen CL and HLR, were close around 1.83,
1.34 and 2.18 hours, respectively. However, thal fielease from these formulations after 24 h
was significantly different. It reached 94% for t@damine solution, 91% for CL and only 73%
for HLP;,. This significant variance is probably due to #ecous core of HLR which lead to a
slower release of rhodamine.

In vitro kinetics were also carried out with doxorubicirheTfinal release of doxorubicin from
these formulations after 30 h was significantlyfetiént which was 96% for the doxorubicin
solution, 56% for CL and 89% for HLP Interestingly, the release of doxorubicin from BjL
displayed delayed release of drug comparing to Ths. amount of doxorubicin released during
the first hour was relatively lower as comparedhmone of CLs. Noteworthy, HiRexhibited a
release half-life of doxorubicin 3 times higherrihthe one with CL. This substantial variation
between the CLs and HIl.Pmight probably be attributed to the inner corecosty of HLR,
which led to delayed and slower release of doxaiabi

The release of doxorubicin from CLs reached toaéeplu around 4 hours whereas a large part of

drug payload remained associated to the nanosystetontrast, a continuous release throughout



the experiment was observed in the case of jfjltRis can be explained by the presence of
poloxamer in the nanosystem which released intor¢lease medium that improving the Dox
solubility. The characteristic of poloxamer to ketbpe drugs solubilized and stable in term of
their size has been described in previous litegat{Bodratti and Alexandridis, 2018; Couillaud et
al., 2019; Devi et al., 2013).

If we compare HLR to Gelliposomes (GLs) formulation described in literature by Zhang et
al, the kinetic profile of our formulation was iirst order and not biphasic. This could be
explained by the fact that the Hl,Rore was viscous but not gelified like GLs. Moregvthe
sustained release of the rhodamine and Dox inyHk&s faster than GLs which have a relatively

bigger particle size (1.2um) and higher amountaddyamer.

5. Conclusion

HLP;, nanoparticles formulation was effectively produdsdusing syringe pump system. The
poloxamer provides viscosity to aqueous core ajsggnes which prevents the leakage of small
hydrophilic drug and increase the entrapment ofjsirThe physicochemical characterization of
our HLP systems opens a path for better understgnali formulating vesicles encapsulating
polymers. The formation of HLPwas confirmed by DSC and density analyBisvitro release

of HLP;, showed slow release in comparison of CL in 24 fidar rhodamineand 30 hours for
doxorubicin. HLP;, formulation found to be stable for 2 months ofrage and shown no
cytotoxicity. In conclusion, HLR present different physiognomies to be used agaied drug
delivery systems. Our homemade designed syringepptmbing achieved reproducible,
economical, precisely controlled fabrication foe fiposomes, HLR formulations which can be

scale up with a minimal influence of experimenter.
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Figure captions

Figure 1. Comparison between two Tube System T-1 (left) and T-2 (right), (8) Pictorial
illustration, (b) Graphical representation of size and PDI of liposomes obtained with different
flow rate of each tube system (n=3).

Figure 2. Tube system and formulation optimization (a) Graphical presentation of hydrodynamic
average size of HLP;, obtained with different poloxamer (P407) percentages at different flow
rates (0.5, 1, 5, 10, and 37 mL.min™), (b) Graphical presentation

Figure 3. (A) Conventional liposomes as spherical unilaminar vesicles of variable sizes (24-329
nm), (B) HLPy.. as heterogenous mixture with non-definite shape particles with size range (30-
445), and (C) HLP;yas unilaminar vesicles of variable sizes (50-188 nm) .

Figure 4. Derived DSC curves obtained (A) P407 5%, (B) HLPqy, before filtration, (C) HLP;,,
before filtration, (D) HL Py, after filtration, and (E) HLP;, after filtration.

Figure 5. Stability test graph corresponds to the difference in size and PDI of conventional
liposomes, HLPin, and HL Py with in aperiod of 2 months.

Figure 6. In vitro cell viability curves A) Graphs for cell line NIH/3T3 cell viability in relation of
Lipid and P407 concentration, left and right respectively B) Graphs for cell line TIB75 cell
viability in relation of Lipid and P407 concentration, left and right respectively. Gaussian
nonlinear regression fit and two-way ANOV A was applied p<0.05.

Figure 7. A) Encapsulation efficiency and loading content of rhodamine B inside Cls and HLP;.
B) Encapsulation efficiency and loading content of doxorubicin inside Cls and HLP,,. Two way
ANOVA p=0.01, **.

Figure 8. Reease of Rhodamine B from nonionic lipids vesicles with and without poloxamer.
Formulation composition: (e) Rhodamine solution, (o) Liposome encapsulating Rhodamine, (m)
HLPin encapsulating Rhodamine. One phase decay nonlinear regression fit and student t test
p=0.0001, ***,

Figure 9. Release of Doxorubicin from nonionic lipids vesicles with and without poloxamer.
Formulation composition: (e ) Doxorubicin solution, 4 ) Liposome encapsulating Doxorubicina(
) HLP;, encapsulating Doxorubicin. One phase decay nonlinear regression fit and student t test
p=0.0001, ***.
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