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Preparation of Pickering emulsions and colloidosomes using either a
glycerol-functionalised silica sol or core-shell polymer/silica
nanocomposite particles
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Abstract. A commercial glycerol-modified 19 nm silica sol has been homogenised with sunflower oil to
form stable Pickering emulsions and also covalently cross-linked colloidosomes. Colloidal core-shell
polymer/silica nanocomposite particles produced using this glycerol-functionalised silica were also used
to produce both Pickering emulsions and colloidosomes containing hybrid shells comprising both
inorganic and organic components. The formation of stable oil-in-water Pickering emulsions required
either low pH or the addition of electrolyte: this is rationalised in terms of the highly anionic surface
character of the silica particles. Colloidosomes are readily obtained on addition of a polymeric
diisocyanate, which reacts with the surface glycerol groups on the silica particles. This oil-soluble crosslinker is confined to the interior of the emulsion droplets, thus avoiding inter-colloidosome aggregation.
The oil phase can be removed from the colloidosomes by washing with excess alcohol, resulting in
microcapsules comprising either a 19 nm particulate silica shell or a 240 nm polymer/silica shell. These
microcapsules can be imaged by optical microscopy in solution and by scanning electron microscopy in
the dry state. The permeability of these colloidosomes with respect to small molecule release was also
examined by incorporating an oil-soluble fluorescent dye during homogenisation that becomes watersoluble on raising the solution pH of the aqueous continuous phase. Finally, control experiments
performed with a non-functionalised silica sol confirmed that Pickering emulsions cannot be converted
into colloidosomes due to the absence of surface glycerol groups.
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Microcapsules with shells constructed from colloidal particles
(colloidosomes1) have seen a surge of academic interest over the
last decade,2, 3 with capsules comprising polymer latex,1, 4-14
inorganic sols,15-18 nanocomposite particles19 and quantum dots20
being prepared. Colloidosomes are generally formed by the selfassembly of colloidal particles at an oil-water interface to form
Pickering emulsions21 followed by locking in the super-structure
via annealing at elevated temperature,1, 8, 14 gelling the internal
phase13, 16, 22 or inter-particle cross-linking.6, 7, 14, 23, 24 We recently
reported the fabrication of colloidosomes via covalent crosslinking of sterically stabilised latex particles at the oil-water
interface.5, 6 It was shown that an oil-soluble polymeric
diisocyanate could cross-link latex-stabilised Pickering emulsion
droplets from within the oil phase by reacting with hydroxyfunctional steric stabiliser chains. Unfortunately, these capsules
failed to significantly retard the release of an encapsulated small
molecule dye over short time scales, with full release occurring
within 20 h due to the highly permeable nature of the particulate
shells. The formation of Pickering emulsions using colloidal
particles such as silica sols25, 26 and nanocomposite particles27, 28
is well documented.29 However, as far as we are aware, there is
little literature precedent for the formation of stable
colloidosomes using solely nano-sized silica or polymer/silica
nanocomposite particles using cross-linking chemistry.
The preparation of colloidal nanocomposites comprising either
conducting polymer-silica30-34 or vinyl polymer-silica35-42 has
been widely reported.43-45 It has been shown that such colloidal
nanocomposites can act as pH-responsive Pickering
emulsifiers,27, 28 synthetic mimics for micrometeorites46, 47 and
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high performance exterior architectural coatings.48 Formulations
for vinyl (co)polymer/silica nanocomposites are generally the
most efficient (i.e. relatively high monomer conversions and
silica aggregation efficiencies can be achieved) and often have a
polymer core-silica shell morphology.38, 39, 41 For example, Armes
et. al. reported a highly efficient surfactant-free formulation for
the preparation of colloidal polystyrene/silica,40, 42 poly(methyl
methacrylate)/silica41
and
poly(styrene-co-n-butyl
acrylate)/silica49 nanocomposite particles with well-defined coreshell particle morphologies and up to 95 % silica aggregation
efficiency. In this formulation, the key to success is the use of a
commercially available glycerol-functionalised aqueous silica sol
(Bindzil CC40)50 in combination with a cationic azo initiator.
Herein we describe the formation of Pickering emulsions using
commercially available unmodified and glycerol-functionalised
aqueous silica sols. Furthermore, core-shell polymer/silica
nanocomposite particles prepared using the glycerolfunctionalised silica sol are also used to successfully stabilise
Pickering emulsions. The conditions required for successful
emulsification are investigated and the resulting Pickering
emulsions are characterised in terms of their emulsion type and
droplet size distributions. The glycerol functionality on the silica
particle surface is then utilised to covalently cross-link the
Pickering emulsions using an oil-soluble polymeric diisocyanate
in order to form stable colloidosomes comprising either 19 nm
silica or 240 nm polymer/silica nanocomposite shells (see Figure
1). These colloidosomes are studied by optical and electron
microscopy and the release of a pH-responsive dye from their
interior is investigated.
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monomer, 500 mg AIBA and 396 g water.
Preparation of Pickering Emulsions and Colloidosomes
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PPG-TDI (0 - 79 mg) was weighed into a sample vial and then
dissolved in either sunflower oil or n-dodecane (5.0 ml). This
solution was homogenised for 2 minutes with 5.0 ml of an
aqueous solution at pH 3 - 10 containing 0.1 - 5.0 wt. % of either
nanocomposite particles or silica sol using a IKA Ultra-Turrax T18 homogeniser equipped with a 10 mm dispersing tool and
operating at 12,000 rpm. The resulting emulsions were allowed to
stand at room temperature for at least 60 minutes to allow the
urethane cross-linking reaction to occur.
Encapsulation and Release Studies
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Fig. 1 Preparation of poly(styrene-co-n-butyl acrylate)/silica
nanocomposite particles by aqueous emulsion polymerisation at 60 °C,
followed by addition of oil and homogenisation to form a Pickering
emulsion. The nanocomposite particles stabilising the emulsion droplets
can be covalently-stabilised using an oil-soluble PPG-TDI cross-linker to
form stable colloidosomes.
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Styrene (S) and n-butyl acrylate (BuA) were purchased from
Aldrich, passed in turn through a basic alumina column to
remove inhibitor and stored at Azobis(isobutyramidine) dihydrochloride (AIBA), n-dodecane,
sunflower oil, fluorescein and tolylene 2,4-diisocyanateterminated poly(propylene glycol) [PPG-TDI] were purchased
from Aldrich and used as received. Ethanol and iso-propanol
were purchased from Fisher and used as received. Glycerolfunctionalised silica sol (Bindzil CC40; 37 wt. % aqueous
dispersion; TEM number-average diameter = 19 nm) and
unmodified silica (Bindzil 2040, 40 wt. % aqueous dispersion,
TEM number-average diameter = 20 nm) were supplied by Eka
Chemicals (Bohus, Sweden), which is a division of AkzoNobel
(Netherlands). Deionised water obtained from an Elgastat Option
3A water purifier was used in all experiments.
Nanocomposite Synthesis
For the poly(styrene-co-n-butyl acrylate)/silica particles, Bindzil
CC40 silica sol (95 g) was added to deionised water (352 ml) and
the solution was degassed using nitrogen. Styrene (25 g) and nbutyl acrylate (25 g) monomer were then added and the solution
was heated to 60 °C with magnetic stirring at 250 rpm. The
polymerisation was initiated by the addition of AIBA (500 mg)
dissolved in degassed, deionised water (5.0 ml) and allowed to
proceed for 24 h. A further charge of AIBA initiator (100 mg)
was added after this time in order to oligomerise unreacted
monomer present. Any excess silica was removed by
centrifugation at 5 °C using a refrigerated centrifuge, followed by
redispersion of the sedimented nanocomposite particles in water.
The polystyrene/silica particles were prepared using an almost
identical protocol using 57 g Bindzil CC40 silica, 51 g styrene
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Fluorescein (1 mg) and PPG-TDI (40 mg) were added in turn to a
sample vial and dissolved in sunflower oil (5.0 ml). This mixture
was homogenised for 2 minutes with 5.0 ml of an aqueous acidic
5.0 wt. % of either
solution (pH 3.0) containing 0.1
polymer/silica nanocomposite particles or silica sol 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 allowed to stand at room temperature for at least
60 minutes to allow the urethane cross-linking reaction to occur.
Release studies were conducted using a Perkin-Elmer Lambda 25
UV/visible spectrophotometer operating in time drive mode. A
known volume (20 µl) of colloidosomes was placed on top of an
aqueous solution (3.0 mL, pH 9) in a plastic cuvette equipped
with a magnetic stirrer. The absorbance at 490 nm due to the
released dye was monitored as a function of time. Since the
colloidosomes are less dense than water, they remain at the top of
the cuvette and hence do not pass in front of the transmitted
beam. As a control experiment, pure oil containing the same
concentration of dissolved dye was used instead of
colloidosomes.
Dynamic light scattering (DLS)
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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. Back-scattered light was detected at 173°
and the mean particle diameter was calculated over thirty runs of
ten seconds duration from the quadratic fitting of the correlation
function using the Stokes-Einstein equation. All measurements
were performed in triplicate on highly dilute aqueous dispersions.
Laser diffraction
A Malvern Mastersizer 2000 instrument equipped with a small
volume Hydro 2000SM sample dispersion unit (ca. 50 mL), a HeNe 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 avoid creaming of the
emulsion during analysis. Corrections were made for background
electrical noise and laser scattering due to contaminants on the
optics and within the sample. After each measurement, the cell
was rinsed three times with isopropanol, followed by three
washes with distilled water. The cell walls were wiped with lens
cleaning tissue to avoid cross-contamination and the laser was
aligned centrally on the detector. In general, the emulsions were
analysed five times and the data were averaged. The raw data
were analysed using Malvern software and the mean droplet
2

Table 1 Surface functionality, surface area, density and measured mean particle diameters of the two colloidal silica sols used in this work.
Entry no.
1
2

Silica surface
functionality
Glycerol
None (Silanol)

BET surface area
(As) / m2 g-1
157
118

Density ( ) a / g BET diameter (d) b Number-average
cm-3
/ nm
diameter c / nm
2.04
19
19
2.19
23
20

Weight-average
diameter d / nm
22
23

Intensity-average
diameter e / nm
21
27

a
Determined by helium pycnometry. b Determined using d = 6 / As assuming a spherical morphology and non-porous particles c Determined using
TEM by counting at least 100 particles. d Determined using small angle x-ray scattering.51, 52 e Determined by dynamic light scattering; the polydispersity
index is given in brackets.
5

diameter was taken to be the volume-average diameter (D4/3)
4
3
which is mathematically expressed as D4/3
i Ni
i Ni.
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Disc centrifuge photosedimentometry (DCP)
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A CPS Instruments model 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
evaporation in order to extend the lifetime of the gradient. The
disc centrifuge was calibrated with a poly(vinyl chloride) latex
with a weight-average particle diameter of 263 nm. For each
sample, the mean dry particle density as measured by helium
pycnometry was used to calculate the weight-average particle
diameters. It has been recently shown that the weight-average
diameter reported by DCP for core-shell polystyrene/silica
nanocomposite particles is subject to a sizing artefact due to their
inherent density distribution, which in principle can be reanalysed
and corrected.53 However, no such correction was applied in the
present work. Hence the DCP standard deviation should be
treated as an underestimate of the true width of the particle size
distribution.

Aqueous electrophoresis
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Optical microscopy images were recorded with a Motic BA300
light microscope fitted with a digital camera.
Helium pycnometry
The solid-state densities of the dried polymer/silica
nanocomposite particles and silica sols were measured using a
Micrometritics AccuPyc 1330 helium pycnometer at 20 °C.

75

Thermogravimetric analysis (TGA)
35

40

Analyses were conducted on freeze-dried particles, which were
heated in air to 800 °C at a heating rate of 20 °C min -1 using a TA
Instruments Q500 thermogravimetric analyser. The observed
mass loss was attributed to complete pyrolysis of the copolymer
component, with the remaining incombustible residues being
attributed to pure silica (SiO2).
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Transmission electron microscopy (TEM)
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Images were recorded using a Phillips CM100 microscope
operating at 100 kV by drying a drop of dilute aqueous
nanocomposite or silica sol dispersion onto a carbon-coated
copper grid.

90

Field emission scanning electron microscopy (FE-SEM)
Images were recorded using a FEI Inspect instrument operating at
20 to 30 kV for samples dried onto carbon discs and sputter-

Zeta potentials were calculated from electrophoretic mobilities
using a Malvern Zetasizer NanoZS instrument equipped with an
autotitrator (Malvern MPT-1) in the presence of 1.0 mM KCl as a
background salt. The solution pH was initially adjusted to pH 11
by the addition of KOH and subsequently titrated to pH 1.5 using
HCl; zeta potential measurements were conducted as a function
of pH.

Results and Discussion
Characterisation of silica sols and nanocomposite particles

Optical Microscopy

30

coated with gold. Colloidosome samples were washed repeatedly
with isopropanol to remove any traces of oil and dried directly
onto aluminum stubs before sputter-coating.
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Commercial silica sols are readily available over a wide range of
sizes, media and surface functionalities. In this study, two nanosized aqueous silica sols are used to prepare Pickering emulsions;
the surface area, density and particle diameters of these sols are
summarised in Table 1. Glycerol-functionalised Bindzil CC40
silica sol (entry 1, Table 1) is a commercially available product
based on surface derivatisation of a conventional anionic silica
sol. In order to produce the glycerol functionality, the precursor
silica sol is reacted with (3-glycidyloxypropyl)trimethoxysilane.
The commercial glycerol-functionalised silica sol used in the
present study typically has one to two glycerol groups per nm2.50,
54
The surface area and density of the dried particles are 157 m2 g1
and 2.04 g cm-3 respectively, resulting in a calculated mean
particle diameter of 19 nm. As expected, the mean diameters
obtained from TEM, SAXS and DLS all correlate well with this
BET value (see Table 1). Bindzil 2040 (entry 2, Table 1) is a
conventional aqueous anionic silica sol with a surface area of 118
m2 g-1, a density of 2.19 g cm-3 and measured mean particle
diameter of 20-27 nm. In this study it is used to prepare Pickering
emulsions and also 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
polystyrene/silica
and
poly(styrene-co-n-butyl
acrylate)/silica nanocomposite particles were prepared by
aqueous emulsion polymerisation using scaled-up protocols of
those reported by Schmid et al.42, 49 Table 2 summarises the
nanocomposite particles investigated in this work. Entry 1 is a
poly(styrene-co-n-butyl acrylate)/silica nanocomposite prepared
using a 50:50 comonomer ratio, with an apparent weight-average
diameter of 207 ± 70 nm and a mean silica content of 39 wt. %.
Entry 2 is a polystyrene/silica nanocomposite with a weightaverage diameter of 321 ± 60 nm and a mean silica content of 23
wt. %. The scale of the polymerisation (50 g versus 5 g
monomer) does not appear to affect the particles; their mean
3

Table 2 Summary of the two polymer/silica nanocomposites used in this work. Both samples were prepared by aqueous emulsion polymerisation at 60 °C
using a commercial 19 nm silica sol (Bindzil CC40) and cationic AIBA initiator.a
Entry no.
1
2

5

Intensity-average
diameter c / nm
226 (0.069)
422 (0.070)

St : BuA comonomer Weight-average diameter
b
/ nm
ratio
50 : 50
207 ± 70
100 : 0
321 ± 60

20

39
23

1.37
1.24

35

nanocomposite particles (images E + F) used in this work. Both
of these colloidal nanocomposites clearly have silica-rich
surfaces, as previously confirmed by several techniques including
aqueous electrophoresis,42, 49 x-ray photoelectron spectroscopy42,
49
and small-angle x-ray scattering.51 Furthermore, it is apparent
that the poly(styrene-co-n-butyl acrylate)/silica particles begin to
coalesce on the SEM stub due to their sub-ambient Tg; upon
drying, these nanocomposites form transparent free-standing
films.49 As expected, the high Tg polystyrene/silica
nanocomposite particles do not coalesce and remain as discrete
spherical particles.

40

Fig. 3 Aqueous electrophoresis curves obtained for (A) glycerolfunctionalised and non-functionalised silica sols (entries 1 and 2, Table
1); (B) 50:50 poly(styrene-co-n-butyl acrylate)/silica and
polystyrene/silica nanocomposite particles (entries 1 and 2, Table 2).

30

15

Density e / g cm-3

a
Polymerisations were conducted using 50 g total comonomer in a total reaction mass of 500 g at 60 °C for 24 h; in both cases the final monomer
conversion was greater than 90 %. b As determined by disc centrifuge photosedimentometry. c As determined by dynamic light scattering, the
polydispersity index is given in brackets. d Determined by thermogravimetric analysis. e Determined by helium pycnometry.
25

10

Silica content d / wt. %

Fig. 2 Representative TEM and SEM images of (A) glycerolfunctionalised 19 nm silica, (B) 20 nm non-functionalised silica sol,
(C+D) poly(styrene-co-n-butyl acrylate)/silica nanocomposites and (E+F)
polystyrene/silica nanocomposite particles.

diameter, density and silica content correlate well with values
previously reported by Schmid et al.42, 49 It is already known
thatsuch nanocomposite particles have a wellmorphology with a polymeric core and a particulate silica shell.42,
49, 51
Furthermore, the use of glycerol-functionalised 19 nm silica
particles (in comparison with non-functionalised silica) is
essential for successful nanocomposite formation42 and the
interaction between the surface glycerol groups on the silica
particles with the polymeric core has been investigated by solidstate NMR studies.55
Figure 2 shows TEM and SEM images of the glycerolfunctionalised 19 nm colloidal silica and the 20 nm nonfunctionalised silica sol (images A + B), poly(styrene-co-n-butyl
acrylate)/silica (images C + D) and polystyrene/silica

Pickering emulsions
The conditions required to form stable Pickering emulsions using
12 nm colloidal silica particles with toluene as the oil phase have
previously been investigated by Binks and Lumsdon.26 It was
4
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shown that the stability of Pickering emulsions towards both
creaming and coalescence depends on the solution pH, electrolyte
concentration and type of electrolyte used. In the presence of
NaCl, it was found that the Pickering emulsions had a maximum
stability towards coalescence at pH 4, which corresponds to a
relatively low negative zeta potential for the silica particles. At
high pH, the silica particles became too anionic to act as effective
Pickering emulsifiers. Similar observations were made by Blute
et al. for the preparation of foams stabilised by colloidal silica
sols.56 In general, the foamability of these sols was found to be
greatest when the silica had the lowest degree of hydrophilicity
(i.e. at low pH) and at higher particle concentrations.
Although the glycerol-modified silica sol is likely to behave in
a similar manner to non-functionalised silica particles, there is no
doubt that the surface modification reduces their anionic charge
compared to untreated silica sols (Figure 3A). In order to
investigate the conditions required for successful emulsion
formation, 5.0 ml of a 5.0 wt. % aqueous silica sol was
homogenised with 5.0 ml sunflower oil for 2 minutes at 12,000
rpm. Both non-functionalised and glycerol-functionalised silica
were investigated and the solution pH was varied from pH 2 to10.

Fig. 4 Optical micrographs and digital photographs of Pickering
emulsions prepared by homogenising 5.0 ml sunflower oil and 5.0 ml of
5.0 wt. % aqueous Bindzil 2040 silica sol at (A) pH 10, (B) pH 6 and (C)
pH 3. The mixtures were homogenised for 2 minutes at 12,000 rpm and
allowed to stand for 1 h before optical 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,
whereas (C) remained stable.
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Fig. 5 Droplet size distributions obtained using laser diffraction for
Pickering emulsions prepared using 5.0 ml sunflower oil and 5.0 ml of 2.7
wt. % aqueous poly(styrene-co-n-butyl acrylate)/silica particles. Particle
size distributions were recorded for emulsions prepared with solution pH
between 10 and 6. The addition of 1 M NaCl electrolyte at pH 6 enhanced
emulsion stability compared to emulsions prepared in the absence of
added salt.

Fig. 6 Droplet size distributions obtained using laser diffraction 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 PPG-TDI and 5.0 ml of 2.5 wt. % aqueous poly(styrene-co-nbutyl acrylate)/silica particles at pH 3; (B) Pickering emulsion droplets
prepared using 5.0 ml sunflower oil and 5.0 ml of 2.5 wt. % aqueous
poly(styrene-co-n-butyl acrylate)/silica particles at pH 3.
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The resulting mixtures were analysed via optical microscopy and
laser diffraction in order to assess successful Pickering emulsion
formation. Figure 4 shows optical micrographs and digital
photographs of emulsions prepared using unmodified silica at pH
10, 6 and 3. As expected, 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 visually and by optical
microscopy. However, within one week the emulsion prepared at
pH 10 demulsified to form two separate phases whereas the
corresponding emulsion stabilised using silica at pH 3 remained
stable for at least this time period. The formation of a stable
Pickering emulsion was expected at low pH due to the relatively
low surface charge of the silica particles, as previously reported
by Binks and Lumsdon26 for Pickering emulsions and Blute et
al.56 for foams. The observations made for the glycerolfunctionalised silica were almost identical to those for the
unmodified particles.
Figure 5 shows the typical droplet size distributions obtained
when aqueous poly(styrene-co-n-butyl acrylate)/silica particles
(entry 1, Table 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. nanocomposite particle
concentration for Pickering emulsions prepared using 5.0 ml sunflower
oil and 5.0 ml of aqueous poly(styrene-co-n-butyl acrylate)/silica particles
at pH 3. The inset shows the particle 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 size distributions
were recorded using laser diffraction.
70
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prepared in this work have relatively broad droplet size
distributions. Established methods such as membrane
emulsification57, 58 or the use of a microfluidic device24 could
possibly yield more monodisperse emulsions, but these
techniques are beyond the scope of this work. Stable Pickering
emulsions were obtained using aqueous nanocomposite particles
at low pH. The smallest, most stable oil droplets were obtained at
pH 2 when the silica particles and hence nanocomposite particles
have their lowest surface charge (Figure 3). At both pH 3 and 4,
stable emulsions were obtained with mean droplet diameters of
approximately 100 µm. Above this pH unstable emulsions were
obtained, as evidenced by the multi-modal droplet size
distributions and increase in the signal due to free nanocomposite
particles at around 200 nm. Furthermore, both nanocomposite and
silica-stabilsed Pickering emulsions prepared at low pH are pH-
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sensitive; i.e. demulsification can be triggered by the addition of
base to these emulsions, as confirmed by laser diffraction (see
Figure 6B). This inherent instability at higher pH can be
counteracted by the addition of electrolyte. For example, stable
Pickering emulsions can be prepared at pH 6 when 1 M NaCl is
used as a background salt (see Figure 5). In essence, the
conditions for successful Pickering emulsion formation require
either low pH and/or added salt to reduce or screen the silica
surface charge. These conditions are required for both the anionic
glycerol-functionalised 19 nm silica and the polymer/silica
nanocomposite particles. This is unsurprising given the core-shell
morphology of the nanocomposite particles, which ensures a
silica-rich surface composition.
The concentration dependence of the sunflower oil droplet
diameter was investigated by homogenising equal volumes of oil
with aqueous dispersions containing various concentrations of
particles at pH 3. Figure 7 shows the volume-average sunflower
oil droplet diameter obtained for a series of poly(styrene-co-nbutyl acrylate)/silica dispersions at concentrations of 0.25 to 5.00
wt. %, the droplet size distributions in each case are displayed in
the inset. 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. % aqueous
poly(styrene-co-n-butyl acrylate)/silica particles at pH 3. The mixtures
were homogenised for 2 minutes at 12,000 rpm and allowed to stand for 1
h before washing with excess isopropanol. Image (A) shows an SEM
image of a collapsed colloidosome and (B) its magnified leading edge;
(C) is a TEM image of the leading edge of a single colloidosome,
showing the 19 nm silica particles within the polymeric phase. An optical
micrograph of the colloidosomes that survive after an alcohol challenge is
shown in image (D).

relatively unstable emulsion droplets are formed with small
quantities of excess nanocomposite particles present in the
aqueous phase after creaming. The sunflower oil droplet size
becomes approximately constant (100 120 µm) above particle
concentrations of 1.0 wt. %, with the excess nanocomposite
particles remaining in the lower aqueous phase (as indicated by a
turbid rather than transparent solution). These observations are
similar to those made for emulsions made with 107 nm
poly(glycerol monomethacrylate)-stabilised polystyrene latex
6

particles prepared by Thompson et al.6 However, in this case the
latex was a rather more efficient Pickering emulsifier, since no
excess latex was present at concentrations below 1.5 wt. %.
Colloidosomes
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Stable Pickering emulsions can be easily prepared using 19 nm
silica sol or polymer/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 covalently cross-linked colloidosomes, as previously
demonstrated by Thompson et al. for glycerol-functionalised
latexes.5, 6 This can be achieved by dissolving an oil-soluble
polymeric diisocyanate (PPG-TDI) in the sunflower oil phase
prior to homogenisation with the aqueous phase. Emulsification
allows the isocyanate groups to react with the surface glycerol
groups on the silica particles to form urethane bonds. If these
urethane linkages form cross-links between adjacent silica
particles around the emulsion droplets, the superstructure can be
locked into place forming colloidosome microcapsules.
The integrity of these colloidosomes can be readily tested
s

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. % aqueous
polystyrene/silica particles at pH 3. The mixtures were homogenised for 2
minutes at 12,000 rpm and allowed to stand for 1 h before washing the oil
phase with excess isopropanol. (A) shows an optical micrograph of the
colloidosomes that survive an alcohol challenge, (B, C and D) are SEM
images at increasing magnification of collapsed colloidosomes, with
image (D) showing the highly magnified leading edge of the
colloidosome in (C), which confirms its particle microstructure.

completely removed using excess isopropanol.5-7 Non-crosslinked
Pickering emulsions stabilised with either colloidal silica or
nanocomposite particles do not survive such a challenge.
However, in the case of cross-linked colloidosomes, the internal
oil phase is removed but the shell should remain intact. The
resulting hollow shells can be observed by optical microscopy
and SEM.
Figure 8D shows a typical optical micrograph obtained for a
poly(styrene-co-n-butyl acrylate)/silica nanocomposite Pickering
emulsion prepared using PPG-TDI after an alcohol challenge.
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The surviving colloidosome microcapsules provide good
evidence for effective inter-particle cross-linking; when an
alcohol challenge is conducted on non-cross-linked emulsions, no
microcapsules are observed. SEM images of the dried
colloidosomes are shown in Figures 8A and 8B. In all cases the
colloidosomes are fully collapsed due to the ultra-high vacuum
spheres. Unfortunately, the low Tg of these poly(styrene-co-nbutyl acrylate)/silica particles causes their coalescence upon
drying to form a nanocomposite film; making it difficult to
observe the individual particles by SEM. Figure 8C shows a TEM
image of the edge of a single collapsed colloidosome, in this case
the individual nanocomposite particles are better resolved with 19
nm silica particles discernible within the structure.
In order to better visualise the particulate shell of the
colloidosomes,
poly(styrene-co-n-butyl
acrylate)/silica
nanocomposites were replaced with the higher Tg
polystyrene/silica particles (entry 2, Table 2). These particles
stabilise sunflower oil-in-water emulsions under the same
conditions as previously discussed and thus could be used to form
cross-linked colloidosomes. Figure 9 shows images obtained for

Fig. 10 Covalently cross-linked colloidosomes prepared using 5.0 ml
sunflower oil, 45 mg PPG-TDI and 5.0 ml of 1.0 wt. % aqueous glycerolfunctionalised silica particles at pH 3. The mixtures were homogenised
for 2 minutes at 12,000 rpm and allowed to stand for 1 h before the
optical micrograph in (A) was taken. Image (B) shows an optical
micrograph recorded for the surviving colloidosomes after washing with
excess isopropanol and (C + D) are SEM images of the dried
colloidosomes, which collapse completely under ultra-high vacuum
conditions.

these polystyrene/silica colloidosomes after an alcohol challenge.
The most noticeable difference is that there appears to be a large
degree of debris in both the optical micrograph and the SEM
images. This is most likely due to a combination of free (nonadsorbed)
nanocomposite
particles
remaining
after
homogenisation (thus not cross-linked) and fragments of partially
cross-linked nanocomposite colloidosomes which have detached
from the microcapsules. Nevertheless, some intact colloidosomes
are present in these micrographs and the individual
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nanocomposite particles can be observed by SEM and TEM. As
expected, the colloidosome shells closely resemble the original
particles shown in Figure 2F, i.e. they are spherical and clearly
decorated with silica particles.
Since the surface glycerol groups on the silica nanoparticles in
the shell of the nanocomposite particles can be reacted with PPGTDI to form covalently cross-linked colloidosomes, it follows
that microcapsules comprising ultrathin 19 nm silica shells can be
formed. This is indeed the case; when PPG-TDI is present in the
oil phase prior to homogenisation with aqueous Bindzil CC40,
covalently cross-linked colloidosomes are observed. Figure 10A
shows an optical micrograph of sunflower oil-in-water droplets
stabilised by the glycerol-functionalised silica sol. When such
colloidosomes are washed with isopropanol, intact microcapsules
can be observed (Figure 10B). These silica colloidosomes are
generally much harder to visualise using optical microscopy than
those prepared using nanocomposite particles. This is due to their
much thinner shells. As the isopropanol begins to evaporate from
the microscope slide, the colloidosomes begin to aggregate and
eventually collapse, allowing higher contrast images to be
recorded.
Figures 10C and 10D show SEM images of collapsed silica
colloidosomes, which appear as approximately circular imprints
on the stub rather than protruding from its surface. This is a result
of the large quantity of excess silica present in the sample (and
thus on the stub). As the isopropanol solution is deposited onto
the SEM stub, the colloidosomes will be large and spherical.
Once the isopropanol evaporates the free silica will deposit
around the edges of the colloidosomes forming a relatively thick
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dyes are rapidly released from colloidosomes prepared from
sterically stabilised latexes.6 Microcapsule permeability could be
reduced by the deposition of a polypyrrole overlayer, although
not significantly. Furthermore, it was suggested that the size of
the intrinsic packing defects present in the colloidosome shell is
directly related to the size of the species that can be retained. The
approximate packing defect dimensions were suggested to be 0.7
times the size of the latex particles comprising the colloidosome
shell. Recently, Williams et al.59 demonstrated that the release of
a small molecule dye from colloidosomes comprising disordered
nano-sized Laponite clay platelets also occurs within a short time
scale (15 h), suggesting that the encapsulation of a molecular
species (e.g. a dye) is highly problematic.
In order to compare the encapsulation behaviour of the
nanocomposite colloidosomes with previous studies, the release
of fluorescein dye was investigated. Fluorescein is an oil-soluble
compound with a pKa of 6.3 and hence remains water-insoluble at
low pH. When exposed to alkaline pH this acid dye becomes
ionised and hence water-soluble; its release into the aqueous
continuous phase can be detected via UV/Vis spectrophotometry
at 490 nm.6 Nanocomposite colloidosomes were prepared using
an acidic aqueous phase and sunflower oil containing PPG-TDI

30

35

40

45

50

55

be only two particles thick, thus appearing as an imprint on the
stub. This is fortuitous: when silica colloidosomes are viewed by
SEM with no excess silica present, no microcapsules can be
detected due to the nano-sized dimensions of the silica sol.
A control experiment using unmodified silica (entry 2, Table
1) confirmed the importance of having glycerol functionality on
the surface of the silica particles. As previously demonstrated,
these unmodified silica particles readily stabilise Pickering
emulsions at low pH. However, when PPG-TDI is incorporated
into the oil phase and the resulting emulsion is challenged with
isopropanol, no intact colloidosomes are observed either by SEM
or optical microscopy. This negative control experiment
highlights the requirement for surface glycerol groups to form
covalently cross-linked colloidosomes.
Pickering emulsions prepared either with silica or
nanocomposite particles are sensitive to the addition of base,
whereas covalently cross-linked colloidosomes are insensitive.
This is demonstrated in Figure 6, whereby covalently crosslinked colloidosomes prepared using poly(styrene-co-n-butyl
acrylate)/silica nanocomposite particles at pH 3 retain their
droplet size distribution when transferred to water at pH 10. In
contrast, when the analogous non-cross-linked Pickering
emulsion is transferred to water at pH 10, substantial
demulsification is observed within 5 minutes. This differing
stability supports the successful formation of covalently crosslinked microcapsules under the former conditions.
Release of small molecules from colloidosomes
It has previously been shown that small molecule fluorescent
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Fig. 11 Release curves obtained at pH 9 for fluorescein dye diffusing
from: ( , ) covalently cross-linked poly(styrene-co-n-butyl
acrylate)/silica colloidosomes prepared at different concentrations, ( )
a sunflower oil control. In all cases the
release of fluorescein occurs at essentially the same rate and is complete
within 24 h.

cross-linker plus a small quantity of fluorescein (1 mg ml-1). It
was evident that the fluorescein was successfully 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
fluorescein and the microcapsules remained stable upon the
addition of base. To detect the rate of dye release, a fixed volume
of the colloidosomes was pipetted onto the surface of an alkaline
aqueous solution (pH 9) in a cuvette. The oil droplets remained
on the surface of the aqueous phase due to their low density, and
the release of the dye into the basic water was monitored over
time.
Figure 11 shows the release curves obtained for the pHtriggered release of fluorescein from various covalently crosslinked nanocomposite colloidosomes and also a pure sunflower
oil control. The absorbance due to the fluorescein in the aqueous
8
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20

phase steadily 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 scale as from
poly(styrene-n-butyl acrylate)/silica colloidosomes, with full
release occurring within 24 h. Unsurprisingly, the release rate
was insensitive to droplet diameter, which was varied by using a
range of nanocomposite particle concentrations. In an attempt to
retard the release of the dye, the nanocomposite-stabilised
Pickering emulsions were not only cross-linked, but also heated
above the Tg of the polymeric core (50 °C) in order to remove
any defects present in the microcapsule shell. However, in all
cases no detectable retardation of dye release was observed.
The release of fluorescein dye from silica colloidosomes
proved to be much more problematic to investigate. Unlike for
the poly(styrene-co-n-butyl acrylate)/silica nanocomposite
particles, the combination of fluorescein dye and PPG-TDI in the
oil phase did not allow the formation of silica stabilised
emulsions at low pH. The addition of acid and electrolyte did
yield stable colloidosomes, but unfortunately on addition to the
surface of alkaline solution the microcapsules began to sediment
and hence interfere with the UV/Vis measurements.
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Glycerol-functionalised colloidal 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 PPG-TDI cross-linker to the oil phase produces
covalently cross-linked colloidosomes via urethane chemistry.
There is evidence that this cross-linker stabilises these emulsions
to the addition of base and colloidosomes remain intact after an
alcohol challenge with excess isopropanol. Colloidosomes are not
formed in the absence of PPG-TDI. As expected, the mean
emulsion droplet diameter decreases with increasing emulsifier
concentration. Colloidosomes can be observed by SEM, but they
are collapsed under ultra-high vacuum conditions. When
poly(styrene-co-n-butyl acrylate)/silica nanocomposite particles
form the colloidosome shell, individual particles cannot be
distinguished by SEM due to their film-forming nature. When
investigated by TEM, both silica and polymer are clearly present,
although their core-shell nature is difficult to verify. Release of
fluorescein into alkaline solution is observed to be almost
complete after 24 h in all cases investigated. This indicates that
such colloidosomes are inherently permeable and thus cannot
retain oil-soluble molecular cargoes.
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