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Abstract

In this study, we proved that the stabilisation of Pickering emulsions by polymer nanoparticles
(NPs) heavily depends on polymer characteristics. We prepared NPs with four
poly(lactide-co-glycolide) polymers (PLGA), of different molar masses (14,000 and 32,000 g/mol)
and end groups (acid or alkylester). NPs were either bare (without stabilising polymer) or
covered by polyvinyl alcohol (PVA). Pickering emulsions were prepared by mixing NP aqueous
suspensions with various amounts of oil (Miglyol 812N). First, NP wettability was directly
affected by PLGA end group: ester-ending PLGA led to more hydrophobic NPs, compared to
acid-ending PLGA. This effect of the end group could be slightly enhanced with smaller molar
mass. Thus, bare PLGA NPs stabilised different types of emulsions (W/O/W and W/O), following
Finkle’s rule. However, the effect of PLGA characteristics was masked when NPs were covered
by PVA, as PVA drove the stabilisation of O/W emulsions. Secondly, PLGA molar mass and end
group also influenced its glass transition temperature (T4), with spectacular consequences on
emulsion formation. Indeed, the shortest ester-ending PLGA exhibited a T4 close to room
temperature, when measured in the emulsion. This T4, easily exceeded during emulsification
process, led to a soft solid emulsion, stabilised by a network of NP debris.
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List of abbreviations:

CLSM: Confocal Laser Scanning Microscopy
CryoSEM: Scanning Electron Cryo-Microscopy
DSC: Differential Scanning Calorimetry

GA: Glycolic acid

LA: Lactic acid

NMR: Nuclear magnetic resonance

NP(s): Nanoparticle(s)

O/W: Oil-in-Water

PLGA: Poly(Lactide-co-Glycolide)

PMMA: Poly(Methyl Methacrylate)

PVA: Poly(Vinyl Alcohol)

SEC: Size Exclusion Chromatography

TEM: Transmission Electronic Microscopy
T4 Glass transition temperature

W/O: Water-in-Oll

W/O/W: Water-in-Oil-in-W ater



1. Introduction

Some types of colloidal particles show great affinity for fluid-fluid interfaces. Partially wetted by
the two fluids, they allow the preparation of very stable emulsions (called Pickering emulsions).
For large particles equally wetted by water and oil, the energy of attachment can be several
orders of magnitude larger than the thermal energy KT. In such a case, the adsorption is
considered as irreversible [1,2]. Thus, particles form a physical barrier around the droplets,
making the emulsions stable towards coalescence [3]. Besides their stability, Pickering
emulsions are of great interest for pharmaceutical purposes, as they allow the reduction of
surfactant use. Indeed, surfactants can induce irritations after repeated topical applications [4,5],
and alternative solutions must be found to avoid skin toxicity in long-term treatments.

In a previous work, we have demonstrated the interest of using poly(lactide-co-glycolide) (PLGA)
nanoparticles (NPs) as stabilisers for Pickering emulsions [6]. PLGA is one of the most attractive
polymer for the formulation of biocompatible pharmaceutical systems [7,8]. Various types of drug
delivery systems based on PLGA have been formulated such as microparticles [9], nanoparticles
[10] or implants [11,12]. They are intended for various applications such as tissue engineering
[13], vaccines [14], antitumoral drug delivery [15], protein delivery [16], or SIRNA delivery [17].
They allow, for example, to control or sustain the release (from days to weeks), to reduce
dosage, to minimize side effects and to protect an encapsulated substance from degradation
[18]. Some of them are already on the market, mostly for the controlled release of encapsulated
proteins or peptides [19].

Composed of lactic acid (LA) and glycolic acid (GA) units linked together by ester bonds, it can
be hydrolysed, leading to the polymer degradation [20]. The degradation kinetics modulation is a
way to control the drug release, and it can be done by tuning the structure of PLGA. Various
types of PLGA are available on the market, with very different characteristics. For instance,
intermediate LA/GA ratios [21,22] and racemic forms of PLGA [23] promotes the amorphous
state of the matrix, increasing its degradation rate. Conversely, the degradation time can be
extended by using high molar mass PLGA [24] or hydrophobic PLGA with a high content of LA
[21,24].

However, if changing the PLGA characteristics is interesting to control its degradation, it can
also impact the physico-chemical properties of PLGA NPs. This, in turn, can alter the behaviour
of Pickering emulsions stabilised by these NPs. Indeed, many studies have enlightened the
influence of the NP surface properties on the emulsion morphology and stability [25]. Silica NPs
are probably the most studied particles [26—30], but many other tuneable materials have also
been studied such as clays [29,31], solid lipid NPs [32], polymeric NPs [33], etc. However, the
influence of the PLGA characteristics on NP properties has rarely been described. To the best of
our knowledge, only the impact of PLGA molar mass on Pickering emulsion stability has been
assessed [34]. The influence of the PLGA end group or the influence of the stabilizing polymer
has never been investigated.

Therefore, we designed a thorough study of the influence of PLGA molar mass and end group,
as well as PVA-coverage, on the NP properties. Four different PLGA polymers with two different



molar masses (14,000 and 32,000 g/mol) and two different end groups (acid or ester) were
used. Depending on the preparation process, the resulting NPs were either bare (PLGA NPs) or
covered by polyvinyl alcohol (PLGA-PVA NPs). Five different types of NPs were obtained and
characterised in size, zeta potential, and glass transition temperature (T,4). Their wettability was
also evaluated by the sessile drop method, performed on PLGA films and NP tablets. Then, the
particles were used to prepare emulsions with water and Miglyol 812N, a pharmaceutical oil
(Miglyol 812N). The resulting Pickering emulsions were characterised at both macroscopic and
microscopic scales, in terms of emulsion type and NP interfacial organisation. The
characterisation of the NPs allowed us to explain the mechanisms of emulsion stabilisation,
highlighting the great influence of the PLGA molar mass and end group, as well as the influence
of the PVA-coverage, on the Pickering emulsions properties.

2. Material and Methods

2.1. Material

Four types of poly(D,L-lactide-co-glycolide) polymers were obtained from Evonik (Germany), all
with a lactic acid:glycolic acid ratio (LA:GA) of 75:25: Resomer® RG 753 S (batch 1044590),
753 H (batch D170100503), 752 S (batch R140400507) and 752 H (batch D150800567).
PLGA-rhodamine B conjugate (LA:GA ratio of 50:50, M,, = 10,000-30,000 g/mol) was purchased
from Akinalnc. (USA). Poly(vinyl alcohol) (PVA, M, =30,000-70,000g/mol, 87-90%
hydrolysed) was provided by Sigma-Aldrich (Germany). Miglyol 812N (n =30 mPa.s,
Newtonian), a medium chain triglyceride oil, was obtained from Cremer (Netherlands). Calcein
and deuterium oxide came from Sigma-Aldrich (Germany). All the solvents (acetonitrile, acetone,
dichloromethane, deuterated chloroform) were purchased at the highest grade from Carlo Erba
(Italy). Water was purified (resistivity of 18.2 MQ.cm) using a water system ultrapure MilliQ
Direct Type 1 (Millipore, Germany).

2.2. Polymer characterisation

The molar mass of each polymer used to prepare PLGA and PLGA-PVA NPs was assessed by
size exclusion chromatography (SEC, Tosoh EcoSEC HLC-8320 GPC, Japan) with two columns
(PL-gel MIXED-D 300 x 7.5 mm, beads diameter 5 um; linear part 4 x 10% to 4 x 10° g/mol, from
Polymer Laboratories, UK). The -calibration curve was based on poly(methyl
methacrylate) (PMMA) standards (Polymer Laboratories, UK). Samples were filtered on a
0.2 ym PTFE filter before being analysed at 35°C in chloroform (HPLC grade) at a flow rate of
1 mL/min. Toluene was used as a flow rate marker.

The LA:GA ratio, as well as the polymer end group, were checked by 'H nuclear magnetic
resonance (*H NMR) measurements (Bruker Avance-300 MHz spectrometer, USA). These
analyses were performed in 5-mm diameter tubes by dissolving around 20 mg of PLGA in 1 mL
of CDCls. In order to identify the mobile protons, a second measurement was performed on the
same sample after the addition of a drop of deuterium oxide.



2.3. NP preparation

Bare PLGA NPs (called PLGA NPs) were prepared by nanoprecipitation, as described
previously [35]. Briefly, 150 mg of PLGA were dissolved in 15 mL of acetonitrile. This organic
solution was then added dropwise into 45 mL of water under stirring, thanks to a syringe pump.
After polymer nanoprecipitation, the organic solvent, as well as a part of the water, were
removed by evaporation under vacuum, with a rotary evaporator. The process was stopped
when 6 mL of suspension remained in the flask (NP concentration of 25 mg/mL).

PLGA NPs covered with PVA (called PLGA-PVA NPs) were prepared by emulsion-evaporation,
following a previously described protocol [36]. First, 100 mg of PLGA were dissolved in 5 mL of a
mixture of dichloromethane and acetone (50:50). This solution was pre-emulsified with 20 mL of
an agueous solution of PVA 0.25% wi/v by vortex, and then emulsified with a sonication probe.
The organic phase was evaporated by waiting 3 h at room temperature under stirring. The NP
suspension was finally purified, using an ultracentrifuge (Beckman-Coulter, USA), 1h at
27,440 g and 4°C. The supernatant was removed and replaced by 4 mL of water (NP
concentration of 25 mg/mL). Preliminary results suggested that PLGA-PVA NPs had similar
characteristics, whatever the PLGA type. Indeed, a previous publication of our group suggested
that PVA governs the characteristics of PLGA-PVA NPs [6], so it was decided to prepare PLGA-
PVA NPs with only one PLGA type to reduce the number of studied systems. An ester-ending
polymer (PLGA 753 S) was chosen, as it is more hydrophobic, to emphasise the potential effect
of the hydrophilic PVA coverage on the characteristics of NPs.

2.4. NP characterisation

2.4.1. Size and {-potential measurements

The mean hydrodynamic diameter and (-potential of NPs were measured by Dynamic Light
Scattering (DLS), using a Zetasizer (Nano ZS, Malvern Instruments, France, 633 nm He-Ne
laser, Smoluchowski equation) operating at 25°C with a 173° scattering angle. The NP
suspension was diluted, until reaching an attenuator value of 6, in MilliQ water or in a 1 mM
NaCl aqueous solution respectively for size distribution or zeta potential measurements. Each
sample was analysed three times, to determine the {-potential, the hydrodynamic diameter
(“z-average”, obtained by the cumulant fit analysis), and the PdI reflecting the size distribution
width. These three parameters were reported as an average value + standard deviation,
calculated with the data of three different samples.

2.4.2. Amount of PVA adsorbed on the surface of NPs

The amount of PVA adsorbed at the PLGA-PVA NP surface after purification was indirectly
measured by determining the PVA concentration in the supernatant after the centrifugation step
of the emulsion-evaporation preparation process. This method, described in a previous
publication [6], is based on the formation of a green-coloured complex between PVA and
iodine in presence of boric acid. The supernatant was diluted with purified water so that PVA
concentrations were within the range of the calibration curve (5 to 50 ug/mL of PVA). Then,



3 mL of a boric acid solution (3.8% w/v) and 0.6 mL of an iodine solution (1.27% w/v of
iodine and 2.5% wi/v of potassium iodide) were added. The volume was adjusted to 10 mL
with purified water. The absorbance of this solution was measured with a UV
spectrophotometer (V530 UV/Vis spectrophotometer, Jasco, Japan), at 650 nm using the
mixture of boric acid and aqueous iodine as a reference.

2.4.3. Study of NP wettability

NP wettability was assessed using contact angle measurements by sessile drop method on
PLGA films and NP tablet. The film preparation was adapted from methods previously used by
other teams to characterise PLGA wettability [37,38]. Glass slides were thoroughly cleaned with
detergent and rinsed with purified water, and acetone. Then, a PLGA solution in
dichloromethane was prepared with a concentration of 5 mg/mL, and 25 yL were deposited on a
dry slide. This solution was left to dry 15 min at 18°C, and then 24 h at 70°C.

Besides, NP tablets were prepared from NP suspensions. First, NP suspensions of each type
were frozen by immersion in liquid nitrogen and left in a freezer-drier Alpha 2-4 LD (Christ,
Germany) for 24h. The condenser temperature was set at -80°C and the pressure was lower
than 1 mbar. Then, 20 mg of freeze-dried NPs were deposited in a cylindrical compression die
with a diameter of 0.7 cm (die of the Qwik Handi-Press Set, Thermo Electron Corporation, USA).
A force of 400 N was applied on top of the compression die at a speed of 0.05 mm/s and hold for
10 s using a TA.XTplus Texture Analyser (Stable Micro Systems, UK) to form a tablet.

The contact angle was measured with a drop shape analyser (Tracker, Teclis, France) in air at
18°C, by drop shape analysis with the apparatus software (Windrop). A 5-uL drop of water was
gently deposited at the surface of the PLGA film or NP tablet. The value was taken 5 s after drop
deposition, to let the drop reach its equilibrium shape. This equilibrium took place in a short
period of time as there was no imbibition, neither on the films nor on the tablets. For each type of
substrate, ten measurements were performed, on ten different films and tablets.

The significance of the differences observed between each type of NPs was tested statistically
using the software Prism 5 (GraphPad Software, USA). For each type of NPs, the ten contact
angle values were considered, as Grubbs tests indicated the absence of outliers. A
D’Agostino-Pearson test was performed first to verify the normality of the distribution, for each
set of ten values. Once the normality attested, a one-way ANOVA followed by Tukey’s multiple
comparison test was performed, to assess the significance of the differences between each set
of data one by one.

2.5. Emulsion preparation

Emulsions (5g) with different water/oil ratios, from 95/5 to 30/70 were prepared. NP
concentration in aqueous phase was set at 25 mg/mL. Both NP suspension and Miglyol 812N
were placed together in a vial and emulsified with a 5 G dispersing tool, set on an Ultra-turrax
(IKA T10 basic), at 20,000 rpm for 2 min. Room temperature was set at 18°C.



2.6. Emulsion characterisation

2.6.1. Macroscopic aspect

The emulsion aspect has been observed after a period of storage of 7 days, at 18°C and
protected from light.

2.6.2. Confocal Laser Scanning Microscopy (CLSM)

The microscopic structure of the emulsions was assessed for each type of NPs with CLSM,
using an inverted microscope (TCS SP8—gated STED, Leica Microsystems, Germany) equipped
with a WLL laser and a HC PL APO 40x/1.10 CORR CS2 water immersion objective lens. The
emulsions were observed within the first hour following their preparation. Before collecting the
samples, the emulsions were homogenised by inverting the tubes three times. Then the samples
were placed in a curved glass slide with a cover glass slip on top. It prevented the deformation of
emulsion droplets usually observed when using a flat glass slide. During NP preparation
process, NPs were labelled in red by replacing 0.15 mg of PLGA by a PLGA-rhodamine B
conjugate. The aqueous phase was labelled in green with calcein (0.08 mg/mL). A 563-nm
excitation wavelength was used, and bandwidth detection was set between 600 and 710 nm to
collect the corresponding “red” fluorescence emission. A 488-nm excitation wavelength was
used, and bandwidth detection was set between 500 and 535 nm to collect the corresponding
“green” fluorescence emission. To avoid reflection, a hybrid detector under gated mode (0.3-
6.5 ns) was used. Green and red fluorescence emissions were collected under a sequential
mode with the pinhole set at 1.0 Airy unit giving a 1.27 um optical slice thickness. Twelve-bit
images were acquired with a definition of 1024 x 1024 pixels.

2.6.3. Scanning Electron Cryo-Microscopy (CryoSEM)

A sample of each emulsion was gently deposited in a gold-plated copper cupule with dome
shaped indentation of 1.4 mm central diameter. Samples were then quickly frozen without any
cryoprotectant by plunge in liquid ethane with a Leica CPC apparatus (Leica microsystems,
Austria) without cryoprotectant. They were transferred to a Leica ACE 600 fracturing/coating
apparatus, thanks to a Leica VCT 100 loading station and shuttle (Leica microsystems, Austria).
They were freeze-fractured at -150°C (high vacuum around 4 x 10° mbar), with a blade or a
scalpel and then coated by sputtering with 3 nm of Iridium (at 8 x 10 mbar and 80 mA upon
Argon).

Finally, observations were performed at -150°C in a Field Emission SEM Gemini 500 (Zeiss)
operating at 790 V under high vacuum in the observation chamber, around 1 x 10° mbar. The
objective aperture diameter was set at 15 um and the working distance was between 2.2 and
2.8 mm. Secondary electrons were collected with the in-lens detector. Images were acquired
with a definition of 1024 x 768 pixels. Scan speed and line or drift compensation frame
integrations were adjusted during observations.



2.6.4. Differential scanning calorimetry (DSC)

DSC experiments were carried out using a Perkin-Elmer DSC Diamond apparatus equipped with
an Intracooler 2P cooling device and connected to a Pyris Thermal Analysis Software
System 9.1. The calorimeter was calibrated according to IUPAC recommendations, for both
temperature and enthalpy [39]. The polymers, in the range of 2 to 6 mg, were accurately
weighed and sealed within 50-yL aluminium pans (pan with holes, part BO143019 and cover,
part BO143003); an empty pan was used as a reference. Samples were cooled from 55 to -5°C
at a constant rate, |dT/dt| = 5°C.min™" and heated from -5 to 55°C at different rates, dT/dt = 5,
10, 15 and 20°C.min"*. The first scan was preceded by a 10-min isotherm at 25°C to allow the
samples to reach thermal equilibrium. All the transitions were found to be reversible and
reproducible in the repeated scans. To eliminate the effects of the heating rate on the T, the
value was extrapolated to zero rate by linear regression. This value, called Tgg), was the one we
used to compare the samples.

To evaluate PLGA behaviour in presence of oil and water, emulsions were prepared with each
type of NPs, following the usual procedure described earlier (see Section 2.5). The water/oil ratio
was set at 90/10 (w/w). A sample of emulsion, in the range of 14 to 17 mg, were accurately
weighed and hermetically sealed within 50-uL aluminium pans (pan part BO143017 and cover
part BO143003); an empty pan was used as a reference. The cooling parameters were like
those used for the polymer. Only one heating step was done, at a rate of dT/dt = 20°C.min™".
Indeed, performing analyses at smaller rates resulted in very weak signals. The scan was still
preceded by a 10-min isotherm at 25°C. The extrapolation to obtain the T, at zero rate was done
thanks to the linear regression obtained with the polymer.

3. Results and discussion

3.1. Polymer and NP characterisation

Prior to NP preparation, the various PLGA polymers used in this study were fully characterised
in terms of chemical structure and molar mass (Table 1). *H NMR analysis confirmed that all the
PLGA were composed of 75% of LA and 25% of GA, in good agreement with provider’s
specification (Supporting Material 1). The end group of PLGA 752 H and PLGA 753 H was a
carboxylic acid, while PLGA 752 S and PLGA 753 S ended by an ester group (respectively
containing 10 and 8 carbons). Concerning the mass-averaged molar masses M,, determined by
SEC relative to PMMA standards, they were twice higher for PLGA 753 than for PLGA 752
(M, = 32,000 g/mol for PLGA 753 versus M,, = 14,000 g/mol for PLGA 752).

PLGA NPs were then successfully prepared by a nanoprecipitation method in purified water.
Their size distribution and -potential, studied by DLS, are reported in Table 1. PLGA molar
mass seemed to have no or little influence on the NP size and C-potential, in the range of molar
masses studied. However, acid-ending PLGA (752 H and 753 H) led to a higher {-potential in
absolute value (around -50 mV) compared to ester-ending PLGA (752 S and 753 S, around -
30 mV), because of the exposure of ionised acid end groups at the NP surface [40] (Supporting



Material 2). Also, NPs prepared with an ester-ending polymer (752 S and 753 S, around 220 nm)
were larger than those prepared with an acid-ending polymer (752 H and 753 H, around
160 nm), as described in literature [41] (further discussed in Supporting Material 2). Thus, NP
average size was mainly influenced by the PLGA ending, even if the size variation remained
modest.

PLGA-PVA NPs were prepared with PLGA 753 S by the emulsion-evaporation method using
PVA, a neutral polymer, as a stabilizer for the emulsification step. The resulting NPs had a size
in the same range as NPs made by nanoprecipitation but differed in terms of {-potential. The
almost neutral {-potential of the PLGA-PVA NPs can be explained by the presence of residual
PVA chains anchored at the NP surface (estimated at 9 mg/100 mg of PLGA), shielding the
surface charges of PLGA [6,40].

Table 1: Characteristics of PLGA (in chloroform by *H NMR and SEC), and NPs (by DLS). Size analysis
was performed in purified water, and {-potential in NaCl 1 mM.

Polymer characteristics NP characteristics
Studied NPs LA/GA ratio  End group Mw (g/mol) ';é %%?gr?rm(): Pdl g-potential (mV)
PLGA-PVA 753S 75/25 ester C10 33,000 202+1 0.07 +£0.03 -4.1+04
PLGA 752 H 75125 acid 14,000 162+ 3 0.08 £0.01 -53+3
PLGA 753 H 75/25 acid 32,000 155+5 0.07 £ 0.01 -52+3
PLGA 753 S 75125 ester C10 33,000 213+18 0.07£0.01 -34+2
PLGA 752 S 75/25 ester C8 14,000 238+ 18 0.07 +£0.02 -26+3

To conclude, all the NPs produced had a narrow size distribution (Pdl = 0.07), and the PLGA
influence on the average size was quite low, all the NPs exhibiting a size around 200 nm
whatever their composition and preparation process. They mainly differed by their -potential,
suggesting differences in their surface properties.

3.2. PLGA characteristics influence the emulsion properties

3.2.1. Influence of NP wettability

The surface properties of NPs have a major influence on their wettability, which impacts
Pickering emulsion morphology and stability [42]. It is therefore essential, in order to understand
the behaviour of NPs in the emulsions, to assess their wettability. Ideally, this latter must be
evaluated by measuring the contact angle in the three-phase system [4]. However, this angle is
difficult to measure, as it requires the use of highly sophisticated techniques. Thus, we decided
to perform a common method, measuring the contact angle between a drop of water and a flat
PLGA substrate, in air. This contact angle is not the three-phase contact angle, but it is a useful
approximation to compare the different NPs. The first results were obtained on PLGA



films (Table 2). All the contact angle values were comprised between 67 and 78°, which
matches with results described in literature for various types of PLGA (usually around 75°, using
dichloromethane as solvent) [37,38,43]. Still, it appears that PLGA characteristics influenced the
contact angle. Two groups can be distinguished: films made of PLGA 753 S and 752 S showed
a contact angle between 74 and 78°, whereas films composed of PLGA 753 H and 752 H were
more hydrophilic with a contact angle of 67°. Statistic tests confirmed the significance of the
difference between ester-ending and acid-ending polymers (p-value < 0.001). This shows that
the polymer end group had a major influence on NP wettability. This is in good agreement with
the C-potential values discussed previously, which confirms an exposure of the acid moieties at
the NP surface. Also, a slight effect of the PLGA molar mass can be noticed: PLGA 752 S NPs
were a little more hydrophobic than PLGA 753 S NPs (p-value < 0.001). This minor effect could
be due to a higher polymer chains content in PLGA 752 S NPs (low molar mass) than in PLGA
753 S NPs (high molar mass), for an equivalent mass. This results in a higher number of end
groups at the NP surface for PLGA 752 S NPs than PLGA 753 S NPs, which would modulate
the surface hydrophobicity. It should be noted that this phenomenon was not observed with acid-
ending PLGA (p-value > 0.05).

These first results obtained with PLGA films showed the possibility to discriminate the PLGA
types based on their wettability by water. However, this substrate might not be the most suitable
one. First, it is difficult to reproduce the PVA coverage on a film, with the same amount of PVA
and the same organisation as on the PLGA-PVA NPs (NA in Table 2). Also, the drop of water
deposited for the contact angle measurement could dissolve the PVA film, biasing the result.
Besides, the PLGA conformation during a simple drying process (film/air interface) may be
different from the polymer conformation during the nanoprecipitation process (NP/water
interface). This could induce a difference in the surface structure between films and NPs, which
might have some consequences on the contact angle. For these reasons, we prepared tablets
composed of the NPs themselves, to be as representative as possible from the materials used in
the emulsions. Contact angle measurements on particle tablets had already been proposed for
other types of materials, such as clays [44], metal oxides [45], nitrocellulose [46], or silica [47].
The necessary compression force, though, was much lower in our case, as PLGA and PLGA-
PVA NPs are quite soft [6] and appeared to be cohesive.

The contact angles of each type of tablet with water in air are showed in Table 2. Globally, the
results were comparable to the ones obtained on PLGA films: ester-ending PLGA (753 S and
752 S) were more hydrophobic than NPs composed of acid-ending PLGA (753 H and 752 H),
with a p-value lower than 0.001. The molar mass also had a slight impact on the wettability of
ester-ending PLGA NPs (p-value < 0.05). But the wettability measurements on NP tablets also
provided new information. First, the range of contact angle values was broader when measured
on tablets (from 82 to 109°, for bare PLGA NP) compared to the films (from 67 to 78°). This
confirmed the assumption of a different polymer conformation at the film surface compared to
the NP surface. As it was made of NPs, the surface of tablets appeared to be more
representative of the real NP surface than the surface of model films. It should be noted that the
roughness of the tablet surface (ranging between 37 and 121 nm, as determined from AFM
measurements) was very low, so it likely had no influence on the contact angle (Supporting
Material 3). Thus, contact angles measurements on NP tablets should be favoured, as it reflects

10



the wettability of the PLGA NPs by water in the conditions of its use in emulsions. Also, this
method allowed us to confirm the influence of the PVA coverage of the NPs, which could not be
done with films. The high contact angle of hydrophobic PLGA 753 SNPs (8 = 102°) was
dramatically decreased when PVA, a hydrophilic polymer, was adsorbed at the surface, making
NP surface far more hydrophilic (6 = 40°). This means that the coverage of the PLGA NP
surface by PVA masked PLGA influence, as suggested by the {-potential values.

Table 2: NP surface wettability, represented by (i) the contact angle between a drop of water and different
PLGA substrates (PLGA films or NP tablets) after 5 s of contact, and (ii) the oil amount necessary to
obtain phase inversion from O/W to W/O for emulsions prepared with each type of NPs

Contact angle with water, in air (°)
ilo
NP studied _O|I/of_or pha;se
OnPLGAfilms  On NP tablets ~ Inversion (w/w)
PLGA-PVA 753S NA 39+7 60-70 %
PLGA 752 H 67 +3 82+6 30-35 %
PLGA 753 H 67 £2 88+5 20-25 %
PLGA 753 S 74+£3 102+ 6 15-20 %
PLGA 752 S 782 109+4 5-10 %

NA: Not Applicable

After studying the wettability of the different types of NPs, emulsions were prepared to analyse
the NP influence on the emulsion behaviour. For all types of NPs, several emulsions were
prepared with increasing amounts of oil, until reaching the catastrophic phase inversion from
O/W emulsions to W/O emulsions [48] (Supporting Material 4). The oil amount added to obtain
this inversion is reported in Table 2. Interestingly, the more hydrophilic the NPs, the more oil was
necessary to reach the catastrophic phase inversion. This behaviour perfectly matched with
Finkle’s rule: hydrophilic NPs preferably stabilised O/W emulsions, and conversely for
hydrophobic NPs [49,50]. As this is in line with the contact angle values, it consolidated the
relevance of the contact angle measurement method on tablets.

To illustrate more precisely the difference of emulsion behaviour, emulsions were prepared with
the five different types of NPs, in the same conditions, at a fixed water/oil ratio of 90/10 (w/w).
On CLSM images, one can clearly visualise red-labelled NPs adsorbed at the interfaces
between water and oil, for all types of NPs, as expected for Pickering emulsions (Figure 1).
Interestingly, a gradual variation of the emulsion structure as a function of NP wettability could
be observed. At this water/oil ratio, very hydrophilic NPs (covered by PVA) stabilised a simple
O/W emulsion (Figure 1a). In the same conditions, hydrophobic PLGA 752 S NPs stabilised a
simple W/O emulsion (Figure 1e), even if the oil amount was very low (10%). This is a
spectacular effect of the hydrophobicity of these NPs. Moreover, this image suggests the
formation of a network of PLGA 752 SNPs, stabilising the water droplets. The three other types
of NPs with intermediate wettability (PLGA 752 H NPs, PLGA 753 H NPs and PLGA 753 S NPs,
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respectively Figure 1b-d) stabilised multiple W/O/W emulsions. It is interesting to notice the
formation of both W/O and O/W interfaces by a single-step process, when multiple emulsions
are usually prepared in two steps, with classical surfactants [51] as well as with solid particles
[52]. This has already been described with PLGA NPs, in a previous study by our group [6]. We
assume this behaviour might be due to the contribution of a set of favourable conditions, such
as: (i) a sufficient oil amount to promote coalescence during the process, which induced the
inclusion of continuous phase in the oil droplets [53,54]; (i) an excess of NPs, that were
available to stabilise the surface of inner droplets [54]; (iii) an intermediate wettability of all [28]
or part of the NPs [55] in the three-phase system, which allowed them to stabilise both water-in-
oil and oil-in-water interfaces; and finally (iv) a short emulsification time, not sufficient to reach
the potential phase inversion usually following the formation of multiple emulsion [56]
(Supporting Material 4). The preparation of multiple Pickering emulsions in one step has already
been described in literature, even if their obtention is more common when NPs are pre-
suspended in the oil phase [57].

PLGA 752 H NPs PLGA 753 H NPs PLGA 753 S NPs PLGA 752 s:@

Hydrophilic NP

Figure 1: CLSM images of emulsions with a water/oil ratio of 90/10 (w/w), prepared few minutes before the
observation, and stabilised by: a) PLGA-PVA 753 S NPs, b) PLGA 752 H NPs, c) PLGA 753 H NPs,
d) PLGA 753 S NPs, €) PLGA 752 S NPs. The NPs are red-labelled by PLGA-rhodamine, while the water
is green-labelled by calcein.

NP wettability had also some consequences on the macroscopic aspect of the emulsions. Some
macroscopic pictures of the five emulsions microscopically studied previously were taken after
seven days of storage (Figure 2). All these emulsions were quite fluid, allowing droplets to form
a cream layer, topping the excess of water phase. First, variation of the cream thickness could
be observed: PVA-covered NPs (Figure 2a) led to a thin cream layer (20% of the total height of
the emulsion), whereas PLGA 752 H NPs, PLGA 753 H NPs and PLGA 753 S NPs (Figure 2b-d)
stabilised a very thick cream layer (50% of the total height of the emulsion). This thick layer is
the macroscopic consequence of the presence of multiple droplets, as observed with CLSM
(Figure 1). The thickness of the cream stabilised by PLGA 752 S NPs could not be assessed
precisely, due to its very unusual aspect (Figure 2e), discussed in the next section. Macroscopic
observations also provided information about the affinity of NPs for the interphase. For the
emulsions stabilised by PLGA-PVA 753 S NPs, PLGA 752 H NPs, and PLGA 753 H NPs (Figure
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2a-c), the aqueous phase was almost as cloudy as the initial NP suspension before
emulsification. This was due to the excess of NPs that remained in the water phase after
emulsification, since these NPs were hydrophilic. For the two other emulsions, stabilised by
hydrophobic PLGA 753 S NPs, and PLGA 752 S NPs (Figure 2d-e), the aqueous phase was
logically transparent, as NPs did not have a great affinity for water. Finally, the stability of the
emulsions could be evaluated. Indeed, the Figure 2a showed a beginning of coalescence at the
top of the cream, while the other emulsions were stable (Supporting Material 5). This can be
attributed to the high hydrophilicity of the PVA-covered NPs, favouring their presence in the
agueous phase rather than at the oil/water interface [28,31,34].

PLGA 752 H NPs PLGA 753 H NPs PLGA753SNPs  PLGA 752 s[@

Hydrophilic NP

Figure 2: Macroscopic aspect of emulsions at day 7 prepared with a water/oil ratio of 90/10 (w/w) and
stabilised by: a) PLGA-PVA 753 S NPs, b) PLGA 752 H NPs, c) PLGA 753 H NPs, d) PLGA 753 S NPs,
e) PLGA 752 S NPs

3.2.2. Influence of the glass transition

Besides wettability, the second key parameter studied to understand the behaviour of the
emulsions was the Ty of PLGA. Its graphical determination is explained in Supporting
Information 6. As shown in Table 3, the ester-ending polymers had lower T4 than the acid-
ending ones. It has been well described that T4 decreases when the mobility of the polymer
chains increases. Yet, Flory and Fox showed that end chain units exhibited excess of free
volume compared to units within the chain [58], so it is more likely to influence the polymer
mobility. Thus, modifying the end group induce a modification of the Ty of the polymer. One
can assume that the presence of ionized carboxyl end groups generates electrostatic
interactions that forces the organisation of the polymer chains, reducing their mobility. Ester end
groups do not display charges, hence a better mobility, and a lower T). Besides, as expected,
a shorter chain induced a lower Tg): 44.5°C and 34.3°C for the PLGA 752 H and S respectively,

13



versus 47.7°C and 45.1°C for the PLGA 753 H and S. Indeed, as explained in Section 3.2.1, for
a given mass, the shorter the chains, the more numerous are the end groups and hence the
lower is Ty [58,59]. This is consistent with observations made by other groups on PLGA [60].
These trends, observed on the polymers, were confirmed by the results in the emulsions.
Nevertheless, when NPs were in contact with oily and aqueous phases, the Ty of the polymer
decreased dramatically, compared to the dry polymer. The liquid phases acted as plasticisers,
by penetrating NP structure and creating some additional free volume [61]. Some results
obtained on NP suspensions tend to prove that water was the main plasticiser, oil having a
minor effect on the T4 values (data not shown). Some other studies also highlighted the
decrease of Ty of PLGA in presence of water [62,63]. Finally, PVA-covered PLGA 753 S NPs
exhibited a slightly higher Ty (39.7°C) compared to the bare ones (37.2°C). This is in good
agreement with the results of Bouissou et al. [64], but remains unexplained.

Table 3: Ty of dry PLGA and, T4 of PLGA NPs in the emulsions with a water/oil ratio of 90/10 (w/w),
obtained by DSC

NP studied PLGA ;%?;lr?\fer C) Jﬁfﬁilgms ?g)
PLGA-PVA 753S 451+0.3 39.7+0.6
PLGA 752 H 445+0.2 32.7+0.2
PLGA 753 H 47.7+0.2 37.6+0.2
PLGA 753 S 451+0.3 37.2+0.4
PLGA 752 S 34.3+0.6 24.8+0.6

The T4 value of PLGA 752 S in the emulsion (24.8°C) particularly attracted our attention.
Indeed, it was very close to the room temperature, which could influence the behaviour of NPs
during the emulsification process. This will be further discussed in the next paragraph, as
cryoSEM observations allowed us to understand the mechanism of stabilisation of the
emulsions.

CryoSEM images showed the microscopic structure of all the emulsions described above
(Figure 3). The Figure 3a-d and corresponding cropped images showed NPs adsorbed at the
interface between oil and water interface, as previously observed in CLSM images (Figure 1).
PVA-covered NPs stabilised a simple O/W emulsion by forming a loosely packed monolayer
(Figure 3a and corresponding cropped image). The wide space between the NPs could be
explained by the PVA-coverage, generating steric hindrance between particles at the interface. It
could also be explained by the high hydrophilicity of the PVA-covered NPs, not favouring their
presence at the oil/water interface, hence a poor coverage. This might be the reason of the
relative instability of this emulsion (Supplementary Information 5). For PLGA 753 H, PLGA 753 S
and PLGA 752 H NPs, the particles were still visible, and formed an irregular layer, surrounded
by flocs (Figure 3b-d and corresponding cropped images). If flocs have already been described
with fumed silica [54], in our case the {-potential of NPs (higher than -30 mV, Table 1) should
prevent aggregation. Also, these flocs were not present in the initial NP suspension, as shown
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by the particle size analysis (Table 1). Their formation, only happening close to the oil-water
interface, remains unexplained. Besides, these three emulsions also presented some inner
droplets of water, in good agreement with the CLSM images showing W/O/W emulsions. These
inner droplets were covered by NP monolayers as well, ensuring their stability and preventing
them from escaping from the oil droplets [54] (Supporting Material 4). Finally, the image of the
emulsion stabilised by PLGA 752 S NPs (Figure 3e) surprisingly showed no NP at the interface.
Instead of spherical NPs, undefined and irregular structures were observed. Our hypothesis is
that, performing the emulsification at 18°C with a high shear rate during 2 min, the temperature
locally increased until exceeding the Tgyg) value of PLGA 752 S (T4 = 24.8°C). The rubbery
state of NPs allowed them to unfold under shear, and agglomerate. This would result in the
formation of a network of NP debris. This theory is in supported by the presence of an irregular
network in the oil phase observed on CLSM image (Figure 1e). This led to a material that could
still be considered as a Pickering emulsion, but with a very unusual aspect and texture (Figure
2e). So, the PLGA end group and molar mass would have an indirect influence on the emulsion
morphology, by influencing the T, of PLGA.
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W) 24 y \2 um
PLGA 752 H NPs PLGA 752 S NPs

Figure 3: CryoSEM images of frozen-fixed emulsions prepared with a water/oil ratio of 90/10 (w/w),
prepared a few minutes before the observation, and stabilised by: a) PLGA-PVA 753 S NPs,
b) PLGA 753 H NPs, c) PLGA 753 S NPs, d) PLGA 752 H NPs, e) PLGA 752 S NPs.
Lower right cropped images show the NP organisation in the outlined regions.

4. Conclusion

This study demonstrated that the physico-chemical properties of PLGA constituting NPs, and
hence NPs properties, were of the utmost importance to control the structure of the final
Pickering emulsions. The molar mass and the end group of the PLGA directly affected the NP
wettability and glass transition temperature. Indeed, ester-ending polymers provided a higher
hydrophobicity and a lower T4, compared to acid-ending polymers. Also, a smaller molar mass
could also slightly exacerbate the effect of the end groups, as the number of these latter
increase. NPs of various wettability were produced and used to stabilise different types of
emulsions in accordance with Finkle’s rule. However, producing NPs in presence of a stabilising
polymer (such as PVA) masked the effect of the PLGA characteristics, as PVA-coverage drove
the emulsion stabilisation. Finally, an unusual solid emulsion, stabilised by a network of NP
debris, was described. The low T, value of the concerned PLGA was in cause, allowing the
formation of the solid network during the emulsification, and leading to this unusual structure.
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To conclude, by changing the initial characteristics of the polymer, we could tune NP
characteristics and hence the emulsion structure (O/W, W/O, multiple emulsions) and texture
(fluid or solid emulsions). This is particularly attractive for drug delivery purposes, as a versatile
formulation platform enabling the encapsulation of both hydrophilic and hydrophobic active
substances.
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7. Supporting Material 1. Polymer characterisation

The characteristics of the PLGA polymers used here to prepare NPs are summarized in the
commercial product name, made of three digits and one letter. The first two digits represent the
fraction of lactic acid monomer in the polymer chain. In our case, it is 75 as all our polymers are
composed of 75% of lactic acid and 25% of glycolic acid. The third digit corresponds to the molar
mass of the PLGA: the higher this digit, the longer the polymer chain. However, the company did
not give any information about the molar mass of the polymer but provided values of inherent
viscosity instead. Finally, the letter at the end of the PLGA denomination indicates its ending
group. The letter H stands for acid end group, while the letter S stands for ester end group.

We characterised all the polymers we used to confirm the information provided by the company.
First, each PLGA polymer was characterised by nuclear magnetic resonance (*H NMR)
(Figure S1.1). These spectra provided information about their LA/GA ratio and end group
(Table S1.1). For all the PLGA polymers, the integration value for the d peak (corresponding to
the CH moiety in the LA) was set at 1. As expected, this resulted in an integration value of 3,14 +
0.11 for the c peak (corresponding to the CHs; moiety of LA). On all spectra, a value of 0.70 £
0.01 was found for the e peak (corresponding to the CH, moiety of GA): this is consistent with a
75/25 LA/GA ratio, as given by the supplier. In the case of ester-ending PLGA, two peaks, a and
b, were identified, corresponding respectively to the CH; and the CH, moieties of the ester end
group. Through their integration, the number of carbons composing the ester was evaluated at 8
(for PLGA 753 S) and 10 (for PLGA 752 S). In the case of acid-ending PLGA, the ester peaks
were not present, but a broad peak (a’) corresponding to the mobile proton of the acid end group
was observed (assignment confirmed by the addition of deuterium oxide, data not shown).

Number-averaged molar mass (M,), mass-averaged molar mass (M,,) and molar-mass dispersity
(by, defined as the ratio of M,, to M,) of the polymers were determined by steric exclusion
chromatography (SEC) relative to PMMA standards (Table SM1.1). Whatever the polymer end
group, the molar masses were two to three times higher for PLGA 753 than for PLGA 752,
whether it be the number-averaged (M, = 8,000 g/mol for PLGA 752 versus M, = 24,000 g/mol
for PLGA 753) or the weight-averaged molar masses (M,, = 14,000 g/mol for PLGA 752 versus
M,, = 32,000 g/mol for PLGA 753). This was consistent with the inherent viscosity provided by
the supplier, that followed the same trend.
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Figure SM1.1: *H NMR spectra of PLGA polymers of different molar mass and end group

Table SM1.4: Characteristics of polymers, analysed by *H NMR and SEC

r?élljs%egr LA/GA ratio  End group mhggergvés;‘fg*é?:/ Y Ma (g/mol) MOII\TW:;?:OD By
PLGA 752 H 75/25 acid 0.14-0.22 7,000 14,000 2
PLGA 753 H 75/25 acid 0.32-0.44 23,000 32,000 1.4
PLGA 753 S 75/25 ester C8 0.32-0.44 25,000 33,000 1.3
PLGA 752 S 75/25 ester C10 0.16-0.24 8,000 14,000 1.8

*information provided by the supplier
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8. Supporting Material 2: NP characterisation

Precisions must be given about the variations of size distribution and {-potential of NPs
(section 3.1 of the main article). The {-potential values varied depending on the PLGA
composition. NPs made of acid-ending PLGA (752 H and 753 H) led to a very negative C-
potential (-50 mV) because of the exposure of the acid end groups at the NP surface. Indeed,
the pK, of lactic acid and glycolic acid are both around 3.8 [1]. The pH of the NP suspensions
was comprised between 3.5 and 5 (depending on the NP type) which promotes the presence of
carboxylate forms, providing a very negative {-potential to the NPs [2].

PLGA end group also influenced NP size. The fact that ester-ending PLGA (752 S and 753 S)
led to larger NPs compared to acid-ending PLGA (752 H and 753 H) is explained in literature [3].
Indeed, the nucleation-growth mechanism driving the nanoprecipitation is influenced by the
presence of charged groups. These latter favour the presence of polymer chains at the interface,
reducing the interfacial tension. As low interfacial tension increases nucleation rates and
decreases growth and aggregation rates, this led to the formation of more NPs, of smaller size,
compared to ester groups. Acid-ending PLGA NPs being more negatively charged, they are
logically smaller.
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9. Supporting Material 3: Analysis of the tablet surface by AFM

Atomic force microscopy (AFM) pictures of NP tablets were collected in air at room temperature
(22°C) using a commercial Multimode-8 equipped with a NanoScope V controller from Bruker
manufacturer (Bruker, AXS, France). Tablets (prepared as described in section 2.4.3 of the main
article) were fixed on magnetic disks directly mounted on top of the AFM scanner. Topographic
properties were imaged using the Peak Force quantitative nano mechanical (QNM) property
mode with a nanoindentation frequency of 2 kHz. PeakForce mode worked with small controlled
load forces (around 0.1 nN) and with deformation depths as small as 1 nm, so damage to the
probe or sample was kept minimal. MPP-21100-10 cantilevers (Bruker) were used, with a spring
constant of 3 N/m and a tip radius between 8 and 10 nm. The scan rate was adjusted in the
range of 0.5 to 1 Hz over selected areas (5.0 yum x 5.0 ym and 10.0 um x 10.0 um). Data
processing was performed with the WSxM and Bruker softwares. The roughness was
characterised using Raparameter (calculated from the Bruker software), which is one of the
most commonly used roughness statistics. Ra is the arithmetic average of the absolute values of
the surface height deviations measured from the mean plan. The mean calculated values
corresponded to the average of three values, taken from three images for each type of NP
tablets.

Some examples of AFM images of NP tablets are shown in Figure SM3.1. The shape of the
NPs remained distinguishable, although they seemed flattened. This allowed us to assume
that the tablet surface kept the molecular organization of freeze-dried NPs, making it a
representative model to study the surface hydrophobicity of NPs. Moreover, we did not observe
deep cracks, or major irregularities of the topography. This was quantified by the R,
(Table SM3.1). The average roughness was not higher than the diameter of a NP, as it was
comprised between 37 and 121 nm. This low roughness probably did not have influence on the
contact angle measured on the NP tablets. In other words, we considered that contact angles
measured on NP tablets followed ideal Young’s law and did not need to be modelled by Wenzel
or Cassie-Baxter equations. Thus, contact angles measured on NP tablets were assumed to be
directly related to the chemical composition of the NP surface.
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Figure SM3.1: AFM images of the surface of NP tablets, used to measure the contact angle between NPs
and a drop of water in air

Table SM3.1: Average roughness of the surface of NP tablets, measured in AFM

NP studied Ra (nm)
100 +
PLGA-PVA 753S 107
PLGA 752 H 37x11
PLGA 753 H 50 + 26
PLGA 753 S 83 + 56

PLGA 752 S 121+ 14
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10. Supporting Material 4: Phase inversion and multiple emulsions

To determine the oil amount necessary to the phase inversion of emulsions, 5-g emulsions with
different water/oil ratios were prepared and characterised as described in the sections 2.5 and
2.6 of the main article. The resulting pictures allowed us to build phase diagrams showed in
Figures SM4.1 to SM4.5. The data shown in Table 2 of the main article were extracted from
these diagrams. Apart the value of the oil amount necessary to induce the phase inversion, this
study showed that all the NPs studied were able to stabilise multiple W/O/W emulsions.
According to the literature, several experimental conditions could have favoured that fact.

First, Groeneweg et al. suggested that the formation of inner droplets (called “inclusions”) was
due to the enclosure of a small volume of continuous phase during the coalescence of two
droplets under high shear rate. However, the amount of dispersed phase (here, Miglyol 812N)
had to be high enough to allow collision and coalescence between these two droplets [1].
Indeed, we can observe simple O/W emulsions with 10% of oil, for PLGA-PVA NPs
(Figure SM4.1). Multiple W/O/W emulsions started to form with higher amount of oil, for this type
of NPs.

After their formation, inclusions can escape from the drops. If the escape rate of inclusions is
higher than the formation rate, multiple emulsions might never be observed. To limit the escape
of the inclusions, they might be stabilised. In our case, inclusions observed in the multiple
emulsions made with PLGA 752 H NPs, PLGA 753 H NPs and PLGA 753 S NPs with 10% of oil
are covered by a NP layer, as revealed in cryoSEM (Figure SM4.6), which explains their stability
even after the end of the emulsification. This coverage is possible for two main reasons,
according to the literature: (i) contact angles might be close to 90° in the three phase system, to
stabilise both O/W and W/O interfaces [2]; and (ii) there is a large excess of NPs available to
stabilise the new interface formed during the inclusion [3]. It should be noted that cryoSEM
observation of stabilised inclusions could not be done for PLGA-PVA NPs and PLGA 752 S NPs,
because the oil amount of the observed emulsions was set at 10%. However, these NPs are
able to form multiple emulsions at other oil amounts, as shown in Figures SM4.1 and SM4.5.
Some cryoSEM observations could be performed on these multiple emulsions to check if the
inclusions they contain were also covered by NPs.

Finally, the formation of multiple emulsions can be a short step preceding the phase inversion to
a W/O emulsion. According to Groeneweg et al., a W/O/W emulsion with a fixed composition
under constant shear can evolve towards a W/O emulsion. Indeed, if coalescence occurs
constantly while inclusions are stabilised and do not escape, an accumulation of inclusions
occurs, increasing the effective volume fraction of disperse phase. Up to a critical volume
fraction, the dispersed phase becomes the continuous phase: this is the phase inversion [1]. So,
the emulsification time is an important parameter governing the production of multiple W/O/W
emulsions or W/O emulsions. This assumption was validated for PLGA 753 S, as shown in
Figure SM4.7. Indeed, with an oil amount of 20%, we usually observed a W/O emulsion after 2
min of emulsification. But the reduction of the emulsification time to 75 s prevented the system
from inverting, leading to the observation of W/O/W emulsions. Thus, we assumed that the
multiple W/O/W emulsions formed under the conditions of our experiments with all the types of
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NPs studied (Figures SM4.1 to SM4.5) could be observed because the emulsification time was
not higher than 2 min. With longer times, it could have been inverted.

o/w w/o/w w/o/w PLGA-PVA 753 S NPs

Oil fraction (% w/w)

[y

80% 100%

w/o/w w/o/w

Figure SM4.1: CLSM images of emulsions with various water/oil ratio (w/w), stabilised by PLGA-
PVA 753 S NPs. The NPs are red-labelled by PLGA-rhodamine, while the water is green-labelled by
calcein.
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Figure SM4.2: CLSM images of emulsions with various water/oil ratio (w/w), stabilised by
PLGA 752 H NPs. The NPs are red-labelled by PLGA-rhodamine, while the water is green-labelled by
calcein.
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Figure SM4.3: CLSM images of emulsions with various water/oil ratio (w/w), stabilised by
PLGA 753 H NPs. The NPs are red-labelled by PLGA-rhodamine, while the water is green-labelled by
calcein.
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Figure SM4.4: CLSM images of emulsions with various water/oil ratio (w/w), stabilised by
PLGA 753 S NPs. The NPs are red-labelled by PLGA-rhodamine, while the water is green-labelled by
calcein.
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Figure SM4.5: CLSM images of emulsions with various water/oil ratio (w/w), stabilised by
PLGA 752 S NPs. The NPs are red-labelled by PLGA-rhodamine, while the water is green-labelled by
calcein.
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Figure SM4.6: CryoSEM images showing the NP coverage of inner droplets in multiple emulsions
prepared with a water/oil ratio of 90/10 (w/w), few minutes before freezing for observation, and stabilised
by: a) PLGA 752 H NPs, b) PLGA 753 H NPs and c) PLGA 753 S NPs

[ — B

Emulsification time

Figure SM4.7: CLSM images of emulsions with a water/oil ratio of 80/20 (w/w), prepared few minutes
before the observation, and stabilised by PLGA 753 S NPs. The emulsification time was set at a) 75 s and
b) 2 min. The NPs are red-labelled by PLGA-rhodamine, while the water is green-labelled by calcein.
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11. Supporting Material 5: Emulsion stability

To evaluate emulsion stability, emulsions were prepared with each type of NPs, following the
usual procedure described in the section 2.5 of the main article. The water/oil ratio was set at
90/10 (w/w). The emulsions were stored during 55 days at 20°C and protected from light. The
destabilization phenomena (creaming, sedimentation, flocculation and coalescence) were
monitored using Turbiscan Classic MA 2000 apparatus (Formulaction, France) at different times
of the study. The different evolution stages of the emulsion were identified thanks to the profile of
the Turbiscan curves [1,2].

The stability was also evaluated at the droplet scale during the 7 first days of the stability study.
The droplet size was evaluated overtime by flow imaging microscopy, using
Flowcell FC200S+HR apparatus (Occhio, Belgium). Before each analysis, a background
calibration was performed on MilliQ water. Emulsions were inverted three times to homogenise
them. A fraction of emulsion was collected in the middle of the emulsion and diluted in purified
water. For emulsion stabilised by PLGA NP, 300 uL of sample were diluted in 700 pL of water.
Emulsions stabilised with PLGA-PVA NP contained more droplets, and these latter were less
aggregated so 50 pL of emulsion, diluted in 950 pL of water, were enough to obtain statistically
good results. The diluted sample was then deposited on the top of the 100-um-thick cell. Flowing
through the cell at constant rate, several pictures of the sample (magnified 6 times) were shot.
From these pictures, size and shape information were calculated by the software Callisto
(Occhio, Belgium). As the droplets were spherical, the “inner diameter” was chosen as a
representative diameter. It is defined as the diameter of the largest inscribed circle. Droplet flocs
and small unidentified items (< 1 pm) were removed from the analysed particles, filtering them
by their inner diameter. Blur droplets in the background of the pictures were removed too, using
a “Luminance RSD filter. This analysis was performed over 7 days at different times (5 minutes,
2 hours, 2 days, 7 days). The selected parameters to monitor the evolution of the droplet size
were the number-weighed dsy (median of the number-weighed size distribution) and the
uniformity coefficient (or Hazen coefficient, representing the dispersity of the size distribution).
This latter is defined as the ratio dgo/d1o, measured on the number-weighed size distribution.

First, a diagram, presented in Figure SM5.1, summarises the macroscopic evolution of the five
emulsions studied by Turbiscan. As they were all quite fluid (except the one made with PLGA
752 S NP), they all underwent a first step of creaming, lasting between 1.5 to 48 h. Creaming is
a reversible instability, only consisting in the migration of the oil droplets upwards, as their
density is lower than the density of water. This first result was in good agreement with the
microscopic study of emulsions, showing no significant change in the droplet size
(Figure SM5.2). Droplets stabilised by bare PLGA NPs remained between 30 to 40 pum, while
droplets stabilised by PVA-covered NPs remained around 20 pum. The uniformity coefficient was
around 2 during all this creaming step, suggesting a polydisperse distribution (as 2 is the
threshold above which an emulsion is considered polydisperse).

After the creaming steps, different behaviours were observed. On one hand, emulsions
stabilised by bare PLGA 752 H NPs, PLGA 753 HNPs or PLGA 753 S NPs showed no
macroscopic evolution until the end of the study (55 days). This result is corroborated by the

34



microscopic study over the 7 first days, showing no evolution of the droplet size between the end
of the creaming steps and the seventh day. So, these emulsions were very stable.

1 min 1h 30 8h 2d 55d
Time Scale ,. min 10 min iDD min i 1000 min E 10000 min :f
PLGA-PVA 753 S Creaming Coalescence - Phase separation
PLGA 752 H Creaming No evolution
PLGA 753 H Creaming l\io evolution
PLGA 753 S Creaming No evolution
PLGA 752 S Method not suitable

Figure SM5.1: Diagram summarising the evolution of the emulsions as determined by Turbiscan analysis
for emulsions stabilised by PLGA-PVA 753 S NPs, PLGA 752 H NPs, 753 H NPs, 753 S NPs or
752 S NPs

On the other hand, the emulsion stabilised by PVA-covered NPs was very different. Indeed, after
a 90-min creaming phase, the droplets started to coalesce. An oil phase was observed on top of
the emulsions, as an obvious witness of the instability of this emulsion. However, we did not
observe any evolution in microscopic behaviour of this emulsion. Droplet size and uniformity
coefficient obtained from flow imaging remained stable. We assume that this might be an
artefact due to our preparation procedure. After homogenising the emulsion, the large coalesced
droplets likely migrated faster towards the top of the emulsion, making them difficult to collect,
hence their absence in the analysed samples. Some similar cases were described with Pickering
emulsions characterised by laser diffraction for example [3]. This shows how careful we should
be when we analyse stability data. Multiscale analysis is necessary to understand the emulsion
behaviour in a global way, and to avoid wrong conclusions based on unsuitable technics.
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Figure SM5.2: Evolution of the droplet granulometry overtime, for emulsions stabilised by PLGA-
PVA 753 S NPs (in grey), PLGA 753 S NPs (in orange), PLGA 753 H NPs (in green), PLGA 752 H NPs (in
dark blue). The studied parameters were a) the ds, of the number-weighed distribution, b) the uniformity
coefficient
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A comment should be given on the emulsion stabilised by PLGA 752 S bare NP, that remained
an exception. Unlike all the other emulsions, this one could not be analysed by Turbiscan and
flow imaging microscopy, because of its texture and opacity. The droplet mean diameter was
estimated after 7 days, by a manual measurement on 300 droplets on images of CLSM, using
the software Fiji [4]. The estimated size was around 17 um after 7 days, with a uniformity
coefficient of 2.25, which meant the emulsion was polydisperse. However, this result must be
considered with caution, as it is measured on images of CLSM. Indeed, this technic allows the
imaging of a very thin slice of material. In our conditions, the focal planes do not correspond to
the equator of all the drops. So, the result presented here is a simple estimation, and the actual
drop size might have been underestimated. A Z-stacking followed by a Maximum Intensity
Projection are necessary to measure it correctly. Finally, a visual control of the emulsion over 55
days did not show any evolution: the emulsion seemed to remain stable. As discussed
previously, a multiscale analysis should be performed to assess the stability. A microscopic
monitoring of the droplet size would be better to conclude with certainty about the stability of this
emulsion. However, images obtained by optical microscopy are difficult to analyse, as the solid
emulsion is not transparent.

References

[1] J. Liu, X. Huang, L. Lu, M. Li, J. Xu, H. Deng, Turbiscan Lab® Expert analysis of the
biological demulsification of a water-in-oil emulsion by two biodemulsifiers, J. Hazard. Mater. 190
(2011) 214-221. https://doi.org/10.1016/j.jhazmat.2011.03.028.

[2] O. Mengual, G. Meunier, |. Cayré, K. Puech, P. Snabre, TURBISCAN MA 2000: multiple
light scattering measurement for concentrated emulsion and suspension instability analysis,
Talanta. 50 (1999) 445-456. https://doi.org/10.1016/S0039-9140(99)00129-0.

[3] H. Lim, M. Jo, C. Ban, Y.J. Choi, Interfacial and colloidal characterization of oil-in-water
emulsions stabilized by interface-tunable solid lipid nanoparticles, Food Chem. 306 (2020)
125619. https://doi.org/10.1016/j.foodchem.2019.125619.

[4] J. Schindelin, 1. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S.
Preibisch, C. Rueden, S. Saalfeld, B. Schmid, J.-Y. Tinevez, D.J. White, V. Hartenstein, K.
Eliceiri, P. Tomancak, A. Cardona, Fiji: an open-source platform for biological-image analysis,
Nat. Methods. 9 (2012) 676—682. https://doi.org/10.1038/nmeth.2019.

36



12. Supporting Material 6: Graphical determination of Ty,

An example of thermogram is given in Figure SM6.1, for PLGA 753 S. The three dash lines
represent the tangent lines of the curve at the baseline (before and after the glass transition) and
at the inflection point of the glass transition step. The first crossover point defines the onset of
the glass transition (T4 onset), while the second one defines its end (Tyend). The midpoint is
midway between these two crossover points, and the corresponding temperature is the “T,
midpoint”. This Ty midpoint was measured at several scan rate, and an extrapolation by linear
regression led to the Ty midpoint at zero rate, as described in the section 2.6.4 of the main
article. This value, called T), was the one we used to compare the samples.

Besides, it can be noticed that the glass transition signal was weaker for PLGA NPs in emulsion,
compared to the dry PLGA. This was attributed to the lower PLGA concentration, considering
the whole emulsion.
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Figure SM6.14: Example of thermograms of PLGA 753 S, obtained at a scan rate of 20°C.min™, in two
different conditions: the lower curve corresponds to the dry PLGA, the upper curve corresponds to the
PLGA NPs in the emulsion. The dash lines on the lower curve are the tangent lines of the curve at the
baseline (before and after the glass transition) and at the inflection point of the glass transition step, and
are used to determine the midpoint T, (glass transition temperature at the scan rate 20°C.min™).
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