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Abstract. Highly anisotropic poly(L-lactide)-based block copolymer nanoparticles are prepared by the
judicious combination of reverse sequence polymerization-induced self-assembly (PISA) with
crystallization-driven self-assembly (CDSA). Such nanoparticles can be efficiently prepared as a 30%
w/w aqueous dispersion and possess a distinctive diamond platelet morphology as judged by
transmission electron microscopy. X-ray diffraction studies confirm the semicrystalline nature of the
poly(L-lactide) block while atomic force microscopy analysis suggests a mean thickness of
approximately 6 nm for the dried platelets. Small-angle X-ray scattering studies suggest that these
platelets form localized tactoids at copolymer concentrations as low as 1.0% w/w. Herein we evaluate
these platelets as a hydrolytically degradable Pickering emulsifier for the preparation of oil-in-water
emulsions using various oils. In the case of squalane, systematic variation of the copolymer
concentration and the high-shear homogenization conditions enabled the mean oil droplet diameter
to be varied from approximately 40 um to 125 um. Fluorescein-labeled platelets were imaged on the
surface of oil droplets using confocal microscopy. Such studies indicate submonolayer coverage even
under optimized conditions, which may account for the unexpected long-term instability observed for

such Pickering emulsions.



Introduction

Pickering emulsions are typically either oil or water droplets stabilized by particles.’™ Spontaneous
adsorption of the particles at the oil-water interface reduces the interfacial area between the two
immiscible fluids, which lowers the free energy of the system. A wide range of colloidal particles can
act as a Pickering emulsifier: the key parameter is the surface wettability, often expressed as the
particle contact angle.>* In general, using hydrophilic particles leads to the formation of oil-in-water
emulsions, whereas employing hydrophobic particles usually produces water-in-oil emulsions.’
Compared to conventional surfactant-stabilized emulsions, Pickering emulsions typically offer higher
long-term stability, greater reproducibility, and reduced foaming problems during high-shear

homogenization.>®

In particular, various types of clay platelets have been evaluated as Pickering emulsifiers.””'® For
example, Ashby and Binks reported that stable toluene-in-water emulsions could be obtained in the
presence of synthetic clay particles (Laponite RD), but only if such disk-like particles were first
flocculated via added salt.*? Similarly, Bon and co-workers used Laponite clay particles to stabilize
emulsions of various vinyl monomers prior to their polymerisation.'®*2 In this case, scanning electron
microscopy and atomic force microscopy studies of the resulting so-called ‘armored’ latex particles
suggested that the clay disks absorbed flat at the latex surface. Mulqueen et al. utilized surface-
aminated kaolin clay particles to stabilize micrometer-sized oil droplets, with in situ crosslinking
leading to the formation of clay-based colloidosomes.?” Mayr and Breu reported that the combination
of poly(ethylene imine) with a synthetic hectorite clay enabled the preparation of micrometer-sized
oil-in-water emulsions using a multi-component hydrophobic fragrance comprising citronellol,
eucalyptol, a-pinene, limonene and ethyl-2-methylbutyrate.* Unlike prior reports,'!> the synthetic
cationic polymer was only introduced once the clay particles were either at or close to the oil-water
interface to prevent their flocculation. This approach was essential to obtain microcapsules with

optimum release profiles (maximum fragrance retention).



Polymerization-induced self-assembly (PISA) offers a versatile route to a wide range of sterically-
stabilized block copolymer nanoparticles of controllable size and morphology.*° Depending on the
target block composition, the final copolymer morphology can be spheres, worms or vesicles. Each of
these nanoparticle morphologies has been examined in the context of Pickering emulsions.?* Worms
are significantly more effective Pickering emulsifiers than the equivalent spheres,?? while framboidal
vesicles adsorb much more strongly at the oil-water interface than smooth vesicles.? Pickering
emulsifier efficiency is adversely affected by even relatively low levels of charge within the steric
stabilizer chains,?* while sufficiently small spherical nanoparticles can be used to prepare Pickering

nanoemulsions via high pressure microfluidization processing of an initial coarse Pickering emulsion.

24-28

In 2018, Inam and co-workers reported the synthesis of poly(L-lactide)-poly(2-(dimethylamino)ethyl
methacrylate) (PLLA-PDMAEMA) nanoparticles.?® The semicrystalline nature of the PLLA block led to
crystallization-induced self-assembly (CDSA), which produced a distinctive diamond platelet
morphology. However, their synthetic route involved reversible addition-fragmentation chain transfer
(RAFT) polymerization of DMAEMA in 1,4-dioxan at 70 °C, removal of the trithiocarbonate end-groups
using excess azo initiator in DMF at 100 °C, post-polymerization processing via CDSA in hot ethanol for
4 h, and finally ageing a 0.5% w/w copolymer dispersion in ethanol at 20 °C for 24 h. Impressive control
over the platelet size and morphology was certainly achieved, but this multi-step route is not readily
scalable. Nevertheless, such micron-sized platelets were evaluated as Pickering emulsifiers for the

preparation of water-in-water emulsions.?*

Herein we report the use of highly anisotropic diblock copolymer nanoparticles as a Pickering
emulsifier for the preparation of oil-in-water emulsions. A recently reported reverse sequence
aqueous PISA formulation®® is used for the efficient preparation of a concentrated aqueous dispersion
of poly(L-lactide)-poly(N,N’-dimethylacrylamide) (PLLA-PDMAC) nanoparticles (see Scheme 1). CDSA

occurs during this synthesis, which leads to the formation of diamond platelets similar to those



reported by Inam and co-workers.? Importantly, such highly anisotropic nanoparticles are prepared
directly in water at up to 30% w/w solids. Hence this is a potentially interesting and scalable route to
new organic Pickering emulsifiers. Moreover, the PLLA block should ensure the long-term hydrolytic
degradation of such diamond platelets to afford water-soluble PDMAC chains plus lactic acid
oligomers. In the present study, we examine the performance of such diamond platelets as Pickering

emulsifiers for the preparation of oil-in-water emulsions.
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Scheme 1. Synthesis of a 30% w/w Aqueous Dispersion of PLLA;7-PDMACq0 Diblock Copolymer
Diamond Platelets by Combining Reverse Sequence Aqueous PISA with CDSA.



Experimental
Materials

All materials were used as received, unless stated otherwise. Squalane, n-dodecane, 4,4'-azobis(4-
cyanovaleric acid) (ACVA; 98%), N,N-dimethylacrylamide (DMAC; 99%), castor oil, silicone oil,
isopropyl myristate (98%) and fluorescein o-acrylate (FIA; 95%) were purchased from Sigma Aldrich
(Dorset, UK). 4-(Dimethylamino)pyridine (DMAP) was purchased from Alfa Aesar (Heysham, UK).
Methanol, isopropyl alcohol (IPA) and L-lactide (LLA: >98%) were purchased from Fisher Scientific
(Loughborough, UK). The Ilatter monomer was recrystallized from toluene before use.
Dimethylformamide (DMF) was purchased from VWR (Leicestershire, UK). Deuterated
dichloromethane (99.8%) was purchased from Goss Scientific Instruments Ltd (Cheshire, UK).
Sunflower oil was purchased from a local supermarket. Benzyl 2-hydroxyethyl trithiocarbonate
(BHETTC) was prepared using a literature protocol.** Anhydrous DCM was obtained from an in-house
Grubbs purification system. Deionized water (resistivity = 15 MQ cm) was obtained from an Elgastat

Option 3A water purification unit.

Anionic ring-opening polymerization of L-lactide using BHETTC initiator

This synthetic protocol has been previously reported by Farmer et al.*° Briefly, LLA (5.25 g, 36.4 mmol),
BHETTC (0.445 g, 1.82 mmol; target degree of polymerization, DP = 20) and DMAP (0.664 g) were
added to a nitrogen-filled flame-dried Schlenk flask. Dry dichloromethane (28 mL) was added to the
flask and the resulting reaction solution was stirred at 38°C for 23 h under a nitrogen atmosphere. The
PLLA was precipitated by adding the reaction mixture to a ten-fold excess of ice-cold methanol (300
mL), isolated by vacuum filtration, washed once with ice-cold methanol and then twice with methanol

at ambient temperature.

Synthesis of PLLA1,-PDMACu0 diblock copolymer platelets

A typical synthesis of PLLA-PDMAC diblock copolymer platelets was conducted using the protocol
reported by Farmer et al. 3 DMAC (1.47 g, 14.8 mmol), PLLA-TTC (0.100 g, 37.1 pmol; DMAC/PLLA
molar ratio = 400), and ACVA (1.00 mg, 3.71 umol; PLLA-TTC/ACVA molar ratio = 10) were added to a
14 mL glass vial charged with a magnetic flea, and degassed with nitrogen for 30 min. This reaction
solution was then immersed in an oil bath set at 70°C and magnetically stirred until a significant
increase in viscosity was observed. Degassed water (3.67 mL; preheated to 70°C) was then added to
the vial using a degassed syringe and the resulting reaction mixture was briefly homogenized using a

SciQuip Vortex VariMix (SciQuip Ltd, Rotherham, UK), before being stirred at 70 °C for 16 h.



Synthesis of PLLA17,-P(DMAC,-stat-FlA,.1) diblock copolymer platelets

The above synthesis protocol was employed, except that fluorescein-o-acrylate (1.40 mg, 3.71 umol)
was added to DMAC (1.47 g, 14.8 mmol) prior to the statistical copolymerization of these two

comonomers.

Characterization of PLLA;7-PDMAC diblock copolymer platelets
Gel permeation chromatography (GPC)

Molecular weight distributions were assessed using an Agilent 1260 Infinity GPC system equipped with
a differential refractive index detector and a UV-visible variable wavelength detector. Two Agilent PL-
gel 5 um Mixed-C columns and a guard column were connected in series to this GPC system at an
operating temperature of 60°C. The GPC eluent was DMF containing 10 mM LiBr and the flow rate was
1.0 mL min’. The refractive index detector was used to calculate molecular weights and dispersities
by calibration against a series of eleven near-monodisperse poly(methyl methacrylate) standards with
M, values ranging from 2,380 g mol™ to 2,200,000 g mol™. Samples were prepared for GPC analysis by
dilution to 1.0% w/w using the DMF eluent, and chromatograms were analysed using Agilent GPC/SEC

software.

Transmission electron microscopy

Transmission electron microscopy (TEM) studies were conducted using a FEI Tecnai Spirit 2

microscope equipped with an Orius SC1000B camera operating at 80 kV.

Formvar/Carbon-Copper grids (Electron Microscopy Sciences, UK) were treated with a plasma glow-
discharge for 30 seconds to generate a hydrophilic surface. A 10 uL droplet of the freshly diluted 0.1%
w/w aqueous copolymer dispersion was placed on a grid for 1 min, then blotted to remove excess
sample. A 10 pL droplet of 0.75% w/v aqueous uranyl formate solution was then placed onto each grid
using a micropipette, allowed to stand for 25 seconds, blotted to remove excess stain and then

carefully dried with a vacuum hose. This protocol produced negatively stained grids.

1H NMR spectroscopy

Spectra were recorded in CD,Cl; using a 400 MHz Bruker Avance-400 spectrometer operating at 298
K, with 16 scans being averaged per spectrum. Aqueous copolymer dispersions were diluted with
deuterated solvent and dried with anhydrous magnesium sulfate before passing through a 0.22 pum
filter. The final monomer conversion was calculated by comparing integrated vinyl proton signals of

the monomers (6=5.7, 6.3, 6.6) to backbone signals of the precursor (6= 5.2).



X-Ray diffraction

Prior to X-ray diffraction (XRD) analysis, all aqueous dispersions were freeze-dried overnight. Powder
XRD analysis was performed with Cu-Ka radiation (40 kV, 40 mA) using a Bruker D8 ADVANCE X-ray
powder diffractometer equipped with a motorized divergence slit for Bragg-Brentano geometry and

a high-resolution energy-dispersive Lynxeye XE detector.

Preparation of Pickering emulsions

A typical preparation of a Pickering emulsion was conducted as follows. An aqueous dispersion of
diblock copolymer platelets (2.40 mL, pH 6.6) was prepared at a known copolymer concentration and
the desired model oil was added (0.60 mL, 20% v/v). High-shear homogenization was performed at
13,500 rpm for 2 min using an IKA UltraTurrax T-18 equipped with a 10 mm dispersing tool operating

at 20 °C, unless otherwise stated.

Characterization of Pickering emulsions

Laser diffraction

A Malvern Mastersizer 3000 instrument equipped with a Hydro EV wet sample dispersion unit, a He-
Ne laser (A = 633 nm) and a LED blue light source (A = 470 nm) was used for all laser diffraction
measurements. The cell was cleaned using isopropyl alcohol (IPA) and the cell and dispersion unit
were rinsed using a 70:30 IPA/water mixture, followed by a further three washes between each

measurement using deionized water.

Optical microscopy

Optical microscopy images were recorded using a Cole—Palmer compound optical microscope

equipped with a Moticam BTW digital camera.

Confocal microscopy

Confocal microscopy images were recorded using Zeiss LSM880 and LSM980 instruments (Zeiss,
Jena, Germany), equipped with an Airyscan and an Airyscan 2 super-resolution detector respectively.
The excitation wavelength was set to 495 nm and the emission maximum was collected at 520 nm.

Images were analyzed using the Fiji distribution of ImageJ software.?

Atomic Force microscopy

Atomic force microscopy (AFM) experiments were conducted using a Bruker Nanoscope VII|
Multimode instrument, equipped with a J scanner, operating in tapping mode. A planar silicon wafer
was washed with acetone and then cleaned via UV-ozone treatment for 30 min. A single droplet of a

0.1% w/w aqueous dispersion of PLLA17-PDMACaq platelets was placed onto the silicon wafer using a



pipet and allowed to dry at ambient temperature. AFM images were analyzed using open source

Gwyddion software.®

Small-angle and wide-angle X-ray scattering

Small-angle and wide-angle X-ray scattering (SAXS and WAXS) patterns for 0.1-1.0% w/w copolymer
concentration were recorded simultaneously at a synchrotron source (ESRF, station ID02, Grenoble,
France) using monochromatic X-ray radiation (A = 0.1014 nm) and an Eiger2 4M 2D detector (Dectris,
Switzerland) for SAXS and an LX170-HS CCD 2D detector (Rayonix, USA) for WAXS. Dilute copolymer
dispersions were injected in a custom-built flow-through cell comprising a glass capillary of 1.82 mm
diameter. To avoid sample damage by the intense X-ray beam during data collection, the total
exposure time of 1 s was subdivided into ten frames with an exposure time of 0.1 s per frame. Data
were recorded at camera lengths of 2 m and 20 m, and the data were processed using standard
beamline protocols. The resulting 2D SAXS and WAXS patterns were integrated to produce 1D
patterns.3*3 These patterns were time-averaged and background-subtracted, and the SAXS data
obtained at each camera length were merged using SAXSutilities2 software3® to give an overall g
range of 0.003 to 4.3 nm™, where q = 4mt sin 8/ is the length of the scattering vector and 6 is one-

half of the scattering angle.

SAXS patterns were recorded for copolymer concentrations of 10-30% w/w using a laboratory-based
SAXS beamline (Xeuss 2.0, Xenocs, Grenoble, France) equipped with a GeniX 3D Cu X-ray source, (A =
0.154 nm), two sets of motorized scatterless slits for beam collimation and a Pilatus 1M 2D hybrid
pixel detector (Dectris, Baden, Switzerland). Copolymer dispersions were injected into a custom-built
flow-through cell, and SAXS patterns were recorded over a g range of 0.033 to 1.8 nm™. Data were
reduced, calibrated, integrated and background-subtracted using Xenocs XSACT software supplied

by the instrument manufacturer in combination with SAXSutilities2 software.3®
Dynamic Light Scattering

Dynamic light scattering (DLS) measurements were recorded using a Malvern NanoZS instrument at
25 °C. Scattered light was detected at 173° and hydrodynamic diameters were calculated using the
Stokes—Einstein equation, which assumes dilute non-interacting spheres. Data were averaged over

three consecutive measurements comprising ten runs per measurement.
Polarized Optical Microscopy

Polarized Optical Microscopy (POM) images were recorded using a Zeiss Axioscope Al (Zeiss, Jena,

Germany) equipped with crossed polarizers. Copolymer dispersions were loaded into glass sample



holders and transmitted light images were captured using an Axiocam 105 color camera; these

images were subsequently processed using Zeiss Zen lite software.

Results and Discussion

Synthesis and characterization of diamond platelets

The PLLA17 precursor was chain-extended with N, N’-dimethylacrylamide (DMAC) using a reverse
sequence aqueous PISA formulation, as reported by Farmer et al. (see Scheme 1).3° More specifically,
the trithiocarbonate-functionalized PLLA7 precursor (Figure S1) was dissolved in DMAC monomer
and RAFT polymerization was initially conducted in the bulk at 70°C. The DMAC polymerization was
allowed to proceed until a significant increase in viscosity was observed for the reaction mixture.
Then degassed deionized water (preheated to 70°C) was added to dilute the reaction mixture at an
intermediate DMAC conversion of 52% (which corresponds to an instantaneous PDMAC DP of 208),
with brief vortex mixing to ensure a homogeneous reaction mixture. The DMAC polymerization was
allowed to continue at 70°C for 16 h, targeting PLLA;7-PDMACaq0 platelets at 30% w/w solids. *H NMR
spectroscopy studies indicated a final DMAC conversion of more than 99% (Figure S2). The
corresponding fluorescently-labeled PLLA;7,-P(DMACago-stat-FlAq1) platelets were prepared by
statistical copolymerization of fluorescein acrylate with DMAC using essentially the same synthetic
protocol. GPC analysis (Figure 1a) indicated that the RAFT polymerization was reasonably well-
controlled (Mw/M;, < 1.40) in each case. XRD studies revealed the semicrystalline nature of both the
PLLA17-TTC precursor and the PLLA17-PDMACaq0 diblock copolymer (Figure 1b): a Bragg peak was
observed at a g value of 11.8 nm™ (corresponding to a 26 value of around 16.6°) in each diffraction
pattern that corresponds with that reported in the literature.?” For the PLLA;;-TTC precursor, the
diffraction peaks at 10.6 nm™ (26 =14.9°), 11.8 nm (16.6°), 13.5 nm™(19.0°) and 15.8 nm™(22.4°)
can be assigned to the 010, 110/200, 203/111 and 015 reflections of the a-phase of PLLA,
respectively. Inspecting the common diffraction peak at 11.8 nm™, the degree of crystallinity was
calculated to be 51% for the PLLA17 precursor and 5% for the PLLA;7;-PDMACa00 nanoparticles in

powder form.
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Figure 1. (a) GPC traces (refractive index detector) recorded for a PLLA;7-PDMACqo diblock
copolymer, a PLLA17-P(DMACaq0-stat-FIAq.1) diblock copolymer and the corresponding PLLA17-TTC
precursor; (b) XRD patterns recorded for PLLA;7-TTC precursor (with peaks indexed) and freeze-dried
PLLA17-PDMAC.00 nanoparticles, plus a WAXS pattern recorded simultaneously with SAXS for a 1.0%
w/w aqueous dispersion of PLLA;;-PDMACaq0 nanoparticles.
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TEM analysis of the latter sample indicated a diamond platelet morphology (Figure 2a-b), which is
consistent with that reported by Farmer et al.3° A similar diamond platelet morphology was also

observed for the PLLA17-P(DMACa00-stat-FIAo.1) nanoparticles (Figure 2c-d).

Figure 2. Representative TEM images recorded for (a, b) PLLA17-PDMAC00 platelets; (c, d) PLLA:7-
P(DMACg0-stat-FlAq 1) platelets.

In principle, atomic force microscopy can be used to assess the mean thickness of these diamond
platelets.?® Accordingly, a dilute aqueous dispersion of PLLA;;-PDMACa00 nanoparticles was allowed
to dry on a silicon wafer to afford reasonably well-separated platelets at submonolayer coverage. An
atomic force microscope operating in tapping mode was used to examine individual platelets (see
Figure 3). Height profiles recorded across multiple platelets indicated a mean thickness of
approximately 6 nm. This is significantly lower than the mean thickness of around 12 nm reported by
Inam and co-workers for a series of PLLAss-based diblock copolymer platelets?® but is consistent with
the shorter PLLA;7 block used in the present study. Clearly, these PLLA;17-PDMAC400 diamond platelets
can be regarded as highly anisotropic nanoparticles (mean aspect ratio = 500 + 6 = 85) that possess a

relatively high specific surface area (see later).
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Figure 3. (a) AFM height image recorded for isolated PLLA17-PDMACq platelets deposited onto a
planar silicon wafer and (b) representative height profile recorded across a single PLLA;7-PDMACa00

platelet.
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Figure 4. SAXS patterns recorded for PLLA;7-PDMACq platelets at a copolymer concentration of
either 0.1% (red data) or 1.0% w/w (black data). For both patterns, the SAXS intensity, /(q), is

normalized with respect to the copolymer concentration, c.

Small-angle X-ray scattering (SAXS) curves recorded for the PLLA;7;-PDMACaq0 platelets at two
copolymer concentrations are shown in Figure 4. At 1.0% w/w copolymer, two features are
discernible at g = 0.066 and 0.130 nm™, which are denoted g* and 2g* respectively. Chi and co-
workers recently reported a SAXS study?® of similar-sized PLLA-based platelets dispersed in organic
media at a copolymer concentration of 2.0% w/w and assigned such features to the first and second
order diffraction peaks corresponding to a nematic phase. Alternatively, as suggested in a related
SAXS study by the same authors,*® they may indicate the presence of more localized tactoids
comprising stacked diamond platelets. Indeed, both features disappear on dilution to 0.1% w/w,
which is consistent with this interpretation. POM images recorded for aqueous dispersions of PLLA;7-
PDMACaqo platelets (Figure S3) reveal birefringence at or above a copolymer concentration of 1%
w/w. Moreover, more intense birefringence is observed at higher copolymer concentrations, which
suggests the presence of interparticle structure within such dispersions. Importantly, no Schlieren

pattern was observed so there is no evidence for a nematic phase. In summary, the g* and 2g*

13



features shown in Figure 4 indicate the presence of localized tactoids comprising stacked diamond

platelets with a mean period of approximately 96 nm.

To a good approximation, this latter scattering curve represents the form factor of the platelets. There
are no discernible fringes in the high g region, which suggests a relatively high dispersity for the
platelet cross-sectional thickness. However, fitting the Guinier equation [/(g) ~ exp(-g°R%/3), where R,
is the radius of gyration of the scattering object] in the low g region indicates an Rg value of 170 nm
for the platelets. Given their high aspect ratio (see above) and assuming that they can be
approximated as flat disks, the known geometric relationship for disks [Rg? = T2/12 + R4*/2 = R4*/2,
where T is the disk thickness and Ry is the disk radius] indicates an R4 of around 240 nm.** Thus, the
mean platelet length (averaged over the long and short axes) — which is equal to the disk diameter —
is calculated to approximately 480 nm. This value is reasonably consistent with the TEM and AFM
images presented in Figures 2 and 3. Kratky plots (Figure S4) of integrated SAXS patterns recorded for
aqueous dispersions of platelets at four copolymer concentrations reveal a local minimum, g**, at
approximately 0.84 nm™. This feature suggests a mean platelet thickness of 7.5 nm,* which is in

reasonably good agreement with the AFM data shown in Figure 3.

In addition, WAXS analysis of a 1.0% w/w copolymer concentration of diamond platelets indicates a
characteristic peak at 11.8 nm™ (Figure 1b), which corresponds to a d-spacing of around 5.32 A. This
diffraction peak corresponds to the most intense 110 peak observed in the PLLA XRD pattern shown
in Figure 1b and confirms that the PLLA chains retain their crystallinity within this colloidal dispersion

of diamond platelets.

Oil (e.g squalane)

High shear
homogenization

—

Ultraturrax
20°C, 13500 rpm, 2 min

PLLA,;-PDMAC,, platelets in water Oil-in-water Pickering emulsion

Scheme 2. Schematic cartoon to illustrate the preparation of oil-in-water Pickering emulsions using
the PLLA17-PDMAC4q platelets described in this study.
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Diamond platelet-stabilized Pickering emulsions

A series of oil-in-water Pickering emulsions were obtained (Scheme 2) when using various model oils

at a relatively low PLLA;7-PDMACa00 concentration of 0.025% w/w (Figure 5).

squalane castor oil

D[4,3] =43 um D[4,3] = 66 um
n-dodecane isopropyl myristate
D[4,3] =31 um D[4,3] = 45 um
sunflower oil silicone oil

D[4,3] =52 um D[4,3] = 69 um

1 10 100 1000
Droplet Diameter / um
(a) squalane (b) n-dodecane
100 um 100 um
D —

(d) castor oil (c) sunflower oil

Figure 5. Laser diffraction droplet size distributions and representative optical micrographs recorded

for oil-in-water Pickering emulsions prepared using the following model oils: (a) squalane, (b) n-
dodecane, (c) sunflower oil, (d) castor oil, (e) isopropyl myristate and (f) silicone oil. Each emulsion
was prepared via high-shear homogenization 13 500 rpm for 2 min using a 0.025 % w/w aqueous

dispersion of PLLA17-PDMACaq platelets and 20% v/v oil.
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Emulsions based on squalane and n-dodecane (Figure 5a-b) exhibited narrower droplet size
distributions and typically smaller droplets than those obtained using sunflower oil, castor oil,
isopropyl myristate and silicone oil (Figure 5c-f). The remarkable efficacy of these highly anisotropic
platelet particles as Pickering emulsifiers, even when utilized at relatively low concentration, can be
attributed to their relatively high specific surface area (see later). Furthermore, the effective %area
occupied by an individual platelet adsorbed at the oil-water interface is typically higher than that of
spherical particles. This is because the entire face of a platelet can be in contact with the interface.
For a spherical nanoparticle, this degree of interaction can only be achieved at a particle contact angle

of 90°, corresponding to equal wetting of the particle by oil and water.>*?

The PLLA;:7-PDMAC.00 concentration was systematically varied to produce a series of squalane-in-
water emulsions and the volume-average droplet diameter D[4,3] was determined from laser
diffraction analysis. Relatively stable oil droplets of around 125 um diameter were obtained at a
PLLA;7-PDMACa00 concentration as low as 0.001% w/w. Increasing the copolymer concentration up to
0.025% w/w led to a three-fold reduction in the droplet diameter but no further reduction in size was
observed thereafter (Figure 6a and Table S1). This suggests that this particular copolymer
concentration lies close to the critical concentration at which almost all of the platelets become
adsorbed at the surface of the oil droplets during high-shear homogenization. Variation of stirring rate
also revealed a plateau in droplet size for stirring rates above 13 500 rpm up to 25 000 rpm.
Comparison of TEM images recorded after high-shear homogenization at either 13 500 or 25 000 rpm,
plus DLS data recorded for PLLA;17-PDMACaqo dispersions before and after being subjected to high-
shear homogenization at 25 000 rpm, revealed that the original diamond platelet morphology is
partially degraded when the nanoparticles are subjected to the higher stirring rate (Figure S5). These

observations account for the corresponding reduction in mean droplet diameter (Figure 6b, Table S2).
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Figure 6. (a) Variation of volume-average droplet diameter, D[4,3], with PLLA;7-PDMACaqo platelet
concentration for squalane-in-water Pickering emulsions prepared via high-shear homogenization at
13 500 rpm at 20 °C using 20% v/v squalane. (b) Variation of volume-average droplet diameter,
D[4,3], with stirring rate for squalane-in-water Pickering emulsions prepared using a 0.025% w/w
aqueous dispersion of PLLA;17-PDMACq platelets. Error bars are calculated based on the average of
triplicate measurements, but they lie within the data points in almost all cases.

Laser diffraction data reveal that for squalane-in-water emulsions formed at platelet concentrations
below 0.025 % w/w, a unimodal droplet size distribution is present, and decreases in size as platelet
concentration is increased up to this point (Figure 7a). For concentrations above 0.025% a second,
smaller population is observed at 1- 10 um which increases in relative size as platelet concentration is
further increased. This onset of a second smaller population with increasing concentration is also
observed by optical microscopy (Figure 7b-e). This feature is tentatively attributed to the formation

of aggregates comprising excess non-adsorbed platelets (Figure S6).
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Figure 7. Laser diffraction droplet size distributions and representative optical micrographs obtained
for a squalane-in-water Pickering emulsion prepared via high-shear homogenization of 20% v/v
squalane at 13 500 rpm for 2 min at 20 °C using the following concentrations of PLLA17-PDMACa00
platelets: (a) 0.01% w/w, (b) 0.025% w/w, (c) 0.03% w/w, (d) 0.10% w/w.

A squalane-in-water Pickering emulsion was prepared on a larger scale (12 mL) using 20% v/v oil at a
copolymer concentration of 0.025% w/w to enable the mean droplet diameter to be monitored by
optical microscopy and laser diffraction over time at 20 °C (Figure 8). The initial droplet diameter of
53 um was somewhat larger than that observed for the same emulsion prepared on a 3 mL scale (43
um). The volume-average droplet diameter reported by laser diffraction did not change significantly
within the first 72 h. However, a slightly broader distribution was obtained and optical micrographs

suggest the presence of rather polydisperse droplets (Figure 8a-c). A distinctly bimodal droplet
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distribution was obtained after ageing at 20 °C for one week, with a minor population at around 200-
300 um diameter. This suggests significant droplet growth and a population of larger droplets were
observed by optical microscopy (Figure 8d). This minor population of coarse droplets became more
prominent after ageing for three weeks and the corresponding optical micrographs revealed the

presence of larger droplets (Figure 8e).

(a)

Fresh

D[4,3] =53 um
72 h

D[4,3] =55 um
1 week

3 weeks

10 100 1000

Droplet Diameter / pm

¢) 72 hours

Figure 8. (a) Laser diffraction droplet size distributions obtained for a squalane-in-water Pickering
emulsion prepared using 20% v/v squalane and 0.025% w/w PLLA17-PDMACaqo platelets via high-
shear homogenization at 13 500 rpm for 2 min at 20 °C: fresh emulsion, after 72 h at 20 °C, after 1
week at 20 °C, and after 3 weeks at 20 °C. (b-e) Corresponding representative optical micrographs
recorded for the same aging emulsion.
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Confocal microscopy images recorded for squalane-in-water emulsions stabilized by fluorescently-
labeled PLLA17-PDMAC400 platelets confirm the presence of platelets adsorbed at the surface of the oil
droplets (Figure 9). The mean surface coverage of the droplets was estimated to be 27% by digital

image analysis using ImageJ software.®

Figure 9. Confocal microscopy image recorded for fluorescein-labeled PLLA17-PDMAC4q0 platelets
absorbed at the surface of a single squalane droplet. This squalane-in-water emulsion was prepared
using 20% v/v squalane and a 0.025% w/w aqueous dispersion of PLLA;7-P(DMACago-stat-FIAo 1)
platelets via high-shear homogenization at 13 500 rpm for 2 min at 20 °C.

In a prior study, we reported that diblock copolymer worms of a given cross-sectional diameter are
more effective Pickering emulsifiers than spheres of the same diameter. 22 This is because highly
anisotropic worms are more than one order of magnitude more massive than the spheres. Thus they
adsorb much more strongly at the oil-water interface — yet exhibit a comparable (i.e., only around 33
% lower) specific surface area relative to the corresponding spheres. It is worth considering the

diamond platelets in this context. To a good first approximation, their specific surface area, As, is given
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by As= 2/p.t, where pis the platelet density and tis the mean platelet thickness. Notably, A is
independent of the platelet length. Assuming p = 1.0 gcm™ and t = 6 nm (Figure 3), we calculate A; to
be approximately 330 m? g, which is relatively high. Compared to spheres with the same As value,
the platelets are much more massive and their conformal contact area is relatively high when
adsorbed at the oil-water interface. Thus it is not surprising that these diamond platelets can be used
to prepare Pickering emulsions at relatively low copolymer concentrations (see Figure 6a). On the
other hand, such emulsions exhibit relatively poor long-term stability compared to Pickering
emulsions prepared using clay platelets.’? This appears to be related to the relatively low surface
coverage achieved for these diamond platelets at the oil-water interface (see Figure 9). In principle,
this may be because the highly hydrophilic PDMAC steric stabilizer chains produce a relatively low
particle contact angle, which would significantly reduce the interfacial adhesion energy.® However,
this tentative explanation would require further experiments for corroboration, which are beyond the

scope of the current study.

Conclusions

In summary, PLLA17-PDMAC,00 diblock copolymer nanoparticles have been prepared as a 30% w/w
aqueous dispersion by combining reverse sequence polymerization-induced self-assembly (PISA) with
crystallization-driven self-assembly (CDSA). TEM analysis confirms a distinctive diamond platelet
morphology while SAXS studies indicate that these platelets form a nematic phase at a copolymer
concentration as low as 1.0% w/w. XRD analysis confirm the semicrystalline nature of the poly(L-
lactide) block, while atomic force microscopy analysis suggests a mean thickness of approximately 6
nm for the dried platelets. A series of oil-in-water Pickering emulsions has been prepared using PLLA7-
PDMAC00 diamond platelets at a copolymer concentration as low as 0.025% w/w. This is attributed to
the relatively specific surface area for such highly anisotropic nanoparticles. In the case of squalane,
systematic variation of the copolymer concentration and the high-shear homogenization conditions
enabled the mean oil droplet diameter to be varied from approximately 40 um to 125 um. The
presence of fluorescently-labelled diamond platelets adsorbed at the surface of squalane droplets was
confirmed by confocal microscopy studies. A relatively low surface coverage of 27% was estimated by
digital image analysis, which is consistent with the poor long-term stability of such Pickering emulsions
observed on standing at 20 °C. In principle, the semicrystalline PLLA chains that form the core of such

diamond platelets should undergo hydrolytic degradation.3°
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One reviewer has suggested that the true fractional surface coverage may be higher than that
calculated owing to the presence of smaller platelet particles that cannot be resolved by
confocal microscopy (see Figure 9). Bearing in mind the poor long-term stability observed for
these platelet-stabilized Pickering emulsions, we do not necessarily agree with the reviewer.
However, we cannot exclude their interpretation so it is acknowledged as a possibility.
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