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Preparation of Pickering emulsions and colloidosomesusing either a
glycerol-functionalised silica sol or core-shell polymer/silica

nanocomposite particles

LeeA. Fielding*® and Steven P. Armes’

s Abstract. A commercial glycerol-modified 19 nm silicasol has been homogenisedwith sunflower oil to
form stable Pickering emulsions and also covalently cross-linked colloidosomes. Colloidd core-shell
polymer/silicananocomposite particles produced using this glycerol-functionalisedsilicawere al so used
to produceboth Pickering emulsions ard coll oidosomes containing hybrid shells comprising both
inorganic and orgaric components. Theformation of statde oil-in-water Pickering emulsions required

10 either low pH or the addition of eledrolyte: thisis rationalised in terms of the highly anionic surface
charader of the silicaparticles. Colloidosomes are readily obtainedon addition of a polymeric
diisocyande, which reads with the surface glycerol groups on the silicaparticles. This oil-soluble cross-
linker is confined to theinterior of the emulsion droplets, thus avoiding inter-coll oidosome aggregation.
The ail phase can be removed from the coll oidosomes by washing with excessalcohal, resulting in

15 microcapsules comprising either a 19 nm particulate silicashdl or a240 nm polymer/silicashell. These
microcapsules canbe imaged by opticd microscopy in solution andby scanning electron microscopy in

thedry state. The permeability of these colloidosomes with resped to small moleaule release was also
examinedby incorporating anoil-soluble fluorescent dye during homogenisation that beames water-
soluble on raising the solution pH of the aqueous continuous phase. Finally, control expeaiments

20 performed with a non-functionalisedsilicasol confirmed that Pickering emulsions cannot be conveted

into colloidosomes due to the alsence of surfaceglycerol groups.

I ntroduction

Microcapsules with shdls constructed from colloidal particles
(coll oidosomes’) have seen a surge of acacemic interest over the
2 last decade” 2 with capsules comprising polymer latex, +14
inorganic sols ' nanocomposite particles® and quantum dots®
being prepared. Colloidosomes are geneally formed by the self-
asembly of colloidd particles at an oil-water interface to form
Pickering emulsions’ foll owed by locking in the super-structure
w0 via ameding at elevated temperaturel & 1* gdling the internd
phasée™ 1822 or inter-particle cross-linking > " 4 2 24 We recently
reported the fabricaion of colloidosomes via covaent cross-
linking of stericdly stahblised latex particles at the oil-water
interface> ® It was shown that an oil-soluble polymeric
35 diisocyande could cross-link latex-stabilised Pickering emulsion
droplets from within the oil phase by reading with hydroxy-
functional steric stabiliser chains. Unfortunately, these capsules
failed to significantly retard the release of an encapsulated small
moleaule dye over short time scdes, with full release ocaurring
40 within 20 h dueto the highly permeéble nature of the particulate
shells. The formation of Pickering emulsions using colloidal
particles such as silicasols® 2® and nanocomposite particles” 2
is well documented? Howeva, as far as we are aware, there is
little literature precedent for the formation of stable
45 colloidosomes using solely nano-sized silica or polymer/silica
nanocomposite particles using crosslinking chemistry.

The prepaation of colloidal nanocamposites comprising either
conducting polymer-silica®®* or vinyl polymer-silica®*? has
beenwidely reported.*“® It has been shown that such colloidal

s nanocomposites can ad as pH-responsive  Pickering
emulsifiers?” 2 synthetic mimics for micrometeorites® %7 and

high performance exterior architedural coatings*® Formulations
for vinyl (co)polymer/silica nanocomposites are geneally the
most efficient (i.e. relatively high monomer conversions and
ss Silica aggregation effi ciencies can be achieved) and often havea
polymer core-silicashdl morphology.® * %! For example, Armes
et. al. reported a highly effi cient surfadant-free formulation for
the preparation of colloidal polystyrene/silica;® *? poly(methy!
methaaylate)/silica’ and poly(styrene-co-n-butyl
s0 aaylate)/silica’® nanocomposite particles with well-defined core-
shell particle morphologies and up to 95 % silica aggegaion
efficiercy. In this formulation, the key to success is the use of a
commercialy avalale glycerol-functionalised aqueous silica sol
(Bindzil CC40)* in combination with a cationic azoinitiator.
es  Herein we describe the formation of Pickering emulsions using
commercidly availabe unmodified and glycerol-functionalised
aqueous silica sols. Furthermore, core-shell polymer/silica
nanocomposite  particles prepared using the glycerol-
functionalised silica sol are also used to successiully stabilise
70 Pickering emulsions. The conditions recquired for successul
emulsification are investigaed and the resulting Pickering
emulsions are charaderised in terms of their emulsion type ard
droplet size distributions. The glycerol functionality on the silica
particle surface is then utilised to covalently cross-link the
75 Pickering emulsions using an oil- soluble polymeric diisocyande
in order to form stade colloidosomes comprising either 19 nm
silicaor 240 nm polymer/silica nanocomposite shels (see Figure
1). These cdloidosomes are studied by opticd and eledron
microscopy and the release of a pH-responsive dye from their
so interior is investigated.
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Fig. 1 Preparation of poly(styrene-co-n-butyl aciylate)/silica
narocomposite particles by agueous emulsion polymerisation at 60 °C,
followed by addition of oil and homogenisation to form a Pickering
s emulsion. The nanocomposite particles stabilising the emulsion droplets
can be covalently-stabilised using an oil-soluble PRG-TDI cross-linker to
form stable colloidosomes.

Experimental Section
Materials

10 Styrene (S) and n-butyl acrylate (BuA) were purchased from
Aldrich, pased in turn through a basic aumina column to
remove inhibitor and stored a -20 °C prior to use. 2,2’-
Azobis(isobutyramidine) dihydrochloride (AIBA), n-dodecane,
sunflower oil, fluorescein and tolylene 2,4-diisocyande-

15 terminated poly(propylene glycol) [PPG-TDI] were purchased
from Aldrich and used as recaved. Ethand and iso-propanol
were purchased from Fisher and used as receaved. Glycerol-
functionalised silica sol (Bindzil CCA40; 37 wt. % aqueaus
dispersion; TEM number-aveage diameter = 19 nm) and

20 unmodified silica (Bindzil 2040, 40 wt. % aquecus dispersion,
TEM number-average diameter = 20 nm) were supplied by Eka
Chemicals (Bohus, Swede), which is a division of AkzoNobel
(Netherlards). Deionised water obtainedfrom an Elgastat Option
3A water purifier wasused in al expegimerts.

25 Nanocomposite Synthesis

For the poly(styrene-co-n-butyl aaylate)/silica particles, Bindzl
CC40 silicasol (95 g) was added to deionised water (352 ml) and
the solution was degassed using nitrogen. Styrene (25 g) and n-
butyl aaylate (25 g) monomer were then added and the solution
3o was heded to 60 °C with magnetic stirring at 250 rpm. The
polymerisation was initiated by the addition of AIBA (500 mg)
dissolved in degassed, deonised water (5.0 ml) ard allowed to
proceedfor 24 h. A further charge of AIBA initiator (100 mg)
was added after this time in order to oligomerise unreacted
s monomer present. Any excess slica was removed by
centrifugation at 5 °C using arefrigerated certrifuge followed by
redispersion of the sedimerted nanocompaosite particles in water.
The polystyrendsilica particles were prepared using an amost
identicd protocol using 57 g Bindzil CC40 silica, 51 g styrere

40 monomer, 500 mg AIBA and 3969 water.
Preparation of Pickering Emulsions and Colloidosomes

PPG-TDI (0 - 79 mg) was weighed into a sample vial ard then
dissolved in either sunflower oil or n-dodecae (5.0 ml). This
solution was homogenised for 2 minutes with 5.0 ml of an
45 agueous solution at pH 3 - 10 cortaining 0.1 - 5.0 wt. % of either
nanocomposite particles or silicasol using a IKA Ultra-Turrax T-
18 homogeniser equipped with a 10 mm dispersing tool and
operating at 12,000 rpm. The resulting emulsions were al owed to
stand at room temperature for at least 60 minutes to alow the
so urethanecross-linking readion to occur.

Encapsulation and Release Studies

Fluorescein (1 mg) and PPG-TDI (40 mg) were added in turn to a

sample via and disolved in sunflower oil (5.0 ml). This mixture

was homogerised for 2 minutes with 5.0 ml of an agqueaus addic
ss solution (pH 3.0) cortaining 0.1 — 50 wt. % of either
polymer/silica nanocompasite particles or silicasol using a IKA
UltraTurrax T-18 homogeriser equipped with a 10 mm
dispersing tool and operating a 12,000 rpm. The resulting
emulsions were alowed to stand at room temperature for at least
60 minutes to allow the urethane cross-linking readion to occur.
Release studies were conducted using a Perkin-Elmer Lambda 25
UV/visible spedrophotometer operating in time drive mode. A
known volume (20 pl) of colloidosomes was placeal on top of an
aqueous solution (3.0 mL, pH 9) in a plastic cuvette equipped
with a magneic stirrer. The absorbanceat 490 nm due to the
relessed dye was monitored as a function of time. Since the
colloidosomes are lessdense than water, they remain at thetop of
the cuvette and hence do nat passin front of the transmitted
bean. As a control experimert, pure oil containing the same
concentration of dissolved dye was used instead of
colloidosomes.
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Dynamic light scattering (DL S)

Studies were conducted at 25 °C using a Malvern Zetasizer Nano
ZS instrument equipped with a 4 mW He-Ne solid-state laser
operating at 633 nm. Backscatered light was deteded at 173°
and the mean particle diameter was cdculated over thirty runs of
ten seands duration from the quadratic fitting of the correlation
function using the Stokes-Einstein equation. All measurements
were performed in triplicae on highly dil ute aqueaus dispersions.
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Laser diffraction

@
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A Malvern Mastersizer 2000 instrumert equipped with a small
volume Hydro 2000SM sample dispersion unit (ca 50 mL), a He-
Ne laser operating at 633 nm, and a solid-state blue laser
operating at 466 nm was used to size the emulsions. The stirring
rate was adjusted to 1,000 rpm in order to avad creaming of the
emulsion during analysis. Corredions were madefor backgound
eledricd noise ard laser scatering due to cortaminants on the
optics and within the sample. After each measurement, the cdl
was rinsed three times with isopropand, followed by three
washes with distilled water. The cdl walls were wiped with lens
cleaning tisaue to avad cross-contamination and the laser was
aigned certrally on the detector. In geneal, the emulsions were
analysed five times ard the data were averaged. The raw data
were andysed using Malvern software and the mean droplet
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Table 1 Surface functionality, surface areg density and measured mean particle diameters of the two colloidal silicasols used in this work.

Entry no. Silicasurface  BET sufacearea Densty (p) /g BET diameter (d)® Number-average Weight- average Intensity-average
functionality (Ag) / m cm® / nm diameter °/nm_ diameter “/nm  diameter / nm

1 Glycerol 157 204 19 19 22 21

2 None (Silanol) 118 2.19 23 20 23 27

2 Determined by helium pycnometry. ® Determined using d = 6 / Asp assuming a spherical morphology and non-porous particles ¢ Determined using
TEM by counting at least 100 particles. ¢ Determined using small angle x-ray scattering.>" 2 ® Determined by dynamic light scattering; the polydispersity

index is given in brackets.

diameter was taken to be the volume-average diameter (Dys)
which is mathematicaly expressedas Dys = ZD*Ny/ZD;*N;.

Disc centrifuge photosedimentometry (DCP)

A CPS Instruments modd DC24000 instrument was used to
obtain weight-average particle size distributions of the
nanocomposite particles. The disc centrifuge was operated at 16
000 rpm and the spin fluid contained a density gradient
constructed from 12.0 to 4.0 wt. % aqueous sucrose solutions; a
small volume of n-dodecane (0.50 ml) was used to inhibit surface
evapration in order to extend the lifetime of the gradient. The
disc certrifuge was calibrated with a poly(vinyl chloride) latex
with a weight-average particle diameter of 263 nm. For eadh
sample, the mean dry particle density as measured by hdium
pycnometry was used to cdculate the weight-avaage particle
diameters. It has been recantly shown that the weight-aveage
diameter reported by DCP for core-shell polystyrendsilica
nanocomposite particles is subject to a sizing artefad due to their
inherert density distribution, which in principle can be reanalysed
and correded.*® Howeve, no such corredion was applied in the
present work. Hence the DCP standard deviation should be
treaed as an underestimate of the true width of the particle size
distribution.

Optical Microscopy

Opticd microscopy images were recaded with a Motic BA300
light microscopefitted with adigital camera.

Helium pycnometry

The solid-state dersities of the dried polymer/silica
nanocomposite particles and sili ca sols were measured using a
Micrometriti cs AccuPyc 1330 helium pycnometer at 20 °C.

Thermogravimetric analysis (TGA)

Analyses were conducted on freez-dried particles, which were
heaed in air to 800 °C at a heaing rate of 20 °C min™ usinga TA
Instruments Q500 thermogravimetric anayser. The observed
mass loss was attributed to complete pyrolysis of the copoymer
component, with the remaining incombustible residues being
attributedto pure silica (SiO,).

Transmission electron microscopy (TEM)

Images were recorded using a Phillips CM100 microscope
operating a 100 kV by drying a drop of dilute agueous
nanocomposite or silica sol dispersion onto a cabon-coated
copper grid.

Field emission scanning electron micr oscopy (FE-SEM)

Images were recorded using a FE! Insped instrument operating at
20 to 30 kV for samples dried onto carbon discs and sputter-

50
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coated with gald. Colloidosome sanples were washed repededly
with isoproparol to remove any traces of oil and dried diredly
onto auminum stubs before sputter-coating.

Aqueous electrophoresis

Zeta potentials were cdculated from electrophoretic mobilities
using a Malvern Zetasizer NanoZS instrumert equipped with an
autotitrator (Malvern MPT-1) in the presenceof 1.0 MM KCl asa
badkground salt. The solution pH was initialy adustedto pH 11
by the addition of KOH and subsequertly titrated to pH 1.5 using
HCI; zeta potential measurements were conducted as a function
of pH.

Results and Discussion
Characterisation of silica solsand nanocomposite particles

Commercia silicasols are readly avalable over a wide range of
sizes, media and surface functionalities. In this study, two nano-
sized aqueous silicasols are used to prepare Pickering emulsions;
the surfacearea density and particle diameters of these sols are
summarised in Table 1. Glycerol-functionalised Bindzil CC40
silicasol (entry 1, Tade 1) is a commercially available product
based on surface derivatisation of a conventiond anionic silica
sol. In order to produce the glycerol functionality, the precursor
silica sol is readed with (3-glycidyloxypropyl)trimethoxysilane.
The commercial glycerol-functionalised silica sol used in the
present study typicaly has oneto two glycerol groups per nm?.%*
54 The surfacearea and density of thedried particles are 157 m* ¢
1and 2.04 g cm?® respedively, resulting in a cadculated mean
particle diameter of 19 nm. As expeted, the mean diameters
obtained from TEM, SAXS and DLS all correlate well with this
BET vaue (see Tade 1). Bindzil 2040 (entry 2, Table 1) is a
conventional aqueaus anonic silicasol with a surfaceareaof 118
m? g, a dersity of 2.19 g cm® and measured mean paticle
diameter of 20-27 nm. In this study it is usedto prepare Pickering
emulsions and aso as a control in the preparation of covalently
cross-linked colloidosomes. Representative TEM images of these
two silica sols are shown in Figures 2A and 2B.

Colloidal  polystyrengsilica and  poly(styrene-co-n-butyl
aaylate)/slica nanocomposite paticles were prepared by
aqueous emulsion polymerisation using scaed-up protocols of
those reported by Schmid et al.** *° Table 2 summarises the
nanocomposite particles investigated in this work. Entry 1 is a
poly(styrene-co-n-butyl aaylate)/silica nanocomposite prepared
using a 50:50 comonomer ratio, with an apparent weight-average
diameter of 207 + 70 nm and a meansilica contert of 39 wt. %.
Entry 2 is a polystyrene/silica nanocomposite with a weight-
aveaage diameter of 321 + 60 nm and a mean silicacontent of 23
wt. %. The scale of the polymerisation (50 g versus 5 g
monomer) does not appea to affed the particles; their mean

3



Table 2 Summary of the two poymer/silica nanocomposites used in this work. Both samples were prepared by aqueous emulsion polymerisation at 60 °C
using acommercia 19 nm silicasol (Bindzil CC40) and cationic AIBA initiator.?

Entry no. St: BUA comonomer Weight-average diameter  Intensity-average Silica content ¢/ wt. % Densgty ¢/ g cm®
ratio ®/ nm diameter ©/ nm
1 50:50 20770 226 (0.069) 39 137
2 100:0 321 +60 422 (0.070) 23 124

2 Polymeiisations were conducted using 50 g total comonomer in atotal reaction mass of 500 g at 60 °C for 24 h; in both cases the final monomer
conversion was greater than 90 %. ® As determined by disc centrifuge photosedimentometry. © As determined by dynamic light scattering, the
5 polydispersity index is given in brackets. ® Determined by thermogravimetric analysis. ® Determined by helium pycnometry.

25 nanocomposite particles (images E + F) used in this work. Both
of these colloidal nano®mposites clearly have silica-rich
surfaces, as previously confirmedby severa techiquesinduding
agueous eledrophoresis;? %° x-ray photodedron spedroscopy™
4% and small-angle x-ray scattering.>! Furthermore, it is apparent

2 that the poly(styrene-co-n-butyl aaylate)/slica paticles begn to
coalesce on the SEM stub due to their sub-ambient Ty; upon
drying, these narocomposites form transparent free-standing
films?® As expeded, the high T, pdystyrene/silica
nanocomposite particles do not coalesce ard remain as discrete

35 sphericd particles.
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Fig. 2 Representative TEM and SEM images of (A) glyceml- % 20 S P{S-Buk)Sio, -
functionalised 19 nm silica, (B) 20 nm non-functionalised silicasol, i 4 # - |
(C+D) poly(styrene-m-n-butyl acrylate)/silicananocomposites and (E+F) -g 30 . o ! E
10 polystyrene/silicananocomposite particles. E f-" . " .
diameter, density and silica contert correlate well with values £ & ] PSSO, g o
previously reported by Schmid et al.** *° It is already known ™ s ‘5 . .
thatsuch nanocompasite particles havea well-defined ‘core-shell’ 1 P =
morphology with a polymeric core ard a particulate silicashell.*> # LE
15 *9 51 Furthermore, the use of glycerol-functionalised 19 nm silica e R Ty TR R
particles (in comparison with non-functiondlised silica) is pH
esentiadl for successful nanocomposite formation*? and the Fig. 3 Aqueous electrophoresis curves obtained for (A) glycerol-
interadion between the surface glycerol groups on the silica functi onalised and non-functionali sed élimwls(mﬁi@}md 2, Table
. . . ; . . 1); (B) 50:50 poly(styrene-co-n-butyl acrylate)/silicaand
particles with the polymeric core has been investigated by solid- 40  polystyrene/silicananocomposite particles (entries 1 and 2, Table 2).
20 state NMR studies ®®
Figure 2 shows TEM and SEM images of the glycerol- Pickering emulsions

functionalised 19 nm colloidd silica and the 20 nm non-
functionalised silica sol (images A + B), poly(styrene-co-n-butyl
aaylate)/slica (images C + D) amd polystyrene/silica

The conditions required to form stable Pickering emulsions using
12 nm cdloidal silica particles with toluene as the oil phase have
previously been investigated by Binks and Lumsdon.?® It was
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shown that the stability of Pickering emulsions towards both
creaming and codescence depends on the solution pH, electrolyte
concentration and type of eledrolyte used. In the presence of
NaCl, it was found that the Pickering emulsions had a maximum
s stability towards coalescence at pH 4, which corresponds to a
relatively low negative zeta potertial for the silica particles. At
high pH, the silica particles became too anionic to ad as effective
Pickering emulsifiers. Similar observations were made by Blute
et al. for the preparation of foams stabilised by colloida silica
10 5015 % In general, the foamability of these sols was found to be
greaest when the silica had the lowest degree of hydrophilicity
(i.e. a low pH) and at highe particle concentrations.
Although the glycerol-modified silica sol is likely to behave in
asimilar manner to non-functiondised silicaparticles, thereis no
15 doubt that the surface modificaion reduce their anonic chage
compared to untreged silica sols (Figure 3A). In order to
investigate the conditions required for successiul emulsion
formation, 5.0 ml of a 50 wt. % aqueaus silica sol was
homogenised with 5.0 ml sunflower oil for 2 minutes at 12,000
20 rpm. Both non-functionalised and glycerol-functionalised silica
were investigated and the solution pH was varied from pH 2 to10.

Fig. 4 Opticd micrographs and digital photogaphsof Pickering
emulsions prepared by homogenising 5.0 ml sunflower oil and 5.0 ml of
25 5.0 wt. % agueous Bindzil 2040 silicasol at (A) pH 10, (B) pH 6 and (C)
pH 3. The mixtures were homogenised for 2 minutes at 12,000rpm and
allowed to stand for 1 h before opticd micrographs and digital
photographs were recorded. After one week, the Pickering emulsions
were re-analysed: it was found that both (A) and (B) had demulsified,
30 whereas (C) remained stable.
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Fig. 5 Droplet sizedistributions obtained using laser diffracion for
Pickering emulsions prepared usng 5.0 ml sunflower oil and 5.0 ml of 2.7
wt. % agueous poly(styrene-co-n-butyl acrylate)/silicaparticles. Particle
35 size distributions were recorded for emulsions prepared with solution pH
between 10 and 6. The addition of 1 M Nad electrolyte at pH 6 enhanced
emulsion stability compared to erulsions prepared in the absence of
added salt.
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40 Fig. 6 Droplet sizedistributions obtained using laser diffradion when
emulsion droplets are transferred to an alkaline solution (pH 10) for: (A)
covalently cross-linked colloidosomes prepared using 5.0 ml sunflower
oil, 49 mg PRG-TDI and 5.0 ml of 2.5 wt. % aqueous poly(styrene-m-n-
butyl aciylate)/silicaparticlesat pH 3; (B) Pickering emulsion droplets
45 prepared using 5.0 ml sunflower oil and 5.0 ml of 2.5 wt. % agueous
poly(styrene-a-n-butyl aclylate)/silicaparticles at pH 3.




The resulting mixtures were analysed via opticd microscopy and
laser diffradion in order to assess successful Pickering emulsion
formation. Figure 4 shows opticd micrographs and digital
photographs of emulsions prepared using unmodified silicaat pH
5 10, 6 and 3. As expeded, no emulsion is formed at pH 6 and the
two liquids phase-separate rapidly. At pH 10 and 3, Pickering
emulsions can be observed both visualy anmd by opticd
microscopy. However, within one week the emulsion prepared at
pH 10 demulsified to form two separate phases whereas the
10 corresponding emulsion stabilised using silicaat pH 3 remained
stable for at least this time period. The formation of a stabe
Pickering emulsion was expeded at low pH due to the relatively
low surface chage of the silica particles, as previously reported
by Binks and Lumsdon?® for Pickering emulsions and Blute et
isal® for foams. The observations made for the glycerol-
functionalised silica were almost identicd to those for the
unmodified particles.
Figure 5 shows the typical droplet size distributions obtained
when aqueous poly(styrene-co-n-butyl aaylate)/silica paticles
20 (entry 1, Tade 2) were homogenised with sunflower oil. It is
perhaps worth noting that the majority of the Pickering emulsions
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Fig. 7 Volume-average droplet diameter vs. nanocomposte patticle
concentration for Pickering emulsions prepared using 5.0 ml sunflower
25 oil and 5.0 ml of agueous poly(styrene-m-n-butyl acrylate)/silicaparticles
at pH 3. Theinset shows the patticle size distributions recorded for each
measurement. The mixtures were homogenised for 2 minutes at 12,000
rpm and allowed to stand for 1 h before their particle sizedistributions
were recorded using laser diffraction.

so prepared in this work have relatively broad droplet size
distributions. Established methods such as membrane
emulsificationr™” % or the use of a microfluidic device®* could
possibly yield more monodisperse emulsions, but these
techiques are beyond the scope of this work. Stable Pickering
35 emulsions were obtained using agqueaus nanocomposite particles
at low pH. The smallest, most stable oil droplets were obtained at
pH 2 whenthe silica particles andhencenarocomposite particles
have their lowest surface charge (Figure 3). At both pH 3 ard 4,
stable emulsions were obtained with meandroplet diameters of
40 @pproximately 100 um. Above this pH unstable emulsions were
obtained, as evidenced by the multi-modal droplet size
distributions and increase in the signd due to freenanocomposite
particles at around 200 nm. Furthermore, both narocomposite and
silica-stabilsed Pickering emulsions prepaed at low pH are pH-

4 sensitive; i.e. demulsification canbe triggered by the addition of
base to these emulsions, as confirmed by laser diffraction (see
Figure 6B). This inherert instability at higher pH can be
counteraced by the addition of eledrolyte. For example, stable
Pickering emulsions canbe prepaed at pH 6 when1 M NaCl is

so used as a background salt (see Figure 5). In esserce, the
conditions for succesful Pickering emulsion formation require
either low pH and/or addel salt to reduce or screen the silica
surface charge. These conditions are recuired for both the anionic
glycerol-functionalised 19 nm silica and the polymer/silica

ss nanocomposite particles. This is unsurprising given the core-shell
morphology of the nanocomposite particles, which ersures a
silicarich surfacecomposition.
The concertration dependence of the sunflower oil droplet
diameter was investigated by homogenising equal volumes of oil

s With aqueaus dispersions containing various concertrations of
particles at pH 3. Figure 7 shows the volume-average sunflower
oil droplet diameter obtained for a series of poly(styrene-co-n-
butyl aaylate)/silicadispersions at concentrations of 0.25 to 5.00
wt. %, the droplet size distributions in ead case are displayed in

es theinset. At low particle concentrations (< 1.0 wt. %), large

Fig. 8 Covalently cross-linked colloidosomes prepared using 5.0 ml
sunflower oil, 45 mg PPG-TDI and 5.0 ml of 1.0 wt. % agqueous
poly(styrene-co-n-butyl aciylate)/silicaparticles at pH 3. The mixtures
70 were homogenised for 2 minutes at 12,000rpm and allowed to stand for 1
h before washing with excess isgpropanol. Image (A) shows an SEM
image of acollapsed colloidosome and (B) its magnified leading edge;
(C)isaTEM image of the leading edge of a single colloidosame,
showing the 19 nm silica particles within the polymeric phase. An optica
75 micrograph of the colloidasomes that survive after an alcohol challengeis
shown in image (D).

relatively unstable emulsion droplets are formed with small
quantities of excess nanocomposite paticles presert in the
aqueous phase after creaming. The sunflower oil droplet size
s becames approximately constant (100 — 120 um) above particle
concentrations of 1.0 wt. %, with the excess nanocomposite
particles remaining in the lower aqueows phase (as indicated by a
turbid rather than transparent solution). These observations are
similar to those made for emulsions made with 107 nm
85 poly(glycerol monomethaaylate)-stabilised polystyrene latex
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particles prepared by Thompson et al. Howevae, in this case the
latex was a rather more efficient Pickering emulsifier, since no
exagesslatex was present at concentrations bdow 1.5 wt. %.

Colloidosomes

s Stable Pickering emulsions can be easily prepared using 19 nm
silica sol or padymer/silica nanocomposite particles at low pH
and/or in the presence of added salt. Moreover, the glycerol
functionality on the surfaces of these particles may be utilised to
form covaently crossdinked colloidosomes, as previously

10 demonstrated by Thompson et al. for glycerol-functionalised
latexes> © This can be achieved by dissolving an oil-soluble
polymeric diisocyande (PPG-TDI) in the sunflower oil phase
prior to homogenisation with the aqueouws phase. Emulsificaion
alows the isocyanate groups to read with the surface glycerol

15 groups on the silica particles to form urethane bords. If these
urethane linkages form cross-inks between adjacent silica
particles around the emulsion droplets, the superstructure can be
locked into placeforming colloidasome microcapsul es.

The integrity of these colloidosomes can be readly tested

20 using an ‘alcohol challenge’ whereby the oil droplet phase is

Fig. 9 Covalently cross-linked colloidosomes prepared using 5.0 ml
sunflower oil, 45 mg PPG-TDI and 5.0 ml of 2.7 wt. % agueous
polystyrene/silicaparticles at pH 3. The mixtures were homogenised for 2
25 minutes at 12,000 rpm and all owed to stand for 1 h before washing the oil
phase with excess isopropanol. (A) shows an opticd micrograph of the
colloidosames that survive an alcohol chalenge, (B, C and D) are SEM
images at increasing magnification of collapsed colloidosames, with
image (D) showing the highly magnified leading edge of the
30 colloidosamein (C), which confirmsits particle microstructure.

completely removedusing excessisopropand.®’ Non-crosslinked
Pickering emulsions stabilised with either cdloida silica or
nanocomposite paticles do not survive such a chalenge
However, in the case of cross-linked coll oidosomes, the internal
35 0il phase is removed but the shell should remain intadt. The
resulting hollow shells can be observed by opticd microscopy
and SEM.
Figure 8D shows a typica optical micrograph obtained for a
poly(styrene-co-n-butyl aaylate)/silica nanocomposite Pickering
40 emulsion prepaed using PPG-TDI after an alcohal challenge

The surviving colloidosome microcgsules provide good
evidence for effective inter-particle crossdinking; when an
acohal chalengeis conducted on non-crossdinked emulsions, no
microcapsules are observed. SEM images of the dried

45 colloidosomes are shown in Figures 8A and 8B. In al cases the
colloidosomes are fully collapsed due to the ultra-high vacwm
conditions and appear to be 2D ‘pancakes’, rather than hollow
spheres. Unfortunately, the low Ty of these poly(styrene-co-n-
butyl aaylate)/silica particles cawses their coalescence upon

so drying to form a nanocomposite film; making it diffi cult to
observe the individud particles by SEM. Figure 8C shows a TEM
image of the edge of a single callapsed colloidosome, in this case
theindividual nanocompasite particles are better resolvedwith 19
nm silicaparticles discernible within the structure.

s In order to better visudise the paticulate shdl of the
colloidosomes, poly(styrene-co-n-butyl aaylate)/silica

narocomposites were repaced with the higher Ty

polystyrene/silica particles (ertry 2, Table 2). These particles

stabilise sunflower oil-in-water emulsions under the same
s0 conditions as previoudly discussed and thus could be used to form

cross-linked coll oidosomes. Figure 9 shows images obtained for

Fig. 10 Covalently crosslinked colloidosomes prepared using 5.0 ml
sunflower oil, 45 mg PPG-TDI and 5.0 ml of 1.0 wt. % agueous glycerol-

65 functionalised silicaparticles at pH 3. The mixtures were homogenised

for 2 minutes at 12,000 rpm and allowed to stand for 1 h before the
opticd micrograph in (A) was taken. Image (B) shows an opticd
micrograph recorded for the surviving colloidosomes after washing with
excessisopropanol and (C + D) are SEM images of the dried
70 colloidosames, which collapse completely under ultra-high vacuum
conditions.

these palystyrene/sili ca coll oidosomes after analcohol chdlenge
The most noticealbe difference is that there appeas to be alarge
degree of debris in both the opticd micrograph and the SEM
75 images. This is most likely due to a combination of free (non-
adsorbed) narocomposite  paticles  remaining  after
homogenisation (thus nat cross-linked) and fragmerts of partialy
cross-linked narocomposite coll oidasomes which have detached
from the microcapsules. Neverthdess, some intad colloidosomes
soare presert in these micrographs and the individua




nanocomposite particles canbe observed by SEM and TEM. As
expeded, the colloidosome shdls closely resemble the original
particles shown in Figure 2F, i.e. they are sphericd ard clealy
decorated with silicaparticles.

s Sincethe surfaceglycerol groups on the silicanangarticlesin
the shdl of the nanocomposite particles can be reacted with PPG-
TDI to form covalently cross-inked colloidosomes, it follows
that microcapsules comprising ultrathin 19 nm silicashells can be
formed. Thisis indeeal the case; when PRG-TDI is presert in the

10 0il phase prior to homogenisation with agueows Bindzil CC40,
covalently cross-linked coll oidosomes are observed. Figure 10A
shows an opticd micrograph of sunflower oil-in-water droplets
stabilised by the glycerol-functionalised silica sol. When such
colloidosomes are washed with isoproparol, intad microcapsules

15 can be observed (Figure 10B). These silica colloidosomes are
geneally much harder to visudise using opticad microscopy than
those prepared using nanomposite particles. Thisis due to their
much thinner shells. As the isopropand begns to evgporate from
the microscope dide, the colloidosomes begn to aggregate and

20 evertually collapse, alowing highe contrast images to be
recorded.

Figures 10C and 10D show SEM images of collapsed silica
colloidosomes, which appea as approximately circular imprints
on the stub rather than protruding from its surface Thisis aresult

25 Of the large quartity of excess silica present in the sample (and
thus on the stub). As the isoproparol solution is deposited onto
the SEM stub, the colloidosomes will be large and spherical.
Once the isoproparol evaporates the free silica will deposit
around the edges of the colloidosomes forming a relatively thick

30 silica layer. After collapsing, the remaining silica ‘pancake’ will
be only two particles thick, thus appeaing as an imprint on the
stub. This is fortuitous: when silica coll oidosomes are viewed by
SEM with no excess silica present, no microcgpsules can be
detected due to the nano-sized dimersions of the silicasol.

s A control experiment using unmodified silica (entry 2, Table
1) confirmed the importance of having glycerol functionality on
the surface of the silica paticles. As previoudy demonstrated,
these unmodified silica paticles reaily stahilise Pickeing
emulsions at low pH. However, when PPG-TDI is incorporated

40 into the oil phase and the resulting emulsion is chdlengeal with
isoproparol, no intad coll oidosomes are observed either by SEM
or opticd microscopy. This negative control expeiment
highlights the requirement for surface glycerol groups to form
covalently crossdinked colloidosomes.

4 Pickering emulsions prepared either with silica or
nanocomposite paticles are sensitive to the addition of base,
whereas covdertly crosslinked colloidosomes are insersitive.
This is demonstrated in Figure 6, whereby covaently cross-
linked colloidosomes prepared using poly(styrene-co-n-butyl

s0 aaylate)/silica nanocomposite paticles at pH 3 retain ther
droplet size distribution when transferred to water at pH 10. In
contrast, when the andogous non-cross-linked Pickering
emulsion is trarsferred to water at pH 10, substartia
demulsification is observed within 5 minutes. This differing

ss stability supports the successful formation of covalently cross-
linked microcasul es under the former conditions.

Release of small molecules from colloidosomes

It has previously been shown that small moleale fluorescent

dyes are rapidly released from colloidosomes prepared from

o0 stericdly stakilised latexes® Microcapsule permeability could be
reduced by the deposition of a polypyrrole overlayer, athough
not significartly. Furthermore, it was suggeged that the size of
the intrinsic packing defects presert in the colloidosome shdl is
diredly relatedto the size of the spedes that can be retained. The

s approximate packng defed dimensions were suggested to be 0.7
times the size of the latex particles comprising the colloidosome
shell. Recertly, Williams et al.%® demonstrated tha the release of
a small moleaule dye from colloidasomes comprising disordered
namo-sizedLaponite clay platelets aso occurs within a short time

7 scde (15 h), suggesting that the encepsulation of a molecular
spedes (e.g. adye) is highly problematic.

In order to compare the encapsulation behaviour of the
nanocomposite colloidosomes with previous studies, the release
of fluorescein dye was invedigaed. Fluorescein is an oil-soluble

75 compound with a pK, of 6.3 and henceremains water-insoluble at
low pH. When exposed to akaline pH this add dye bemmes
ionised ard hence water-soluble; its release into the aqueous
continuous phase can be detected via UV/Vis spedrophotometry
at 490 nm.® Nanocompasite colloidosomes were prepaed using

g0 an addic aqueous phase andsunflower oil containing PPG-TDI
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Fig. 11 Release curves obtained at pH 9 for fluorescen dye diff using
from: (m, A) covalently cross-linked poly(styrene-co-n-butyl
acrylate)/silicacolloidosames prepared at different concentrations, ()
85 annealed colloidosomes and (#) asurflower ail control. In all casesthe
release of fluorescein occurs at esentialy the same rate and is complete
within 24 h.

cross-linker plus a small quartity of fluorescein (1 mg ml™Y). It
was evidert tha the fluorescein was successully encapsulated

% inside the oil droplets due to the pink colouration of the
(creamed) Pickering emulsions. The droplet size distributions of
these colloidosomes were comparable to those prepared without
fluorescen and the microcgsules remained stable upon the
addition of base. To deted the rate of dye release, a fixed volume

s Of the colloidosomes was pipetted onto the surfaceof an akaline
aqueous solution (pH 9) in a cuvette. The oil droplets remained
on the surfaceof the agueous phase due to their low density, and
the release of the dye into the basic water was monitored over
time.

wo  Figure 11 shows the release curves obtained for the pH-
triggered release of fluorescein from various covdertly cross-
linked nanocomposite calloidosomes ard also a pure sunflower
oil control. The absorbance due to the fluorescein in the aqueous
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phase steaily increased over time as this dye diffuses out of the
colloidosomes. Notably, the release rate of the dye from pure
sunflower oil occurs over the same time scde as from
poly(styrene-n-butyl aaylate)/silica colloidosomes, with full
release occurring within 24 h. Unsurprisingly, the relesse rate
was insensitive to droplet diameter, which was varied by using a
range of nanocomposite particle concentrations. In an attempt to
retard the relesse of the dye, the narmpcomposite-stabilised
Pickering emulsions were not only crossdinked, but also heaed
above the T, of the polymeric core (50 °C) in order to remove
any defeds present in the microcgpsule shdl. Howevae, in al
cases no detedable retardation of dye release was observed.

The release of fluorescen dye from silica colloidosomes
proved to be much more problematic to investigate. Unlike for
the poly(styrene-con-butyl aaylate)/silica namocomposite
particles, the combination of fluorescein dye and PRG-TDI in the
oil phase did not alow the formation of silica stablised
emulsions at low pH. The addition of add and eledrolyte did
yield stable colloidosomes, but unfortunately on addition to the
surface of akaline solution the microcapsules began to sediment
and henceinterfere with the UV/Vis measurements.

Conclusions

Glycerol-functionalised colloidd silica sol and core-shell
polymer/silica nanocomposite particles can be used to prepare
oil-in-water Pickering emulsions at low pH using sunflower oil.
Addition of PRG-TDI cross-linker to the oil phase produces
covalently crosslinked colloidosomes via urethane chemistry.
There is evidence that this crosslinker stahilises these emulsions
to the addition of base and colloidosomes remain intact after an
acohal challengewith excessisopropanal. Colloidosomes are not
formed in the absence of PPG-TDI. As expeted the mean
emulsion droplet diameter deaeases with increasing emulsifier
concentration. Colloidasomes can be observed by SEM, but they
are collapsed under ultrachigh vaauum conditions. When
poly(styrene-co-n-butyl aaylate)/silica nanocomposite particles
form the colloidosome shdl, individual particles cannot be
distinguished by SEM due to their film-forming nature. When
investigated by TEM, both silicaand polymer are clearly present,
althoudh their core-shell nature is difficult to verify. Release of
fluorescen into akaline solution is observed to be almost
complete after 24 h in al cases investigated. This indicaestha
such colloidosomes are inherertly permeable and thus camot
retain oil -soluble molecular cargoes.
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