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ABSTRACT

Solid particle stabilised emulsions, using unique shape defined particles, are receiving increasing
research interest due to ease of formulation and interesting physiochemical characteristics. There
is, however, a need to systematically investigate the effect of anisotropic discoidal microparticles,
realised with top-down fabrication approaches, in emulsion stabilization. Here, the effect of
poly(D,L-lactide-co-glycolide) (PLGA) discoidal polymeric nanoconstruct (DPN) size on the
formation and stability of oil-in-water emulsions is studied. Particles with a diameter of 1, 2, and
5 um are fabricated with a lithographic templating technique, and used to stabilise medium chain
triglyceride (MCT) oil emulsions. Three phase contact angles decreased from 85° + 7° to 68° +
12° moving from 1 to 5 um DPN stabilised emulsions, showing a particle ‘hydrophilicity” increase
with size. Microscopy imaging showed that the mean droplet diameter and dispersity increased
with particle size, and that DPNs were present at the oil-water interface. DPN based emulsions
were stable for about 24 hours or less in the case of 1 and 2 um DPNs. Emulsion stability was
shorter than 12 hours in case of 5 um DPNs. Finally, calculations of DPN detachment free energies
AGgw and excess surface coverages Cexcess demonstrated that, despite the significantly high
adhesion energy of the discoidal DPN, emulsion stability was mostly affected by gravitational
forces for DPN sizes above 2 um. The use of PLGA and MCT oil in this study is relevant for future

use of Pickering emulsions in pharmaceutical and drug delivery applications.



INTRODUCTION

Stable emulsions are vital for many different applications from food, cosmetics, consumer goods,
pharmaceuticals, and biotechnology. Typically, surfactants are needed to stabilise the high
interfacial area of the normally thermodynamically unstable immiscible liquid systems. Emulsions
stabilised by the presence of colloidal particles adsorbed at the liquid-liquid interface are
commonly known as Pickering emulsions.>® Interest in the use of nanoparticles and microparticles
to stabilise the interface has increased in recent decades due to the increasing ability to synthesise
new and more complex particles with different compositions, size and shapes, surface properties,
and mechanical deformability. Pickering emulsions allow incorporation of additional
functionality, such as stimuli responsiveness,®? through rational design of particle properties, and
can also be used to fabricate various capsules and colloidosomes for drug delivery and use as

nanoreactors.'316

Particle stabilised emulsions are important industrially and have found application in a wide range
of fields. In particular, food, cosmetics, and pharmaceutical applications of Pickering emulsions
are common. Biocompatibility and/or biodegradablility of the particles used is therefore important.
In the food industry, there are many examples of protein particle stabilised emulsions. Protein
particles can be prepared from natural sources such as soy, whey, ferritin, pea, beta-lactoglobulin,
through different techniques including precipitation, heat treatment, mechanical
homogenization.” Liu et al., investigated the encapsulation of B-carotene in the oil phase of
Pickering emulsions stabilised with protein particles derived from soy.'® They characterized the
emulsion droplets in the range of tens of micrometers, the active ingredient was protected from
degradation in the oil phase, and there was a sustained release of the active ingredient during an in
vitro digestion assay. Chitosan and chitosan coated silica particles are commonly used to stabilise
biphasic systems in the food and cosmetics industries.'*?° As therapeutic formulations, emulsions
stabilised by silica nanoparticles, polysaccharide particles, synthetic polymer particles, and
chitosan, amongst other examples, are also used.?* Pickering emulsions in pharmaceutics are used
for topical, intramuscular, subcutanaeous, and oral applications, with a smaller proportion for

intravenous administration (mainly due to the large size of some particle stabilisers making them
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unsuitable for intravenous injections). Particles have been shown to be an effective method to
modulate drug release kinetics from oil phases.?? Chevalier and colleagues, reported a silica
particle stabilised emulsion system for the topical delivery of lipophilic drugs.® In a skin
permeation model the Pickering emulsion showed accumulation in the stratum corneum, with large
amounts of the active ingredient remaining in this tissue compartment. The authors hypothesized
that the formulation could be used to target the stratum corneum and act as a local depot for sustain
release into deeper layers of the skin. Cellulose particles have been used as stabilisers in
antimicrobial formulations, where the emulsions showed better antimicrobial activity compared to
the non emulsified essential 0il.>* When it comes to particles consisting of synthetic polymers,
there are fewer options available. PLGA particles are beginning to be investigated.?>2® Researchers
from the Universite Paris-Saclay, have investigated use of PLGA nanoparticles as stabilisers for
formulations of chemotherapeutic Oxaliplatin with an oil phase of Lipidol.?” The emulsion was
injected into the hepatic artery of rabbits bearing VX2 liver tumours. Huang and co-workers also
investigated more fundamental aspects of PLGA nanoparticle stabilised emulsions of the oil
Miglyol, and found that particles benefiting from poly(vinyl alcohol) (PVA) polymer chain steric
stabilisation were able to form more uniform oil droplets with better particle adsorption at the
interface.?® While these examples show a number of consumer and pharmaceutical applications of

Pickering emulsions, PLGA is one of the few options for biodegradable particle stabilisers.

As the ability of researchers to fabricate particles of varying size, shape, and mechanical properties
increases so does the number of studies using these particles in Pickering emulsions.82%30
Variation of particle stiffness can affect emulsion stability, with soft microgels being shown to
adopt deformed ‘fried-egg’ like morphologies at liquid interfaces.3'® The effect of spherical
particle size on emulsion stability has been investigated by Binks et al., and Destribats et al., who
found that with increasing particle size the formed emulsions transitioned from dispersed drops to
larger drop sizes and higher flocculation.>** Anisotropic particle stabilisers, can have different
interfacial activity compared to spherical particles, and therefore can affect emulsion droplet size
and stability. Laponite clay platelets have been the most studied of disk shaped particle
morphologies.*-38 Other disk shaped particles include: zirconium phosphate plate-like crystals,*
2D poly(lactide) polymer platelets,*® and hexagonal gibbsite platelets.** Madivala et al. prepared



elliptical polystyrene particles and investigated the stability of Pickering emulsions compared to
spherical particles.*? The anisotropic elliptical particles were able to stabilise emulsions more
effectively and to an increasing extend with higher aspect ratio rods. Similarly, cellulose
nanorods*3#* and hematite ellipsoidal microparticles,* have been shown to effectively stabilise
water-in-water and oil-in-water emulsions with the authors hypothesizing droplet stability being
due to efficient side by side ellipsoid packing arrangements. Although these cases highlight recent
advances in anisotropic particle Pickering emulsions, there are still limited examples as the
fabrication of complex particle shapes and morphologies remains challenging.

The Decuzzi group has expertise in the fabrication of micro and nanoparticle with varying size,
shapes, stiffnesses, and surface properties.*® Recently, we have demonstrated that discoidal
polymeric nanoconstructs, with mechanical deformability, are able to marginate to blood vessel
walls and provide effective therapy for blood clot lysis and tumour chemotherapy, while avoiding
clearance by macrophages.*’~*° Here we investigate Pickering emulsions stabilised by anisotropic
PLGA DPNs of different sizes. The particles are characterized by scanning electron microscopy
(SEM), multisizer, and ({-potential, then subsequently used to stabilise emulsions of
pharmaceutically important medium chain triglyceride (MCT) oil. Resulting drop size, emulsion
stability, and 3 phase contact angle are investigated with respect to DPN size. To the best of our
knowledge, this is the first example of a Pickering emulsion with non-spherical PLGA particles.
By assessing the feasibility of using size tunable discoidal and biodegradable particles as
stabilisers, we hope these studies pave the way for future pharmaceutical and consumer

applications of PLGA-based Pickering emulsions.

EXPERIMENTAL

Materials

Poly(D,L-lactide-co-glycolide) acid (PLGA, lactide:glycolide 50:50, Mw 38,000—54,000 g mol
1, Poly(vinyl alcohol) (PVA, 98% hydrolysed, Mw 31,000—50,000 g molY), curcumin ((E,E)-1,7-
bis(4-Hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), and chloroform were purchased



from Sigma-Aldrich. Polydimethylsiloxane (PDMS) (Sylgard 184) was purchased from Dow
Corning Corp. Rhodamin-B lipid (RhB-lipid) was purchased from Avanti Polar Lipids. The oil
phase used in Pickering emulsion formulations was medium chain triglyceride (MCT) oil (C6:0
2%, C8:0 50-65%, C10:0 30-45%, C12:0 3%) (VWR), with density at 20 °C of 0.95 g/cm?.

Discoidal polymeric nanoconstruct fabrication

DPN fabrication proceeded following adaptation of our previously reported process.*® A master
template is fabricated from a silicon wafer with direct laser writing of a photoresist with subsequent
deep silicon etching via a Bosch process reactive-ion etching, giving a template with an array of
circular wells of 1, 2, and 5 um diameters with a depth of 0.4, 0.6, and 1 um respectively. A PDMS
inverse template is formed from the master by covering with PDMS and elastomer (10:1, volume
ratio), the air bubbles were removed under vacuum, and the PDMS is cured at 80 °C for 3 hours.
After removing the PDMS from the silicon, a PVA solution (10 wt% in deionised water) is added
on top of the pattern, and placed in an oven at 60 °C for 3 hours. The resulting PVA film is a
replica of the silicon master template, after removal from the PDMS. A solution of PLGA in
chloroform (150 mg mL™?) is spread over the PVA template wells, and left to stand to allow solvent
evaporation. The PVA is dissolved in water and the resulting particles collected after with a
filtration step and centrifugation, resuspending in deionised water and centrifuging again. Lipid
rhodamine B (2 uL of 1 mg/mL chloroform solution) is added to the polymeric solution composing
the DPNSs, in order to achieve fluorescent particles. Average size and size distribution were
obtained with a Multisizer 4 Coulter counter (Beckman Coulter) with a 20 um capillary, following
the manufacturer’s guidelines. Particle sizes were measure in triplicate: the average of the mean
size from each measurement for the 1, 2, and 5 um DPNs was 0.778 + 0.045 um, 0.973 £+ 0.053
um, and 1.93 + 0.129 um, respectively. Scanning electron microscopy was performed from an air
dried drop of DPNs on silica, after uniform gold sputter coating of 10 nm thickness, with a JEOL
JSM-6490LA SEM Analytical (low-vacuum) scanning electron microscope (5-15 keV). Size from
SEM was calculated as mean +SD, from sample n=20. A Malvern Nano ZS was used to
characterize the zeta ({) potential of nanoparticles in deionized water at pH 7.0, in triplicate. DPNs
in the PVA particle templates, but before dissolution, were imaged with a Nikon Al confocal

microscope with 63X oil immersion objective.



Formation of DPN pickering emulsions

Primary oil-in-water dispersions were formed at an oil:aqueous phase volume ratio of 20:80 with
an ultrasound bath (Branson 2800 ultrasonic bath at 40kHz), at a total volume of 450 pL in glass
vials. Aqueous DPN solutions were prepared at 5 mg in 50 uL and this solution was added to the
primary emulsion and vortex mixed at high speed for 1 minute, or until no further change in the
opacity could be seen. This formulation gave a final emulsion with and oil:aqueous phase volume
ratio of 18:82, and a DPN concentration of 10 mg/mL. Curcumin was used in the oil phase as a
model active ingredient, that would also allow fluorescent imaging of the oil phase. Rhodamine B
lipid used in DPNs allowed imaging of the particle emulsifiers. Emulsions were prepared and
characterized at room temperature. Imaging of emulsions was performed with an epi-fluorescent
inverted microscope from Leica (model DMI16000). A droplet of sample emulsion (prediluted 1 in
5 times in water) was placed on a glass slide. Curcumin green fluorescence was observed with 488
nm excitation and 525/50 filter set. Rhodamine red fluorescence was observed with 561 nm laser
excitation, and 630/75 filter set. Mean droplet diameters, and standard deviation of mean, were
determined by image analysis of emulsion microscopy images with approximately 200 droplets
measured for each sample. Coefficient of variation was calculated as CV(%) = (o/11) * 100, where:
o 1s the standard deviation and x is the mean droplet diameter.

Contact angle

The influence of different particle sizes on the oil water contact angle was measured. A film of
particles was formed on a surface of silica by depositing a 30 uL drop of DPNs in water at
approximately 20 mg mL™ concentration and leaving to dry for 24 hr protected from dust. The
layer of PLGA DPNs was checked to be not soluble in MCT oil. A 5 uL droplet of water was
deposited on the DPN film in a continuous phase of MCT oil (densities of 0.95 g cm? MCT oil
and 1 g cm™ deionised water), and an image of the drop shape acquired. The image was processed
in ImageJ using the available Contact-Angle jar plugin, to obtain the three phase contact angle
values. Measurements were repeated on three separate occasions, and average values with standard

deviations calculated.



Pickering emulsion stability assay

The samples were photographed over time to observe any emulsion destabilisation phenomena -
creaming, flocculation, coalescence, or any remaining DPN sedimentation. Droplet size was also
measured at various timepoints after emulsion formation. Stability imaging of emulsions was
performed with an epi-fluorescent inverted microscope from Leica model Leica DMI6000, in
brightfield. A droplet of sample emulsion (prediluted 1 in 5 times in water) was placed on a glass
slide. Average droplet diameters were determined by image analysis of emulsion microscopy

images, with approximately 200 droplets measured for each sample.

RESULTS AND DISCUSSION

Particle fabrication and characterisation

Poly(D,L-lactide-co-glycolide) (PLGA) of molecular weight 38,000-54,000 g mol™ and equal
molar ratio of co-monomers was used to form disk shaped particles of varying sizes (the process
is visually summarized in Figure 1a). Firstly, a silica master template was formed for each particle

size, with direct laser writing lithography. Nominal dimensions of the particle wells (diameter x

depth) were 1 um x 0.4 um, 2 um x 0.6 um, 5 um x 1 pum. Poly(dimethylsiloxane) (PDMS)

inverse molds were then created from the master templates. A solution of 10% wi/v
poly(vinylalcohol) (98% hydrolysed, molecular weight 31,000 - 50,000 g mol?) in water could be
applied to the PMDS template and placed at 60 °C for 3 hours, then removed from the mold. The
process gives water soluble sacrificial templates which replicate the same dimensions as the master
templates. PLGA solution in chloroform was spread over the PVA template wells, and after solvent
evaporation and PVA dissolution, particles could be collected and purified. Lipid Rhodamine B
(RhB) was added to the PLGA solution, in order to achieve fluorescent particles through direct
loading. Microscopy images of the filled PVA particle templates are shown in Figure S1.

DPN size in solution was measured with Multisizer 4e in triplicate, which measures fluid impede

conductance as particles flow through an aperture (Figure 1b). DPNs gave size distributions with



means of 0.778 +£0.045, 0.973 +0.053, and 1.93 +0.129 um for the nominally 1, 2, and 5 um DPNs,
respectively. The average sizes are smaller than the diameter of the particles, because of their
anisotropic shape and non-uniform orientation as they flow through the measurement aperture.
SEM microscopy was also used to analyse particle size and morphology (Figure 1c). With this
measurement, particles resembled the size and shape of the PVA template much more closely,
particle diameters of 1.18 +0.091, 2.22 £0.104, and 5.45 +0.220 pum were obtained. It is
noteworthy that DPNs are highly uniform, such control over particle morphology and uniformity
is an advantage of the top-down fabrication strategy. {-potential of the fabricated DPNs is shown
in Figure S2. The average (-potentials become slightly more negative with increasing particle
diameters (i.e. surface), from -17.5 mV for 1 um DPNs to -21.2 mV for the 5 um DPN sample,

due to the presence of carboxylic acid end groups on the polymer chains.
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Figure 1. Fabrication and characterization of PLGA DPN. a) Outline of the particle synthesis
scheme for the formation of DPNs through a lithographic templating process, b) Representative
size distributions of the particles in solution via Multisizer, ¢) SEM image of 1 zm DPNs, d) SEM

image of 2 um DPNs, e) SEM image of 5 #m DPNs. (Scale bars 5 um, inset size 6 x 6 um).



Pickering emulsion formation

The high degree of control over size allows the authors to investigate the role of DPNs as Pickering
emulsifiers. Platelet and disk shaped particles are particularly interesting for this application as
their high surface areas can readily lower the interfacial tension of droplets.®® Previous research
has investigated disk shaped clay and cellulose particles,® and more recently block copolymer
platelet particles, as oil-in-water and water-in-water emulsifiers.> However, compared to our top-
down approach, these bottom-up designed particle systems present difficulties in precisely

controlling the shape, size and polydispersity.>3

We then investigated the ability of PLGA DPNs to stabilise oil-in-water emulsions. Medium chain
triglyceride oil (Miglyol) was chosen as the oil phase, due to its use in a variety of FDA approved
pharmaceutical/food/cosmetic products. It is immiscible with water and has an interfacial tension
of 26.5 mN m™.>* Primary oil-in-water dispersions were formed at an oil: aqueous phase volume
ratio of 20:80, and concentrated aqueous DPN solutions added to the primary emulsion and vortex
mixed. The hydrophilic DPNs attach to the interface from the water phase and stabilise the
emulsion. The vortex mixing was continued for 1 minute to allow equilibrium state to be reached.
A final emulsion with and oil:aqueous phase volume ratio of 18:82, and final DPN concentration
of 10 mg mL* was achieved.

The mean droplet size distribution formed with different DPN configuations was used to
characterise the emulsion formation, as seen in Figure 2. Analysis of the obtained optical
microscopy images allows for the systematic measurement of both stable and unstable emulsions,
compared to some other diffraction or scattering based droplet size measurements. Smaller mean
droplet sizes of Pickering emulsions were documented for smaller DPNs, at the same particle
concentration by mass. Emulsions from 1 um DPNs gave a mean droplet size of 51 £24 um, 2 um
DPNs gave 121 +51 pum, and 5 um DPNs returned a mean droplet size of 730 £223 um. The
droplet polydispersity is large for all DPN configurations, likely due to the vortex mixing during
emulsification (coefficient of variation = 48%, 42%, and 31%, for the 1, 2, and 5 um DPNs
respectively). Similar trends have been reported previously, Binks and Lumsdon observed a
positive correlation between particle stabiliser size and droplet size, with spherical polystyrene
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beads of 1.1, 3.2, and 6.1 um diameters giving mean droplet diameters of around 40, 60, and 75
um respectively.3* An increase in droplet size and polydispersity has also been observed with non-

spherical particles compared to spherical particles of the same composition.*

Upon inclusion of the red fluorescent lipid-RhB molecules in the PLGA matrix of the DPN, we
could observe the localization of the particles at the droplet surface. This is particularly notable for
the 1 um and 2 um particles, which appear to interact strongly with the oil-water interface, with
surface coverages estimated to be above approximately 50%. Figure 2f shows a fluorescence
length profile across approximately 100 um covering one MCT oil droplet stabilised by 1 um
DPNSs. The red fluorescence is contained to the droplet edges, indicating that the DPNSs are indeed
located at the oil-water interface. Emulsions stabilised by the largest 5 um DPNs, were unstable,
and droplet polydispersity was indeed high. DPN surface coverage appeared to be less than for the
smaller DPNs, with less red fluorescence around the outside of droplets. In all cases there was a
fraction of particles in the water phase, which we hypothesise is due to the hydrophilic nature of

the particles with negative surface {-potential.
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Figure 2. Formation and characterisation of DPN stabilised oi-in-water emulsions. a)
Schematic of DPN interaction with oil-water interface, in case of small and large DPNs. The red
color derives from the dispersion of RhB-lipid chanins within the PLGA matrix of DPNs, b)
Fluorescent microscopy images of DPN stabilised oil-in-water emulsions (red = RhB-DPN, green:
curcumin loaded in MCT oil phase) with 1 zm DPNs, c¢) with 2 xzm DPNs, d) with 5 zm DPNs
(Scale bars: 100 gm), e) Emulsion droplet size in relation to DPN particle size, f) Fluorescence

profiles of red and green channels across an individual droplet (stabilised by 1 zm DPNs) (Scale

bar: 50 zm).
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Particle-interface interaction

The wettability or hydrophilicity of PLGA DPNs was evaluated with three phase contact angle
(shown in Figure 3 and S3). A drop of water (5 uL) was deposited on a surface layer of DPN
particles in a continuous phase of MCT oil. DPNs are assumed to be oriented lying flat to the silica
surface during the measurement (as seen in Figure 1), although there could be multiple layers of
particles and the packing arrangement will not be the same as when the particles are at a fluid-fluid
interface. Particles were checked to be insoluble in MCT oil, regardless of the polymer chains not
being covalently crosslinked. For the 1 um DPNSs, a contact angle of approximately 85°+7° was
documented. This indicates interaction with both aqueous and oil phases, with a slight preference
for water, and a good ability to stabilise emulsions (theoretical maximum stability with a contact
angle of 90°). The contact angle decreased with increasing DPN diameter being about 77°+13° for
the 2 um DPNs, and about 68°+12° for the 5 um DPNs. This decrease in contact angle has to be

ascribed to the particles being more hydrophilic with larger surface areas exposed to water.

It is important to note that the layer of surface deposited DPNs, in these contact angle
measurements, may not be a monolayer aligned parallel to the interface. The surface particles
could also be at varying orientations, which could affect the contact angle readings to an unknown
extent. For example, disks orientated perpendicular to the interface would give contact angles
measurements closer to 90°, while a very thin disk oriented with its base in contact with the

interface would give a contact angle closer to zero.
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Figure 3. Three phase contact angle measurements, a) Schematic showing the assumption for
the DPN orientation at the oil-water interface — DPN major axis is tangent to the interface, b)
Representative images of contact angle of 5 xL droplet of water in MCT oil continuous phase, on
a film of DPN particles of size 1 zm, c) DPNs of size 2 m, d) DPNs of size 5 zm, e) Plot of contact

angle against DPN size, results are plotted as mean £SD (n=3).
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Emulsion stability study

To assess the effect of DPN size on emulsion stability, fresh emulsions were prepared at water: oil
volume fractions 82:18, with 10 mg mL™ DPN concentration. Images of the emulsions over time
(seen in Figure 4a), show that the 1 um and 2 um DPN stabilised emulsions were homogenous up
to approximately 24 hours. After 24 hours separation of the oil and water phases can be seen, and
an increase in red colour at the bottom of the vials indicating particle sedimentation. Images of the
5 um particle stabilised emulsion show phase separation after 24 hours. DPN sedimentation due
to gravitational forces would be higher for the 5 um particles, and is the likely a contributing factor
to this destabilisation, and can be seen at 96 hours. We hypothesise that this particle sedimentation
and desorption from the oil-water interface then leads to increased droplet aggregation and
coalescence. Although coalescence appears to be the major route of destabilisation, Ostwald
ripening is another destabilisation process which could be occurring. Smaller droplets would
gradually become larger due to diffusion of MCT oil molecules of the dispersed phase through the

aqueous phase.*®

In addition, droplet size over time was investigated with optical microscopy at 6 hours, 12 hours,
and 24 hours for the three DPN sizes (Figure 4b and 4c). For the 1 um emulsion, MCT oil droplets
remained spherical in shape and increased in mean diameter slightly from 74 um, at formation, to
140 um, after 24 hours. The 2 um DPN stabilised emulsion had an increase in droplet size from
97 um to 345 um, after 24 hours. In the case of 5 um DPN stabilised emulsions, the mean droplet
size already started at 603 um and became too large to accurately measure with microscopy after
already 6 hours. Oil droplets of the 2 um DPN stabilised sample exhibited a slight loss of spherical
shape, while 5 um stabilised emulsion droplets showed some non-spherical droplets even directly

after emulsification.
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Figure 4. DPN stabilised emulsion stability study. a) Photographs of emulsion appearance after
0, 24, 48, and 96 hr, b) Plot of droplet size over 24 hr after emulsion formation (* refers to samples
after time zero showed coalescence affecting droplet size measurements), ¢) Optical microscopy

images of emulsions at 0 and 24 hr (Scale bars 100 xzm).

Pickering emulsion formation and stability depends on and can be greatly affected by the
interaction strength of the particle at the oil-water interface. The attachment of particles to the
fluid-fluid interface is usually favourable due to a reduction in the area of the planar fluid-fluid
interface normally of high interfacial tension.> For particles spontaneously accumulating at these
interfaces, detachment (or attachment) free energy can be calculated as a function of the surface
areas exposed to the respective fluid phases, volume of each fluid phases, and the surface tension.
In this case, we assume the interface is flat as compared to the particle size. The free energy of

16



detachment is the difference between the energy of the system before and after desorption (or
absorption for the attachment energy).>®%8 If AGqw is the free energy of particle detachment into
water, G is the free energy of the particle at the interface, and G is the free energy of the particle

in the water phase, then it follows that

AGgy = Gy — Gy (eq. 1)
When a spherical particle is aligned at a planar oil-water interface in equilibrium, the surface free

energy of the system is at a minimum and is given by (eq. 2):

AGg,, = Tr?%y,,, (1 — cosb,,,)? (eq. 2)
where yow is the oil-water interfacial tension and fow is the particle-oil-water contact angle. When
a disk shaped particle is considered, the area involved in the force balance differs from the case of
a sphere, and two geometric parameters are needed to account for the particle geometry.>® The
attachment energy does also depend on the particle orientation. For the following calculations, we
assume that DPNs are orientated flat to the oil-water interface in a monolayer, and that the particles

have hemispherical edges. The free energy of detachment into the water phase then follows (eq.
3):

a 2 a .
= 21 — 2 (3_1) 2(3 =D (sinbow—bowcosow)
AGaw = mb (1 —cos HOW) Yow |1+ 1-c0sB,y (1-cos8py)? (eCI 3)

where the MCT oil-water interfacial tension yow is taken as 26.5 mN m,>* the contact angle Gow

is the measured values as from Figure 3, and the geometric parameters a and b are shown and

listed in Figure S5 for the different DPN configurations.

The attachment energy of solid particles at oil-water interfaces is typically orders of magnitude
higher than the thermal energy keT, and for larger particles this increases.’” %% AGgy was
calculated to be 0.132 x 108 kgT, for 1 um DPNs; 1.30 x 108 kgT, for 2 um DPNSs; and 9.42 x 108
ksT, for 5 um DPNSs. This indicates energetically favourable attachment of micrometer size DPN
particles to the MCT oil-water interface. Aveyard et al., showed that the attachment energy of
around 107 factors of kgT for spherical polystyrene microparticles of diameter 2.6 um at ocatane-

water interfaces.>® When compared to these results, our values of around 108 kgT, are slightly
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larger, for similar size particles, due to the disk-like shape. This is much larger than the attachment
energy for smaller particles, for example, 10 nm silica particles at oil-water interface (50 mN m™,

with a 90° contact angle) give AG values of approximately 10* kgT.®°

From the calculated free energies for particle dettachment, we can see that DPN interaction with
oil-water interfaces should be strongly favoured, however we see droplet coalescence and
emulsion destabilisation at less than 24 hours. We therefore wanted to determine whether the
concentration of particles was enough to sufficiently cover the total surface area. Theoretical
maximum surface coverage for disks on a flat surface in a hexagonal packing arrangement is 90.7%
while for a square lateral packing it is 78.5% (packing arrangements depicted in Figure S4). A
number of studies have estimated particle surface coverage in Pickering emulsion to be lower,
particularly for large particles (>1 um). Haney et al., showed that with 440 um Janus particles,
efficient emulsification occurred, however surface on top of the droplets was often free of
particles.5! The authors estimated that emulsion droplets were on average approximately 50%
covered by particles.®® Size of Pickering emulsion droplets was able to be predicted based on the
size of the synthesised Janus particles. Researchers have also calculated surface coverage for
colloidal silica particles in Pickering emulsions. A monolayer of particles with 54% surface
coverage was found to be coating the oil droplets.®? In this case the limitation was due to random
jamming phenomena. In cases of incomplete surface coverage, the overall mass balance can be
described by (eq. 4), where Cq is total concentration of particles in the system in g g (with respect
to the amount of water), Csurt is the concentration of particles at the oil-water interface (with
respect to the amount of water), and Cexcess IS the concentration of excess particles in the continuous

water phase.

Co = Csurr + Cexcess (eq. 4)
The equation can be further expanded by considering the total surface area of the oil-water
interface, and the surface area covered by disk particles. This was demonstrated for clay Laponite
disk particles in Pickering miniemulsion polymerization by Bon et al., in which case the equation

could be expressed as shown in (eg. 5),

Cexcess = Co — V3n (M) ( - ) Coit (eq. 5)

Poil doii
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when assuming full surface coverage, droplet and particle monodispersity, and no surface
curvature.®® ppart and poir are the densities of the particle and oil respectively, h is the height of the
discoidal particle while d is the diameter of the oil droplet, and Coi is the total concentration of oil
in the system. The V3x (= 5.441) factor relates to the hexagonal packing. It would be 3n/2 (= 4.712)
for a square lateral packing. Then, we can calculate Cexcess - the excess concentration of particles
in the water phase - by using our experimental values for Co, Coil, h of each particle configurations
, doit from microscopy, and a value of PLGA density ppart 0f 1.34 g cm=3,%* and MCT oil density
poit 0f 0.95 g cm™. For emulsions stabilised with a fixed Co concentration of particles, the amount
of excess particles in the water phase increases with increasing DPN particle size. If we assume a
surface coverage of 50%, Cexcess increases from 0.00512 g g for 1 um DPNs to 0.0110 g g for 5
um DPNs, with the total particle concentration being 0.0122 g g*. This demonstrates that with
larger DPNs, and as doi increases, a higher proportion of DPNs are in excess of the amount needed
to cover 50% of the droplet surface and remain in the aqueous phase. The trend remains if we
assume square lateral or hexagonal packing densities. Interestingly, at the highest possible
monolayer packing density, hexagonal, with 1 um DPNS and emulsion droplets of 51 um, there is

a small insufficiency of DPNs to cover the interface.

Table 1. DPN stabilised emulsion values for free energy of particle detachment and particle

concentrations relative to water (total and excess).

EmU|SIOn Sample AGdW CO Cexcess CEXCGSS CEXCESS
(x10° kgT) (g™ (ggh? (ggh°® (ggh)°
1 um DPN 0.132 0.0122 0.00512 0.00109  -0.000632
2 um DPN 1.30 0.0122 0.00778 0.00525 0.00418
5 um DPN 9.42 0.0122 0.01100 0.01030 0.01000

3 = assuming 50% surface coverage, ® = assuming 78.5% surface coverage (square lateral packing), ¢ =
assuming 90.7% surface coverage (hexagonal packing).

It is important to note that particle orientation might not be flat on the interface. This would affect
both the contact angle and the concentration of excess particles. The packing of disks with their
largest surface area face perpendicular to the oil water interface (rather than parallel as considered

for the majority of the analysis), would increase the packing density significantly. A higher
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concentration of particles would be needed to cover the interface surface, reducing Cexcess.®®
Finally, Pickering emulsion polymerization of methyl methacrylate (MMA) was also attempted
using the 1 um PLGA DPNSs, however the polymerisation proceeded in the dispersed state with no
emulsification, which was found to be due to the particles dissolving in the MMA monomer phase.
Further work could investigate DPN stabilised emulsion polymerizations of other monomers.

Interestingly, the relationships in eg. 2 and eq. 3 above, do not take in to consideration gravity.
While this is standard for emulsions stabilised by nanometer sized particles, work by Cates, Clegg
and others, have shown the importance of gravitational fields on the stability of micrometer sized
particle-stabilised emulsions.®-¢56” Over time microparticles have been observed to fall to the sides
and bottoms of emulsion droplets, with a fraction of the interfacially adsorbed particles detaching.
We hypothesise gravity is affecting emulsion stability, at large DPN size, despite the strong
particle attachment energies calculated in this manuscript.

CONCLUSIONS

We investigated the use of solid PLGA discoidal particles as emulsion stabilisers and the impact
of particle size on emulsion characteristics. DPNs of diameter 1, 2, and 5 um were fabricated with
a template based lithography process, previously establish by our group for producing particles of
differing size and shapes. Emulsions were formed at 1 wt% particles with MCT oil, commonly
used for pharmaceutical formulations, as the dispersed phase. Observation of mean droplet
diameter was used to infer information about emulsification efficiency, with droplet size and
dispersity increasing with particle size. In addition, RhB-lipid encapsulated in the DPNs allowed
fluorescent microscopy visualization and showed that DPNs were present at the oil-water interface.
Emulsion stability was assessed by monitoring both visual emulsion appearance and mean droplet
size with microscopy. DPN stabilised emulsion were stable around 24 hours or less in the case of

1 um and 2 um DPNs and 6-12 hours in case of 5 um DPNs.

Wettability of the particles in this emulsion system was assessed by measuring the contact angle,
with particle ‘hydrophilicity’ increasing with particle size, as shown by contact angles decreasing
from 85° to 68°, from 1 um to 5 um DPNSs. Finally, based on Pickering emulsion theory,

calculations of AGgw, the free energy of particle detachment, and Cexcess, the proportion of excess
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particles not interacting with the interface, were calculated. The results indicate that while the
energy of attachment for disk shaped particles of this size is significant, emulsion stability is
affected by gravitational forces and coalescence. From these studied examples, we conclude that
there is balancing of favourable and unfavourable forces for Pickering emulsions stabilised with

larger DPNs, with particles sizes of 1 um being promising.

Future research should look more closely at DPN packing and arrangement at the oil-water
interface. High resolution cryo-SEM microscopy would be beneficial to further determine surface
coverage of DPNs on oil droplets. Due to larger DPNs being less stable over time because of
particle sedimentation, it would be interesting to investigate smaller DPN size as Pickering
emulsifiers. There is likely an inflection point in ideal DPN size between 100 nm and 1 um, were
larger DPNs have stronger interface interaction energy yet, small enough to avoid gravitational
instability. Fabrication of DPNs smaller than 1 um diameter is challenging with the current direct
laser writing lithography master template formation. Applications of PLGA DPN stabilised MCT
oil emulsions can be envisioned in drug delivery and pharmaceutics. PLGA DPNs could have the
following benefits in these applications: 1) Controlling release of drug from oil droplets by tuning
surface coverage of droplets, and thus the ability of molecules to diffuse from MCT oil into the
aqueous phase (a similar concept described by Prestidge et al.)%, 2) Use for combination therapies,
with different rates of drug release by encapsulating one active ingredient in the oil phase, and one
in the PLGA polymer DPNs.
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