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Abstract

Tissue engineering using polymeric scaffolds to support cell growth and tissue
regeneration is currently under development as a promising solution to tissue loss or organ
failure. This thesis focuses on fabricating multifunctional scaffolds for tissue engineering
using emulsion templating.

Poly(N-isopropylacrylamide-co-acrylic acid) [poly(NIPAAm-co-AA)] microgel particles
were found capable of stabilising both w/o and o/w high internal phase emulsions (HIPEs),
depending on the temperature, pH and salt concentration. PolyHIPEs were prepared by
photo-polymerisation of both HIPEs containing monomers in the continuous phase and
exhibited pore structures with sizes of a few hundred micrometers. For oil-soluble monomers,
e.g., divinylbenzene (DVB), microgel particles stabilised w/o HIPEs were obtained at 40 °C
using a microgel suspension (0.4 wt %) in 1 mM KCI solution at pH 4. For water-soluble
monomers, e.g., potassium acrylate (KAA), the crosslinker content was found crucial to the
formation of an open porous structure in poly(KAA) HIPEs. It was shown by cryo-scanning
electron microscopy that the interconnections were not generated upon polymerisation but
during solvent extraction. Highly interconnected poly(KAA) HIPEs prepared using 80 vol %
internal phase possessed a low density of ca. 0.03 g/cm® and a porosity up to 97~98%.

By using active ingredient (A.l.) loaded microgel particles as emulsifiers, polyHIPEs with
delivery functionality were developed. The emulsifying ability of A.L. loaded microgels was
found to be dependent on A.l.-microgel interactions. Paracetamol drug loaded microgel
particles resulted in stable o/w HIPEs at either low (400 rpm) or high stirring speed (1000
rpm) and hence polyHIPEs with tunable morphologies after polymerisation.

Microgel particles stabilised o/w HIPEs were also used to fabricate macroporous dextran
and dextran-co-polyNIPAAm. The pH of the aqueous phase was found crucial to HIPE
stability and pH 6.8 resulted in stable HIPEs without coalescence and macropores with
narrow pore size distribution after freeze-drying. By thermostating HIPEs prior to freezing or
by varying dextran concentration, the morphology of macroporous dextran was tunable.
Macroporous dextran-co-polyNIPAAm could potentially be used as a multiply responsive
scaffold. Besides the stimuli-responsiveness of microgel particles, polyNIPAAm segments of
the copolymers enabled scaffold integrity in water at physiological temperature.

Microgel particles stabilised HIPEs were established as a truly versatile template to

fabricate macroporous polymers for potential applications as tissue engineering scaffolds.
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and 32 °C. (Error of volume: £+ 0.1 ml.) Emulsions were prepared using 40 vol % DVB and microgel
suspensions (0.4 wt %) in | mM KCl solution of pH 2.5, 3 and 4, respectively. 78
2.18 Optical microscope images of emulsions taken at the beginning of aging and after emulsion volumes
became stable (scale bar 100 pm). Emulsions were prepared using 40 vol % DVB and microgel
suspension (0.4 wt %) in 1 mM KCl of pH 3. The temperatures of emulsions after homogenisation were
22.5 °C for (a)(b) and 21 °C for (c)(d), respectively. 79
2.19 Average particle size of poly(NIPAAm-co-AA) microgels as a function of temperature measured
using microgel suspensions with 0.4 wt % and 0.8 wt % microgels, respectively. The suspensions were
prepared using 1 mM KCI solution as the background and were adjusted to pH 4 prior to measurement..81
2.20 Optical micrographs of microgel-stabilised emulsions taken after emulsification at 15 °C and during
aging at 50 °C. Emulsification was carried out using a microgel (0.4 wt %) suspension in 1 mM KCl
solution of pH 4 and 40 vol % DVB. 82
2.21 Optical micrographs of microgel-stabilised emulsions taken after preparation at 37 °C and during
aging at 50 °C (scale bar 50 um). Emulsification was carried out using a microgel (0.4 wt %) suspension
in 1 mM KCl solution of pH 4 and 40 vol % DVB. 83

3.1 Chemical structures of the monomers, crosslinker and photoinitiator used in the preparation of
macroporous hydrogels from microgel-stabilised o/w HIPEs. The monomers are potassium acrylate (KAA)
and potassium methacrylate (KMAA); the crosslinker is N, N’-methylenebisacrylamide (BIS); the
photoinitiator is 2-hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1-propanone (Irgacure2959 or
12959). 98
3.2 Images of aqueous mixtures made up with 1 ml microgel suspension (0.8 wt % in 1 mM KCI solution)
and 4 ml KAA solution of various concentrations at 25 °C. The concentration of KAA is gradually
decreased from “1-1” (2.05 M) to “1-16” (0.51 M). Microgel particles aggregated and precipitated in
mixtures “1-1” to “1-8” (1.33 M) while suspensions from “1-9” (1.23 M) to “1-16” remained stable and
transparent. 99
3.3 Images of a series of 5 ml microgel suspensions in KAA solutions at 32 °C. KAA concentration
gradually decreased from “1-1” (2.05 M) to “1-16” (0.51 M). From “1-1” to “1-8” (1.33 M), large-sized
microgel clusters precipitated out; from “1-9” (1.23 M) to “1-12” (0.92 M), mixtures were turbid; from
“1-13” (0.82 M) to “1-16”, suspensions were transparent. 101
3.4 ITmages showing the stability of o/w HIPE prepared using 20 ml toluene and 5 ml microgel suspension
in KAA solutions with various KAA concentration: (a) [KAA] =1.33 M, t=0; (b) [KAA]=133M,t=
0.5 h; (c) [KAA]=1.33M,t=2.5h; (d) [KAA]=1.12 M, t =0; (¢) [KAA] =1.12 M, t =71 h; (f) [KAA]
=1.02 M, t=169 h; (g) [KAA]=0.92 M, t =29 h; (h) [KAA] = 0.82 M, t =25 h. The microgel content in
each HIPE was 8 mg. 102
3.5 Images of microgel-stabilised o/w HIPEs prepared using a two-speed protocol. An aqueous phase
containing 0.82 M KAA and 8 mg microgels was used together with 80 vol % oil phase for all. The oil
and the 2™ stirring speed in the stirring protocol (400 rpm as the 1 stirring speed during addition) were
varied. (a) HIPEs just after preparation, toluene and 1000 rpm; (b) phase separation, toluene and 2000 rpm;
(c) HIPEs after creaming (~2.1 ml aqueous phase on the bottom of the tube), hexane and 1000 rpm; (d)
HIPEs after creaming, hexane and 2000 rpm; (e) phase separation, hexane, 2000 rpm and microgels with 2
mol % crosslinking degree used in contrast to those with 1 mol % crosslinking degree for the others. ...104
3.6 Optical microscope images of emulsion drops taken from microgel-stabilised hexane-in-water HIPEs
after creaming occurred. Scale bar 200 um. 1000 rpm (left) and 2000 rpm (right) were used as the 2™
stirring speed in a two-speed stirring protocol for emulsification, respectively. 105
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3.7 Average particle size of poly(NIPAAm-co-AA) microgels suspended in KAA solutions (0.82 M) at
microgel concentrations of 1.6 mg/ml and 3.2 mg/ml, respectively. 108
3.8 Images of microgel-stabilised o/w HIPEs containing KAA after creaming occurred at RT. The oil phase
(80 vol %) was toluene for (a) and (b) in contrast to hexane for (c) and (d). Microgel concentrations in the
aqueous suspensions were 1.6 mg/ml, 3.2 mg/ml, 1.6 mg/ml and 4.0 mg/ml, respectively. Air bubbles
were present in (d). 108
3.9 Images of microgel-stabilised o/w HIPEs that experienced creaming at different temperatures. (a) and
(b) were toluene-in-water HIPEs prepared at RT (~22 °C) but subjected to creaming tests at RT and 30 °C,
respectively; (c) and (d) were hexane-in-water HIPEs that were prepared and tested at RT and at 31~32 °C,
respectively. 110
3.10 Photographs of samples prepared using 5 ml microgel suspension (1.6 mg/ml) in KAA solutions (0.82
M) and 20 ml toluene but using various stirring protocols for the addition of TMEDA. APS and BIS (10
mol %) were mixed into the aqueous suspension prior to emulsification. (a) Polymerised o/w HIPEs after
60 h at 31 °C, 3.7 ml toluene expelled, TMEDA added at the end of a one-speed stirring protocol (400
rpm); (b) 13.3 ml toluene expelled, TMEDA added during stirring at 1000 rpm in a two-speed stirring
protocol (400—1000 rpm); (c) polymerised o/w HIPEs after 52 h at RT and 2 d at 31 °C, 4.3 ml toluene
expelled, TMEDA added during stirring at the 3™ speed in a three-speed stirring protocol
(400—~1000—240 rpm). 113
3.11 Photographs of samples prepared using 5 ml microgel suspension (1.6 mg/ml) in KAA solutions (0.82
M) and 20 ml toluene. APS and DEGDVE (20 mol %) were mixed into the aqueous suspension prior to
emulsification. (a) TMEDA added during stirring at 1000 rpm in a two-speed stirring protocol
(400—1000 rpm) and ~12 ml toluene expelled after stirring (in the tube on the left); (b) TMEDA added
prior to stirring at 1000 rpm in a two-speed stirring protocol (400—1000 rpm) and ~1.3 ml toluene
expelled after stirring (in the tube on the left); (c) the sample shown in (b) were not solidified after 3 d at
30 °C. 113
3.12 SEM images of poly(KAA) Pickering-HIPEs prepared by photo-polymerisation of microgel-stabilised
o/w HIPEs with a manual rotation protocol during UV exposure. The aqueous phase of the HIPEs
contained 0.82 M KAA, 10 mol % BIS, 2 mol % photo-initiator 12959 and 1.6 mg/ml microgels while the
oil phase was toluene (80 vol %). After polymerisation, the sample was purified using a two-step Soxhlet
extraction with HCI in MeOH solution (0.8 M) and acetone in sequence. 115
3.13 SEM images of poly(KAA) Pickering-HIPEs prepared by UV-initiated free radical polymerisation
using a continuous rotation protocol during UV exposure. The o/w HIEPs were emulsified using microgel
suspension in KAA solution (1.6 mg/ml microgels, 0.82 M KAA, 10 mol % BIS, 2 mol % 12959), toluene
(80 vol %) and a one-speed stirring protocol (400 rpm). A pore and a “potential pore throat” (not open)
were marked in the pore structure. 116
3.14 Average particle size of poly(NIPAAm-co-AA) microgels in KAA solutions (0.82 M) with and
without BIS (10 mol % relative to KAA) and an initiator (12959 or APS, 2 mol % relative to the total
double bonds). 117
3.15 Photographs of photo-polymerised microgel-stabilised HIPEs by using various amounts of 12959.
From left to right: the initiator amount was 2.0 mol %, 1.5 mol %, 1.0 mol % and 0.5 mol % (relative to
the total double bonds), respectively. The HIPEs were emulsified using 5 ml microgel suspension in KAA
solution (1.6 mg/ml microgels, 0.82 M KAA, 10 mol % BIS) and 20 ml toluene. Black lines marked the
positions below which gels were formed after photo-polymerisation. 118
3.16 Photographs of the preparation process of poly(KAA) Pickering-HIPEs (a) A sample of microgel-
stabilised o/w HIPEs in a glass tube of 25 mm in diameter; (b) HIPEs cured after UV exposure; (c) the
gel-like sample was taken out of the tube by cracking the glass with a diamond knife; (d) the sample was
taken out of an extraction thimble after experiencing a designed Soxhlet-extraction procedure; (e) dried
sample, a polyHIPE. 118
3.17 SEM images of poly(KAA) Pickering-HIPEs prepared using various purification and drying protocols.
(a) One-step extraction with HCI in MeOH for 40 h, vacuum drying (one-step); (b) One-step extraction,
two-step drying (drying in a convection oven before vacuum drying); (c) Extraction with HCl in MeOH
for 40 h followed by extraction with acetone for 24 h (two-step extraction), one-step drying; (d) two-step
extraction, two-step drying. The drying temperature is 50 °C for all. 121
3.18 SEM images of poly(KAA) Pickering-HIPEs prepared using various purification and drying protocols.
(a) One-step extraction with HCI in MeOH for 40 h, vacuum drying (one-step); (b) One-step extraction,
two-step drying (drying in a convection oven before vacuum drying); (c¢) Extraction with HCl in MeOH
for 40 h followed by extraction with acetone for 24 h (two-step extraction), one-step drying; (d) two-step
extraction, two-step drying. The drying temperature is 70 °C for all. 122
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3.19 SEM images of poly(KAA) Pickering-HIPEs purified using extraction with HCl in MeOH for 72 h
plus extraction with acetone for 24 h but dried using either a one-step (a) or a two-step (b) protocol at 70
°C. 123

3.20 SEM images of poly(KAA) Pickering-HIPEs (a) freeze-dried polyHIPE hydrogel, (distilled water/dry
polyHIPEs= 200, w/w) (b) polyHIPEs extracted first with a 1:1 (v/v) mixture of HCl in MeOH and
distilled water ((HCI]= 0.15 M) for 26 h and then with acetone for 24 h, followed by vacuum drying at 60-
70 °C. 124

3.21 SEM images of poly(KAA) Pickering-HIPEs at two magnifications (x50 and x250). The HIPEs were
prepared using a microgel suspension in KAA solution (1.6 mg/ml microgels, 0.82 M KAA, 10 mol %
BIS and 2 mol % 12959), 85.0 vol % or 90.0 vol % toluene as the internal phase and a one-speed stirring
protocol (400 rpm). 126
3.22 SEM images of poly(KAA) Pickering-HIPEs prepared by polymerisation of HIPEs containing
constant ¢y, (80%) and KAA amount (0.82 M) but various BIS contents. During emulsification, a one-
speed stirring protocol (400 rpm) was used. 130

3.23 Photographs of poly(KAA) Pickering-HIPEs prepared by polymerisation of HIPEs containing 2.5
mol % BIS. (a) A sample taken out of the glass tube after polymerisation and left in a dry Petri dish; (b)
another sample taken out of the glass tube after polymerisation and left in an toluene-wetted Petri dish; (c)
the sample shown in (b) after solvent extraction (a piece of filter paper used to wrap the sample prior to
extraction) and vacuum drying. 131

3.24 SEM images of poly(KAA) Pickering-HIPEs prepared by polymerisation of HIPEs containing 2.5
mol % BIS. (a) and (b) were from sample that was purified using Soxhlet extraction and dried under
vacuum,; filter paper was used to wrap the sample during extraction. (c) and (d) were from sample that was
freeze-dried after polymerisation; p-xylene was used instead of toluene as the internal phase. ..c.ccoueueeee 132
3.25 SEM images of poly(KAA) Pickering-HIPEs prepared by polymerisation of microgel-stabilised
HIPEs containing various KAA concentrations, BIS contents and internal phase volume rations. The
magnifications of the images are x100 (left) and x250 (right) for each polyHIPEs. 134

3.26 Photographs of polymerised Pickering o/w HIPEs prepared by polymerisation of HIPEs containing 10
mol % BIS. From left to right: stirring speed of 400, 600, 700, 800 and 1000 rpm were used during
emulsification, respectively. The transparent part on the bottom, as marked (4 mm in height), was
polymerised aqueous solution (containing KAA and BIS) that separated from the bulk emulsions due to
creaming. 137

3.27 Photographs of polymerised Pickering o/w HIPEs prepared by polymerisation of HIPEs containing
various BIS contents (BIS/KAA, mol/mol). From left to right: a BIS content of 10.0%, 5.0%, 4.0%, 3.2%
and 2.5% was employed, respectively. The HIPEs were emulsified using a two-speed stirring protocol
(400—1000 rpm). Glass tubes have a diameter of 25 mm. 138
3.28 SEM images of poly(KAA) Pickering-HIPEs prepared by polymerisation of HIPEs that were
emulsified using a two speed stirring protocol (400—1000 rpm). The BIS contents in the HIPEs were 10
mol %, 5 mol %, 4 mol %, 3.2 mol % and 2.5 mol %, respectively. 139

3.29 SEM images of poly(KAA) Pickering-HIPEs prepared by polymerisation of HIPEs containing the
same crosslinking level (BIS/KAA = 2.5 mol %). During emulsification, a two-speed stirring protocol
(400—>1000 rpm) was used for (a) in contrast to a one-speed stirring protocol (400 rpm) for (b)(c)(d);
Soxhlet extraction and vacuum drying used for (a)(b)(c) in contrast to freeze-drying for (d) after photo-
polymerisation; during extraction, filter paper was used for sample wrapping in the case of (a) and (c). 140

3.30 Photographs of poly(KAA) Pickering-HIPEs after solvent extraction and vacuum drying. From left to
right: the crosslinking levels (BIS/KAA, mol/mol) used were 10.0%, 4.0% and 2.5%, respectively. ...... 141

3.31 SEM/EDX analysis of poly(KAA) Pickering-HIPEs showing obvious potassium peaks in different
parts (left: SEM images; right: the element analysis on the specified parts). For lower-magnification
images of the sample, see Fig. 3.28 (b). 142

3.32 SEM images of poly(KAA) Pickering-HIPEs prepared by polymerisation of HIPEs containing 1.5
wt % microgels and 2.5 mol % BIS. A two-speed stirring protocol (400—1000 rpm) was used during
emulsification. 143
3.33 Cryo-SEM micrographs of unextracted polymerised HIPEs under three sublimation conditions
(temperature, time): (a) -120 °C, 3 min; (b) -100 °C, 3 min 10 s; (c¢) -100 °C, 45 min. The HIPEs were
prepared using 0.15 wt % microgels, 0.82 M KAA, 2.5 mol % BIS, 2 mol % 12959, 80 vol % toluene and
a two-speed stirring protocol (400—1000 rpm). 145
3.34 Cryo-SEM micrographs of poly(KAA) Pickering-HIPEs after a one-step extraction with MeOH
(sublimation conditions: -110 °C, 3 min). The HIPEs were prepared using 0.15 wt % microgels, 0.82 M
KAA, 2.5 mol % BIS, 2 mol % 12959, 80 vol % toluene and a two-speed stirring protocol (400—1000
rpm). 147
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3.35 SEM images of poly(KAA) Pickering-HIPEs vacuum-dried at 70 °C after one-step extraction with
MeOH. The HIPEs were prepared using 0.15 wt % microgels, 0.82 M KAA, 2.5 mol % BIS, 2 mol %
12959, 80 vol % toluene and the two-speed stirring protocol (400—1000 rpm). 148

3.36 2-D schematics illustrating the proposed formation of pore throats in poly(KAA) Pickering-HIPEs. T,
G, M and P stand for toluene, poly(KAA) gel, MeOH and polymer, respectively. 149
3.37 Cryo-SEM micrographs of poly(KAA) Pickering-HIPEs after extraction with acetone (sublimation
conditions: -84 °C, 3 min). The HIPEs were prepared using 0.15 wt % microgels, 0.82 M KAA, 2.5 mol %
BIS, 2 mol % 12959, 80 vol % toluene and a two-speed stirring protocol (400—1000 rpm). The
polymerised HIPEs were purified using Soxhlet extraction with MeOH and acetone in sequence. ......... 149
3.38 TGA of poly(KAA) Pickering-HIPEs under N, atmosphere (heating rate: 10 °C/ min). The tested
polyHIPEs were prepared by polymerisation of HIPEs that were emulsified using 0.82 M KAA, 10 mol %
BIS, 0.15 wt % microgels and 85 vol % toluene and using a one-speed stirring protocol. ceeeeessesssssessaees 151

3.39 N, adsorption-desorption isotherms of poly(KAA) Pickering HIPEs measured after various degassing
durations from 4 h to 12 h and 24 h. The polyHIPEs were prepared using 10 mol % BIS and 80 vol %
internal phase. 153

3.40 Representative adsorption-desorption isotherms of poly(KAA) Pickering HIPEs that underwent three
degas-test cycles. The isotherms of polyHIPEs No.l (closed porous) and No.5 (open porous) were both
showed to move upwards in subsequent tests in comparison to the previous tests. The compositions of
these polyHIPEs are listed in Table 3.6. 155

3.41 Three cycles of BET surface area tests on poly(KAA) Pickering-HIPEs. The compositions of these
polyHIPEs are listed in Table 3.6. 156

3.42 Scheme of porosity measurement by a designed indirect method. A polymer block was prepared using
identical composition to the continuous phase of HIPEs, whose density was measured by Accupycl1330
and taken as the skeleton density of the polyHIPEs. Foam density of polyHIPEs was determined by
measuring the weights and dimensions of cuboids that were cut out of the polyHIPEs. Porosity was then
calculated using Equation (7.1). 160
3.43 Photographs showing the production of a polymer block. (a) A piece of gel obtained by photo-
polymerising the aqueous solution having identical composition to the continuous phase of HIPEs; (b)
after Soxhlet extraction; (c) after drying. 161

3.44 SEM images of poly(KAA) Pickering-HIPEs and its silica composites prepared using the one-speed
stirring protocol (400 rpm). The silica amounts used were 0, 1, 5, 10 and 15 wt %, respectively, relative to
the total weight of KAA and BIS. 165

3.45 SEM images of poly(KAA)/silica Pickering-HIPE composites prepared using the two-speed stirring
protocol (400—1000 rpm). Silica loadings were 1, 5, 10 and 15 wt %, respectively, relative to the total
weight of KAA and BIS. 166
3.46 Photographs of poly(KAA)/silica Pickering-HIPE composite during a swelling test using simulated
body fluid as the medium. A slice was cut out of the dry sample for the test. 167
3.47 SEM images of poly(KAA)/Bioglass® Pickering-HIPE composites prepared using the two-speed
stirring protocol for emulsification. The HIPEs containing 0.15 wt % microgels, 0.85 M KAA, 3.2 mol %
BIS, 2 mol % 12959 and 80 vol % toluene for all but containing 2, 5, 10, 15 and 20 wt % Bioglass®,
respectively. 170

3.48 TGA of poly(KAA)/Bioglass® Pickering-HIPE composites in N, and air (heating rate: 10 °C/ min).171
3.49 TGA of poly(KAA)/Bioglass® Pickering-HIPE composite ranging from 900 °C to 1000 °C. The
composite was prepared using a nominal loading of 10 wt % Bioglass®, relative to the weight sum of
KAA and BIS. 172

3.50 TGA of Bioglass® in air using a heating rate of 10 °C/ min 172

. 3.51 Residual weights of poly(KAA)/Bioglass® Pickering-HIPE composites after TGA tests in air. A
procedure consisting of a ramp from RT to 900 °C at 10 °C/min and an isothermal duration of 40 min at
900 °C was used. The weight percentages showing on the horizontal axis were the mixing ratios of
Bioglass” to the weight sum of KAA and BIS. The theoretical ratio of Bioglass® was a calculated ratio of
Bioglass” in the polyHIPE composite, i.e., the weight of Bioglass” divided by the total weight of
Bioglass”, KAA and BIS. 173

3.52 Average particle size of poly(NIPAAm-co-AA) microgels in KMAA solution as a function of
temperature. Identical to the microgel suspension in KAA solution, the concentrations of microgels and
KMAA were 1.6 mg/ml and 0.85 M, respectively. 174

. 3.53 SEM images of poly(KMAA) Pickering-HIPEs prepared by polymerisation of microgel-stabilised o/w

HIPEs containing 15, 5.0 and 3.2 mol % BIS, respectively. 176

. 4.1 Chemical structures of model active ingredients to be loaded into microgel particles....eeeeeesseesseesasens 178
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4.2 Photographs of aqueous solutions/suspensions of S(2)-S(5) before and after centrifugation at 5000 rpm
for 1 h (Sample volumes used for centrifugation were 3ml, 3 ml, 7 ml and 7 ml, respectively.) Briefly, S(2)
and S(3) were dye solutions without and with microgels, respectively; S(4) was S(3) with KAA; S(5) was
S(4) with BIS and 12959. 180

4.3 Fluorescence spectra of R6G dye solutions without and with microgels. The dye solution tested was
prepared by mixing 2.32 ml dye solution (196 pg dye) with 1 ml KCI solution (1 mM), i.e., S(2); the dye
solution with microgels was prepared by mixing 1.5 ml S(2) with 0.5 ml microgel suspension (8 mg/ml in
1 mM KCI solution). The excited wavelength was 528 nm. 180

4.4 Photographs of emulsions prepared using either un-centrifuged S(5) or supernatant of centrifuged S(5):
(a) sample prepared using supernatant of centrifuged S(5) as the aqueous phase and the two-speed stirring
protocol (400—1000 rpm); (b) unpolymerised HIPEs, prepared using un-centrifuged S(5) and the one-
speed stirring protocol (400 rpm); (c)-1 & (c)-2 photo-polymerised HIPEs (b); (d)-1 & (d)-2, prepared
using supernatant of centrifuged S(5) and the one-speed stirring protocol. Photograph (d)-2 was taken 4
min after (d)-1. Emulsification was all carried out using 2.5 ml aqueous suspension and 10 ml p-xylene.

181

4.5 Photograph of photo-polymerised HIPEs, stabilised with dye-loaded microgel particles. The microgel
particles and R6G dye were mixed at a ratio of 8 mg/ 0.39 mg (per 5 ml aqueous phase) in the loading
process but the loading percentage was not yet quantified. Subsequently, the polymerised sample was
frozen in LN, and freeze-dried, leading to poly(KAA) Pickering-HIPEs. 184

4.6 Photograph of p-xylene-in-water HIPEs stabilised by dye-loaded microgel particles. The aqueous phase
was prepared by mixing a phosphate-buffered solution (10 mM, pH 6.5) of microgel particles and R6G
dye (8 mg/0.39 mg per 3.32 ml) with the KAA stock solution (2.54 M, 1.68 ml). The volume ratio of p-
xylene was 80%. 185

4.7 SEM images of poly(KAA) Pickering-HIPEs prepared by polymerising o/w HIPEs that were stabilised
with dye-loaded microgels. The mixing ratio of microgels to R6G dye was 8 mg to 0.19 mg in 5 ml
aqueous phase. After polymerisation, solvents were removed via freezing in LN, and freeze-drying. ....187

4.8 SEM images of poly(KAA) Pickering-HIPEs prepared by polymerising o/w HIPEs that were stabilised
with dye-loaded microgels. The mixing ratio of microgels to R6G dye was 8§ mg to 0.39 mg in 5 ml
aqueous phase. After polymerisation, solvents were removed via freezing in LN, and freeze-drying. ....188
4.9 Average particle size of unmixed microgels and paracetamol-loaded microgels as a function of
temperature measured in solutions containing 0.85 M KAA 190

4.10 Photographs of HIPEs stabilised by paracetamol-loaded microgel particles and their polymerisated
products. The microgel particles used had a crosslinking degree of 1 mol %. KAA, BIS and 12959 were
mixed into the aqueous suspension prior to emulsification. (a), HIPEs prepared with the one-speed stirring
protocol (400 rpm); (b), HIPEs prepared with the two-speed stirring protocol (400—1000 rpm); 1, before
polymerisation; 2 and 2’, after polymerisation (2’ vial on its head showing HIPEs were polymerised); 3,
after freeze-dried. 191

4.11 Morphologies of poly(KAA) Pickering HIPEs prepared using paracetamol-loaded microgels with 1
mol % crosslinking degree as emulsifiers and using the one-speed stirring protocol (400 rpm) during
emulsification. 192

4.12 Morphologies of poly(KAA) Pickering-HIPEs prepared using paracetamol-loaded microgels with 1
mol % crosslinking degree as emulsifiers and using the two-speed stirring protocol (400 rpm—1000 rpm)
during emulsification. 192

4.13 Photographs of HIPEs stabilised by paracetamol-loaded microgel particles and their polymerisated
products. The microgel particles used had a crosslinking degree of 2 mol %. KAA, BIS and 12959 were
mixed into the aqueous suspension prior to emulsification. (a) HIPEs prepared with the one-speed stirring
protocol; (b), HIPEs prepared with the two-speed stirring protocol; 1, before polymerisation; 2 and 2’,
after polymerisation (2’ vial on its head showing HIPEs were polymerised); 3, after freeze-dried.......... 193

4.14 Morphologies of poly(KAA) Pickering-HIPEs prepared using paracetamol-loaded microgels with 2
mol % crosslinking degree as emulsifiers and using the one-speed stirring protocol (400 rpm) during
emulsification. 194

4.15 Morphologies of poly(KAA) Pickering-HIPEs prepared using paracetamol-loaded microgels with 2
mol % crosslinking degree as emulsifiers and using the two-speed stirring protocol (400 rpm—1000 rpm)
during emulsification 195

5.1 Particle size dependence of microgels on pH in the aqueous suspension (0.4 wt % in 1 mM KCI) at 22
°C (from left to right: 3.7, 4.7, 5.5, and 6.8; inset: image of dextran-containing HIPEs prepared using
microgel suspension with a pH of 6.8.) 199
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5.2 Morphologies of solid HIPEs of dextran prepared using microgel suspension of pH 4.7 showing both

the macropores (a), (b) and the microstructures on the pore wall (c), (d). 200

Fig. 5.3 Morphologies of solid HIPEs of dextran prepared using microgel suspension of pH 5.5 showing both
the macropores (a), (b) and the microstructures on the pore wall (¢), (d). 201

Fig. 5.4 Morphologies of solid HIPEs of dextran prepared using microgel suspension of pH 6.8 showing both
the macropores (a) and the microstructures on the pore wall (b)-(d). 202

Fig. 5.5 Pore size distributions of solid emulsions/HIPEs of dextran prepared using microgel suspensions with a
pH of 4.7, 5.5 and 6.8, respectively. The emulsions/HIPEs containing dextran were frozen by liquid N,

and then freeze-dried, resulting in solid emulsions/HIPEs. 202

Fig. 5.6 Average particle size of poly(NIPAAm-co-AA) microgels as a function of temperature measured using
a microgel suspension (0.4 wt % in 1 mM KCI) of pH 6.8 203

Fig. 5.7 Morphologies of solid HIPEs of dextran prepared by using a thermostating step at 45 °C for 1 h after
emulsification but prior to freeze-drying. Circles mark the fusion of pores. 204

Fig. 5.8 Morphologies of solid HIPEs of dextran prepared by using a thermostating step at 50 °C for 1 h after
emulsification but prior to freeze-drying. Circles mark the fusion of pores. 204

Fig. 5.9 Morphologies of solid HIPEs of dextran prepared by using a thermostating step at 55 °C for 1 h after
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Project Aims and Objectives

In my PhD, I aim to prepare three-dimensional (3-D), macroporous, polymeric scaffolds
with potential applications in tissue engineering. Our approach employs emulsion templating
for scaffold fabrication, in which stimuli-responsive microgel particles are exploited as
emulsifiers of high internal phase emulsions (HIPEs). Apart from providing pore structures
for ingrowth of cells, the polymeric matrices are also expected to be biocompatible,
biodegradable and multifunctional. This general aim is divided into the following parts or

steps, each of which has its own objectives and major challenges.

(1) Microgel particles as emulsifiers of HIPEs

Since microgel particles are sensitive to environmental stimuli, such as pH, temperature
and salt concentration, it is necessary to determine how the type and stability of microgel-
stabilised emulsions is affected by these stimuli. Both water-in-oil (w/0) and oil-in-water

(o/w) HIPEs shall be prepared.

(11) Selection of monomers / macromers / polymers as the building materials of scaffolds

The monomers / macromers / polymers to be selected are expected to be compatible with
the emulsion template, resulting in stable HIPEs of either w/o or o/w type. After
solidification, they are expected to provide suitable surfaces for cell attachment and a

biocompatible environment for cell growth.

(ii1) Formation of macroporous scaffolds

The aim is to prepare polymer networks within the continuous phase of HIPEs, using
either a chemical or a physical crosslinking method. The chemical approach is to polymerise
HIPEs containing monomers and an initiator, leading to polyHIPEs after removal of the
internal phase. The polymerisation conditions depend on the nature of the selected monomers
and initiator. The physical approach is expected to result in macroporous scaffolds via phase
separation of a polymer solution, such as thermally induced phase separation (TIPS). Overall,
the primary objective is to produce macroporous scaffolds that can maintain structural

stability and integrity during tissue engineering.

(iv) Control over the morphology of macroporous scaffolds
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A control over the porous structures is essential in order to meet the requirements for
ingrowth of cells into any scaffolds. For example, pore sizes of 100-300 pm'? and high
degree of interconnectivity’ are expected for potential application as bone tissue engineering

scaffolds.

(v) Multifunctional scaffolds
Ideally a scaffold should be injectable to minimize invasive surgery but could also benefit
from drug delivery functions to enable the scaffolds to supply growth factors or other

essential biomolecules for cell growth in a controlled manner.

To address these aims and objectives, the seven chapters of the thesis are organized as
follows. Chapter 1 gives an introduction to bone tissue engineering as well as HIPEs and
polyHIPEs. Chapter 2 firstly discusses the stimuli-responsiveness of microgels and the
effects of surfactant source and purification procedures on the particle size of microgels.
Following this, there is a discussion of the use of microgel particles as emulsifiers in water-
divinylbenzene (DVB) systems aiming to produce w/o HIPE templates from which
polyHIPEs can be synthesised. Chapter 3 focuses on the application of microgel particles in
o/w HIPEs containing water-soluble monomers, e.g., potassium acrylate (KAA). It discusses
the stability of o/w HIPEs, polymerisation of HIPE templates, control over pore size and pore
interconnectivity of the resultant polyHIPEs, densities and porosities, swelling properties and
polyHIPE composites. Chapter 4 presents the idea of polyHIPE scaffolds with drug delivery
functionality by using dye/drug-loaded microgels as emulsifiers. Chapter 5 demonstrates the
formation of macroporous scaffolds using a physical crosslinking method for solidification of
HIPEs. Chapter 6 lists the conclusions of the thesis and gives the prospective for future work.

Chapter 7 details the experimental procedures used in the experiments discussed in the thesis.
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Chapter 1

Chapter 1 Introduction

Tissue loss or organ failure caused by disease or accident is one of the most tragic and
costly problems in human health care. The major solutions currently available are either
reconstructive or transplantation surgery or the use of mechanical devices to replace or
augment the function of the existing organs. However, surgical reconstruction can result in
long-term problems while transplantation is currently limited by increasing donor shortages
or problems associated with immuosuppression drugs. Finally, a mechanical device cannot
perform all the functions of a single organ and thus cannot prevent progressive patient
deterioration. Tissue engineering‘"5 is a recently proposed concept that promises novel
solutions to tissue damage or loss (Fig. 1.1). By combining the developing expertise in
engineering, biology, chemistry, materials and medicine,’ tissue engineering aims to create
new tissues by utilising a patient’s own cells. Seeding of cells can be done on surfaces but the
three-dimensionality of tissue requires a scaffold matrix with three-dimensional (3-D)
interconnected porous structures, not only able to mechanically support the growth of cells,
but also able to facilitate nutrient supply to and waste removal from cells during their
proliferation and differentiation. Therefore, both the biomaterials used as scaffolds and the
fabricating methods to create interconnected porous structures are crucial to the final
performance of scaffolds and the range of tissues that can be grown and ultimately given to

the patient.
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Biodegradable
- Polymer Scaffold

Bone
Cartilage
Liver
Trvbestiree
Uretar

Fig. 1.1 In one major approach to tissue engineering, 3-D highly porous scaffolds composed
of synthetic polymers serve as cell transplant devices.*” (Reproduced from ref.”)

1.1 Bone tissue and Bone tissue engineering

When we consider tissue engineering, several facts should always be kept in mind. Tissue
engineering is based on the following observations:* (i) every tissue undergoes remodeling;
(i) isolated cells tend to reform the appropriate tissue structure under appropriate
experimental conditions; (iii) although isolated cells have the capacity to form the appropriate
tissue structure, they do so only to a limited degree when placed as a suspension into a tissue;
these cells begin without any intrinsic organization and have no template to guide
restructuring; (iv) cells will not survive if they are located more than a few hundred
micrometres from the nearest capillary. The challenges®® that lie ahead include finding
suitable cells and cell sources, determining the most appropriate biomaterial and developing
reliable ways of expanding the cells and growing them in a 3-D environment. The following

section will briefly introduce bone-related cells, bone composition and morphology, bone
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formation and the healing of fractured bones. Other subjects of importance, including

biomaterials, scaffold fabrication methods and bioreactors will also be covered.
1.1.1 Bones and bone cells
1.1.1.1 Composition and mechanical properties of bones

Bone is composed of approximately 70% minerals, 22% protein (organic matrix), and 8%
water.” 95% of the organic matrix is type I collagen and the remaining 5% are composed of
200 or more non-collagenous proteins,'® such as proteoglycans. Crystalline salts are mainly
calcium and phosphate in the form of hydroxyapatite.'' In terms of morphology, there are
two forms of bone: cortical (compact) bone and cancellous (spongy) bone. Collagen fibrils
are densely packed in cortical bone and form concentric lamellae, while cancellous bone has
a loosely organized, porous matrix. Cortical bone provides mechanical and protective
functions and cancellous bone provides metabolic functions.'' Different mechanical
properties of bone in different loading directions, i.e., anisotropy, are summerised in Table

1.1’

Table 1.1 Mean values for the mechanical properties of human bone materials

Apparent | Ultimate | Modulus of
Type of bone Direction and type of load | density strength | elasticity
(g/em’) | (MPa) | (MPa)
Longitudinal tension 1.85 133 17,000
Longitudinal compression | 1.85 193 17,000
Cortical (midfemur) | Longitudinal shear 1.85 68 3,000
Transverse tension 1.85 51 11,500
Transverse compression 1.85 33 11,500
Trabecular (vertebral | Compression 0.31 6 76
body)

As bone tissue engineering requires scaffolds of similar mechanical properties to native

bone, the strengths and moduli listed in Table 1.1 can serve as targets for the scaffolds used

for different bone defects of the body.
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1.1.1.2 Introduction to native bone cells

There are four types of bone cells in human bone tissue as shown in Fig. 1.2:"

osteoblasts, osteoclasts, and bone lining cells are on the surface while osteocytes exist in the

mineralized interior.

b W Blood vessel
Osteoblast

Ost it Osteoclast
steoprogenitor S
Peg ‘S precursors

Bone lining cell Osteoclast
1 },(-":.r_w e >

Osteoid{

Mineralized
bone

Osteocyle

Fig. 1.2 Origins and locations of bone cells (Reproduced from ref.'?)

These four types of cells serve different functions in the human body, and work together

to maintain a healthy bone tissue. The origins, and functions of bone cells are shown in Table
1.2."

Table 1.2 Origins and functions of bone cells

Cell types Osteoblasts | Osteocytes | Bone lining cells | Osteoclasts
Originate Fusion of
from Local osteoprogenitor cells mononuclear
precursors
Description Fully Mature osteoblasts | Flat, elongated, Large,
differentiated inactive cells multinucleated
cells cells
Make bone Maintain bone, Receive and Resorb bone
Function matrix i.e. produce and deliver signals'
resorb bone matrix

It can be seen from Table 1.2 that osteoblasts are the major cell type to make up the bone
matrix. Currently in bone tissue engineering, osteoblasts are therefore used as the cell type
for bone regeneration. However, it is unlikely that only osteoblasts will be sufficient to form

a fully developed bone tissue without the addition of other types of bone cells.
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1.1.1.3 Adult stem cells for tissue engineering application

Adult mesenchymal stem cells (MSCs) were discovered in bone marrow but have been

14,15

found to be derivable from many other sources, such as umbilical cord blood, adipose

tissue, etc. MSCs are investigated for use in tissue repair and regeneration due to two

attractive features. First, MSCs can give rise to a series of cell types that will generate

16-18

specific mesenchymal tissues, such as bone, cartilage, muscle, marrow stroma, tendon, fat

and other connective tissues (Fig. 1.3). Second, MSCs can secrete bioactive macromolecules

that are immunoregulatory and crucial to tissue regeneration. ™
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Fig. 1.3 The mesengenic process diagram originated in the late 1980s as a hypothesis based
on what was known about mesenchymal progenitors in embryos (Reproduced from ref.'®)

Induced pluripotent stem (iPS) cells are reprogrammed cells that can potentially
differentiate into various types of cells. The first reported iPS cells were reprogrammed from
mouse fibroblasts™ and were soon followed by those from human fibroblasts.*'** As a newly

developed cell species, the application of iPS cells in tissue engineering is under way.”
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1.1.2 Formation and healing process of bone
1.1.2.1 Formation of bone

Bone formation is realized either through intramembranous ossification (direct) or
endochondral ossification (indirect).! Both require a solid base and a well-developed
vascular supply for the elaboration and mineralization of the extracellular matrix (ECM)."'
Intramembranous ossification occurs during embryonic development by the direct
transformation of mesenchymal cells into osteoblasts, which includes four phases®* as shown
in Fig. 1.4.° The type of ossification for entire bones is restricted to those of the cranial vault,
some facial bones and part of the mandible and clavicle.'' On the other hand, bones that
participate in joints and bear weight come into being via endochondral ossification. In this
process, the unique properties of cartilage and bone are developed, which provide a
mechanism for the formation and growth of the skeleton during the growth of the individual.
In these bones, the condensed embryonic mesenchyme transforms into cartilage, and forms

the eventual bone at the site.''

: O
o - W - g

Fig. 1.4 The four phases of skeletal development. Migration of preskeletal cells to sites of
future skeletogenesis is followed by these cells interacting with an epithelium and an
epithelial basement membrane. This in turn leads to mesenchymal condensation and
subsequent differentiation to chondroblasts or osteoblasts. (Reproduced from ref.*”)

Under normal conditions, bone formation (BF) and bone resorption (BR) are coupled to
each other,” and the long-term maintenance of skeleton is achieved through the intricate
action of systemic hormones and local mediators. The coordination of cellular activities over
the human life cycle is shown in Table 1.3." In general, the principal physiological processes
of skeletal formation and maintenance include pattern formation, transition from cartilage to

. . . . . 11
bone, bone matrix synthesis and secretion, and bone resorption and remodeling.
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Table 1.3 Coordination of cellular activities over the human life cycle'’

Development Maintenance Osteoporosis
Age 0-20 20-50 50+
Sequence BF— BR Modeling BR— BF Remolding | BR— BF
Activity BF>BR BF=BR BF<BR

1.1.2.2 Bone fracture healing

The study of fracture healing provides important insight into the mechanisms and courses
of bone recovery. A normal fracture healing sequence subdivides into five major stages as
shown in Table 1.4: induction, inflammation, formation of soft callus, formation of hard

callus and remodeling.*’

Table 1.4 Phases in the normal fracture healing sequence”’

Phase Time Activities

Induction 0 to 2 days Hematoma formation; release soluble inductive, growth,

and inflammatory factors

Inflammation 2 to 14 days Polymorphonuclear neutrophils; macrophages

Soft callus 2 to 8 weeks Highly cellular and collagenous material in fracture

gap; chondrogenesis and angiogenesis

Hard callus 2 to 12 months Woven bone forms; considered healed at this stage

Remodeling | 1 or more years Lamellar bone forms

Table 1.4 provides a timetable of bone healing, which is helpful in planning the
procedures of implantation surgery, such as the implantation time and the biopsy-taken time.
Also, for bone tissue engineering, when biodegradable polymers are used as the scaffolds, the
recovery cycle of bone could be useful in scaffold design. For example, the degradation rate

and life cycle of the scaffolds are directly related to the healing process.
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1.1.2.3 Current treatment of bone defects

Currently, bone grafting and bone-graft substitutes are widely applied in the treatment of
bone defects.”® Bone graft can be divided into autograft, allograft and xenograft according to
the source of bone donor.*’*’

Autografting involves harvesting a bone from a healthy part of a patient and implanting it
to the defect site of his own body. The method provides a distinct possibility of healing the
defect site but at the same time it can cause donor site pain, morbidity, potential infection and
extra blood loss. Importantly, when the defect site volume is large enough, or if the patients
are geriatric or pediatric, autografting is not an advisable method. As an alternative,
allografting uses human cadaver bone instead. Compared to autografting, allografting has a
more frequent failure besides possible immune rejection from the host body and potential
disease transmission. In some rather special cases where both autografting and allografting
are not feasible, xenografting may be used. This involves the use of animal bones and carries
a high risk of immunogenicity and disease transmission.

On the other hand, there are a number of materials under review as bone-graft substitutes,
such as metals, ceramics, composites, bone derivatives and polymers.zg’29 Although titanium
is used for bone reconstruction due to its biocompatibility, resistance to corrosion and high
strength,’® metals generally cannot provide all the functions of a bone tissue and have poor
overall integration with the tissues at the implantation site.”® Ceramics are widely used as
bone-graft substitutes,”’ although the brittleness may limit their application in load-bearing
locations. Meanwhile, ceramics are also being investigated as scaffold candidates in the field
of bone tissue engineering. Since 3-D porous ceramics are preferred in both bone grafts and

bone tissue engineering, the boundary of the two is not so clearly distinguished.
1.1.3 Bone tissue engineering
1.1.3.1 Current research in bone tissue engineering

Nowadays, a great number of investigations are being conducted worldwide to improve
the treatment of bone defects. Fundamentally, there are studies on solving the problems in

current implantation with metals or ceramics as mentioned above. However, methods that

28,3 33-35

start with cells — including bone tissue engineering, 2 gene therapy strategies and the

combination of tissue engineering and gene therapy’® — represent novel and promising routes
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in the treatment of bone defects. The following section will give a general introduction to the
current research in bone tissue engineering. A summary of the main research directions is

shown in Fig. 1.5.

Particulate Leaching [\
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Fabrication
Emulsion Templating > Methods Defect Parts ’k

Phase Separation Scaffolds )
) Bone Tissues for
' — Bioreactor ——> Implantation
Micro/Nano-fabrication
Other

Fig. 1.5 A scheme of main activities in bone tissue engineering research

1.1.3.2 Biomaterials for bone tissue engineering

Biomaterials have been experiencing rapid development in the past few decades.’”® One
of the most important driving forces is the investigation of cell-biomaterial interactions,
which has led to extensive research of biomaterials for tissue engineering and regenerative
medicine. When used as tissue engineering scaffolds, biomaterials need to be biocompatible.
This means that they should be engineered in such a way that will elicit minimal immune
responses. Macrophages, as members of the host immune system, play an important role in
clearing the effete host cells and molecules as well as in defending against foreign invasion.>
They can actively respond to biomaterial implants in a size-dependent manner (Fig. 1.6).” It
is important to note that the meaning of biocompatibility for a tissue engineering scaffold
may differ from that for an implantable medical device,”” because tissue engineering
scaffolds are expected to support cellular activity rather than simply avoid undesired host

responses.
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Fig. 1.6 A schematic diagram showing macrophagic response to biomaterials. Marcophages
respond to small particles (<10 um) by phagocytosis (I). For large particles, macrophages
fuse to form foreign body giant cells (FBGC) to either engulf the particles (II) or remain on
the surface of bulk materials (III). (Reproduced from ref.*)

The biomaterials investigated for bone tissue engineering include inorganic materials,

: 1,41
polymers and composites.’"

Inorganic materials of a similar composition to the mineral
phase of bone (calcium phosphates, hydroxyapatite (HA), bioactive glasses, glass-ceramics,
etc) are widely investigated for bone tissue engineering.** Natural and synthetic polymers are
also candidates for bone tissue applications,” such as type I collagen, hyaluronic acid,
chitosan, polyanhydrides, poly(propylene fumarate) (PPF), poly(&-caprolactone) (PCL),
polyphosphazenes, poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and poly(lactide-co-
glycolide) (PLGA). Since biodegradability is expected from polymer scaffolds, the use of
non-biodegradable polymers is restricted to those modifiable to ensure their elimination from
the body.” Composites are also frequently used in bone tissue engineering to mimic the
composite structure of bone and to obtain optimal properties. A variety of polymer-ceramic
composites,*>** either polymer-based or ceramic-based have been investigated. In addition to
ceramics, trials have also been made using other inorganic components in the composites,

such as carbon nanotubes (CNTs).**

1.1.3.3 Scaffold fabrication
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Scaffold fabrication is the process of turning biomaterials into environments appropriate
for cell growth. Alongside the physical properties of biomaterials (Section 1.1.3.2), it has
also been experimentally found that the nature of a 3-D scaffold also plays a significant role

. . . . ., 4 . 47 4
in cell survival and growth. The relevant variables include porosity,*” average pore size,**

4959 and mechanical properties.”'* However,

pore interconnectivity,* surface characteristics,
there is hardly a quick answer to the question of optimal values for these properties for bone
tissue engineering due to the complexity of bone formation, especially when starting from
cells and an artificial scaffold. Studies have been extensively carried out to minimize the gap
in our understanding of the formation process. A number of biological indices are used to
evaluate the scaffold parameters, such as cellular attachment, intracellular signaling, cellular
penetration, osteoblast proliferation, the extent of mineralization, bone ingrowth,
vascularization, etc. Generally, scaffolds need to be porous™ for bone regeneration but can be
high or low in porosity.*” A pore size of more than 100 pm was found essential for
mineralized bone ingrowth into ceramic scaffolds.! Meanwhile, the required pore size is not
expected to be the same as the largest size possible. Ishaug et al. reported that cell
proliferation was not affected by increasing the pore size of PLGA scaffolds above 150-300
um.>* This is echoed by a recent study which revealed that PCL scaffolds of pore sizes
between 350 um and 800 pm had limited effect on bone regeneration.”> Moreover, a balance
between pore size and mechanical properties needs to be considered since an increase in pore
size and porosity does lead to an reduction in the mechanical strength of scaffolds.*’ Pore
interconnectivity within scaffolds is clearly necessary in order for cell penetration and

vascularization to be able to take place.*®

B 4

vertical sections through the bodies of the third
lumber vertebrae (after removal of bone cells and soft tissues) of a normal 30-year old
woman (A) and a 71-year-old woman (B), respectively. For the older woman severe
osteoporotic changes are evident; the trabeculae are eroded to thin mechanically-insufficient

Fig. 1.7 Scanning electron micrographs of

rods. Scale bars 500 pm. (Reproduced from ref.>®)
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Since artificial scaffold fabrication aims to create an environment for cell growth, it is
sensible to learn from nature. Fig. 1.7 shows examples of decellularized bone matrices (third
lumber vertebrae) from a normal 30 year-old woman and a 71 year-old woman with severe
osteoporosis.”® The healthy matrix has interconnected pores of a few hundred microns in
diameter, indicating the validity of experimental results on pore architectures. Currently, a
variety of scaffold fabrication methods are under investigation and development (Fig. 1.5),

- . 1 .. 2-65 . 66 .
3760 a5 foaming,”' electro-spinning,**® phase separation,®® solid

such as particulate leaching,
freeform fabrication (SFF)’, emulsion templating® and micro/nano-fabrication.®”” Of these
methods, emulsion templating is a relatively new approach for scaffold fabrication. It is
mainly based on high internal phase emulsions (HIPEs) and is detailed in Section 1.2. The
relative advantages and disadvantages of these methods have been summarized in a few
reviews.”’® Another lesson learned from nature is that scaffolds with drug delivery
capability’’ are crucial for cell survival and growth prior to the production of a fully
functional ECM by seeded cells. For example, delivery of bone morphogenetic protein-2
(BMP-2) and vascular endothelial growth factor (VEGF) is frequently investigated in bone
tissue engineering.”*™' Fig. 1.8 shows the effect of BMP-2 and VEGF delivered from gelatin
particles within porous PPF scaffolds on bone regeneration in a rat cranial critical size defect.

It was found that bone formation at 4 weeks was significantly higher for the dual release

group than all other groups.”™
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Fig. 1.8 MicroCT images (maximum intensity projections) of cranial defects at 4 and 12
weeks. Panels A-D represent BLANK, VEGF, BMP-2, and DUAL groups at 4 weeks prior to
decalcification; both blood vessels and bone were visible. Panels E-H represent BLANK,
VEGF, BMP-2, and DUAL groups at 12 weeks; no blood vessels were visible because
Microfil perfusion was not done at this time period. Bar represents 200 um for all panels.
(Reproduced from ref.”®)

1.1.3.4 Bioreactor for in-vitro tissue cultivation

Tissue engineering scaffolds can be either injected®*®?

or implanted into defect sites (Fig.
1.5). However, implantation after in-vitro tissue cultivation may become the only option for
large defects or whole organ replacement. The concept of a bioreactor is to provide an
environment that can mimic the physiological conditions for in-vitro tissue cultivation.™
Thus, bioreactor design is supposed to be tissue-specific.®® Ideally, all the parameters for
tissue growth, such as temperature, pH, biochemical gradients and mechanical stresses,
should be continuously controlled during the period of cultivation. For bone tissue
engineering, a variety of bioreactors have been investigated or commercialized in order to
prepare functional bone grafts.**®” Bioreactor types include spinner flask bioreactors, rotating
bioreactor systems and perfusion bioreactors. An example of a perfusion bioreactor is shown
in Fig. 1.9, which was used to study the effect of hydrodynamic perfusion and mechanical

stimulation on cell proliferation and differentiation.*® Despite the advance in bioreactors,

more efforts still need to be made prior to the clinical application of engineered bone grafts.®’
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Fig. 1.9 Perfusion-mechano-bioreactor used for the stimulation of 3-D scaffolds seeded with
BMSCs (Reproduced from ref.*®, BMSCs stand for bone marrow stromal cells.)

1.2 HIPEs and polyHIPEs

It was already mentioned in Section 1.1.3.3 that emulsion templating can be used to
prepare scaffolds for tissue engineering. A detailed introduction to the method is given in this
section. Emulsions are produced from two liquid phases that are either insoluble or only
slightly miscible. When emulsions are used as templates for preparation of porous materials,
two steps are usually involved: solidification of the continuous phase and removal of the
dispersed (droplet) phase. Emulsion templating is widely applied to both inorganic and
organic materials,*” although different gelation and drying methods will be used. For example,
sol-gel chemistry is employed for the gelation of inorganic materials,” whereas
polymerisation of monomers’' or emulsion freeze-drying”” is used for organic materials
(polymers). The emulsion freeze-drying technique as reported typically uses a w/o emulsion
prepared from water and an organic solution of polymer and solidifies the template by
quenching in liquid nitrogen (LN,) and freeze-drying. However, the technique is apparently
extendable to those applying an emulsifier”” and to o/w emulsions containing a hydrophilic
polymer.

Polymerising monomers in order to solidify the continuous phase is an increasingly
popular method of preparing porous polymers, especially when the internal (droplet) phase

volume ratio (¢) is above 74%. This volume ratio represents the close packing limit of

37



Chapter 1

uniform, non-deformable spheres, thus emulsions with ¢ > 74% must have either droplets of
a polydisperse size or droplets that are non-spherical. These emulsions are referred to as high
internal phase emulsions (HIPEs) while the highly porous polymers that result from

polymerisation of the continuous phase are called as polyHIPEs.

1.2.1 Versatility of HIPEs and polyHIPEs

Initially, polyHIPEs were prepared mainly from w/o HIPEs via free-radical
polymerisation of hydrophobic monomers, typically styrene/divinylbenzene (St/DVB).
However, in the last two decades, polyHIPEs underwent tremendous development and are
now regarded as an extremely versatile means of preparing porous polymers. Firstly, HIPEs

are no longer limited to a w/o system; it is now possible to prepare HIPEs from o/w (see

95,96

Section 3.2), COx-in-water (c/w),”* oil-in-oil (0/0),”>"° oil-in-alcohol’” and ionic liquid-in-

0il,”*” and ionic liquid-in-water'® systems. Secondly, the emulsifiers of HIPEs are not

exclusively low molecular weight surfactants, but can also be polymeric surfactants,”'*"'% a

variety of particles (see Section 1.2.1.2) and a combination of surfactant and particle.'*"'%

Thirdly, the polymer chemistry employed for polyHIPE synthesis has been significantly
diversified. Besides radical chain-growth polymerisation as frequently used, step-growth
polymerization has also been realized within HIPE template, e.g., hydrosilylation,'"’

109-111 : 1 . .
%11 and thiol-yne'” reactions. Moreover, for chain growth

112-116

isocyanate-hydroxyl,'® thiol-ene

polymerisation, ring-opening metathesis polymerization (ROMP) and controlled/living

117-121
and

radical polymerisations including atom transfer radical polymerisation (ATRP)
reversible addition-fragmentation chain transfer (RAFT) polymerization'>> have also been
reported for systhesis or functionalization of polyHIPEs. Due to these advances, polyHIPEs

91,123,124

can now be prepared from an enormous family of monomers and are being exploited

. . . 1,125,12
for various applications’"'*!%

as recently reviewed. The aim here is not to give a
comprehensive introduction to polyHIPEs. Instead, the focus is on work concerning the
tuning of pore architectures and mechanical properties of polyHIPEs particularly in
conventional polyHIPEs. This will be followed by a brief summary of novel polyHIPEs

prepared using particles as emulsifiers.
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1.2.1.1 Tunability of pore architectures and mechanical properties of polyHIPEs

pore

pore throat

Fig. 1.10 Definition of pores and pore throats of polyHIPEs (Reproduced from ref.'?")
Fig. 1.10 shows the morphology of a typical crosslinked polystyrene (PS) polyHIPE,
which consist of pores of 9-19 um and pore throats of 2-7 pm.'?’” In the literature, pores are
also referred to as cells or voids while pore throats can be referred to as windows or
interconnects. Since the pores of polyHIPEs originate from the emulsion droplets, their size
variation is closely related to the HIPE stability. Measures that can enhance the HIPE
stability, such as increasing the surfactant concentration or adding an electrolyte,'*® will

reduce the average pore sizes of polyHIPEs. Those that can decrease the HIPE stability, such

129-131 130-133

as increasing temperature or adding organic additives, will increase the pore sizes.

The destabilization mechanisms involve promotion of coalescence, increase of Ostwald

4135 ot removal of surfactant molecules from the interface. On the other hand, the

ripening
formation of pore throats is closely related to the thin layers between two droplets. For
example, PS polyHIPEs that were prepared using 5 wt % surfactant, relatively to the
monomer phase, remained closed-pore even at an internal phase volume ratio of 97%.
However, an increase in the surfactant concentration led to open porous structures.'*® Since
the preparation of polyHIPEs involves emulsification, polymerisation, purification and drying,
the actual mechanism for the formation of pore throats is not straightforward. The proposed

. . . . . . 137 .
mechanisms include shrinkage during polymerisation, surfactant removal during

. . 1 . . . . 12
polymerisation,"** and mechanical actions during drying.'*’
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The mechanical properties of polyHIPEs are mostly rather poor. For example, PS
polyHIPEs prepared from HIPEs of 20 vol % continuous phase exhibited a Young’s modulus
of 5+ 1 MPa and a crush strength of 0.3 + 0.1 MPa."** A few approaches have been adopted
to improve their mechanical properties. Firstly, a reduction of the internal phase volume ratio

can effectively enhance the mechanical properties,>*'*

although the porosity of polyHIPEs
is also decreased. Secondly, the crosslinker is of importance for the mechanical properties of
polyHIPEs. The use of a long-chained -crosslinker, such as polyethylene glycol
dimethacrylate (PEGDMA) instead of DVB resulted in foams of reduced brittleness and
chalkiness."” Another example is the use of vinyl silsesquioxane (VSQ) as the crosslinker
and reinforcing agent for poly(2-ethylhexyl acrylate) (polyEHA) polyHIPE materials. It was
found that room temperature modulus and stress at 40% strain increased in a linear fashion
with increasing VSQ content.'*' Thirdly, the mechanical properties of polyHIPEs can also be
improved by preparing polyHIPE composites. For example, when 1 wt % silica particles
were used, the Young’s modulus of PS polyHIPEs was improved by 280% without varying
the pore structures.'* Other fillers have also been investigated for polyHIPE reinforcement,

such as carbon black,'* clay,'* titania (TiO,) nanoparticles,'*> TiO, nanorods'* and carbon

145
nanotubes.

1.2.1.2 Poly(Pickering HIPEs) as novel polyHIPEs

Besides surfactants, particles are important emulsifiers. Particle stabilised emulsions are
also known as Pickering (or Ramsden) emulsions due to the pioneering work by Pickering
and Ramsden at the beginning of the last century.'**'*” The similarities and differences
between surfactant stabilised emulsions and Pickering emulsions have been intensely
studied.'*™'* To characterise the emulsifying ability, the wettability of particles is used — this
can be regarded as the counterpart of the hydrophilic-lipophilic balance (HLB) number used
to describe non-ionic surfactants. The phase that wets particles better tends to form the
continuous phase. The contact angle (Fig. 1.11) is usually employed to describe the position
of particles at the interface and the energy of attachment for a spherical particle at the oil-

water interface can be expressed by Equation (1.1):'**!°

E =Ry, (1+cos6)’ (1.1)
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where R is the particle radius, ,, is the oil-water interfacial tension and & is the contact angle
formed between the oil-water interface and the surface of the solid particle. The sign within
the bracket is positive for removal of the particle into the oil and negative for removal into
the water phase. It is clearly shown that particles of intermediate hydrophobicity (contact
angles close to 90° from either side) have a very high energy of attachment at the interface.
This can explain why Pickering emulsions normally display higher stability to coalescence
than those stabilised by surfactants. Nevertheless, it is obvious that particle detachment can
become significant for very small particles (< 1 nm radius) and unstable emulsions will be
produced in these cases. The wettability of particles can be tuned via coating or by using in
situ measures such as pH variation and salt or surfactant addition.'* Along with wettability,
other factors can also play a role in determining the type and stability of Pickering emulsions.

The factors include phase volume ratio, particle location, oil type, particle size, particle shape

149,151

and particle concentration. The proposed stabilisation mechanisms of Pickering

emulsions include particle bilayer stabilisation, stabilisation by a “bridging” particle
monolayer, the formation of a two-dimenional (2-D) network of aggregated particles on the
droplet surface or the formation of a 3-D network of particles between droplets.”’ The
particles used for emulsion stabilisation can be either inorganic'** or organic. Due to their
tunablity in size, structure, hydrophobicity and even degradability, organic particles have

received growing interest as Pickering emulsifiers. Typical examples are PS latexes with

153-159

various particle sizes and surface functionalities while microgel particles and particles

of natural origin are attracting increasing attention. In contrast to latex particles, microgel
particles are swollen particles and have the potential to encapsulate and release active
ingredients (see Section 2.2). Interestingly, some synthetic particles can undergo a latex-

microgel transition upon pH change but the microgel state of these particles was usually used

160,161

for demulsification. Particles of natural origin with or without modification as

stabilisers of emulsions and HIPEs include ferritin,'®*'** bovine serum albumin (BSA),'®

66 169,170 171-176 179-181

geltatin,'®® soy protein,'®”'®® fat crystals, cellulose, chitosan,'””'"® lignin,

182-184 185,186
h >

and chitin.
187,188

starc These natural polymer particles together with PLGA

particles can offer biocompatibility and biodegradability for food or biomedical
applications. In general, Pickering emulsions can find applications in the industries of
cosmetics, food and petroleum as well in the fields ranging from drug delivery, polymer

blends to preparation of porous materials.'®
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Fig. 1.11 Variation of the energy of attachment, E (relative to kT), of a spherical particle (R =
1x10* m) at a planner oil-water interface (Yow = 0.036 N.m™) as a function of contact angle 0
(measured through the water phase) at 298 K. (Reproduced from ref.*")

The preparation of polyHIPEs from a Pickering HIPE template, i.e. poly(Pickering HIPEs)
(PPH) was first reported in 2007."”*"*! Colver et al. obtained PPHs from a Pickering template
stabilised by DVB-crosslinked poly(methyl methacrylate) (PMMA) particles.'” In the same
year, Menner et al. reported porous polymer foams from Pickering emulsions using
multiwalled carbon nanotubes (CNTs) as the stabiliser and an internal phase of 60 vol % (i.e.
not a HIPE)'*? as well as functionalized titania nanoparticles as the stabiliser and an internal
phase volume ratio up to 80%.'°' In the following years, many other particles were
investigated as the stabilisers of Pickering HIPEs for the preparation of PPHs, e.g., modified

19319 and magnetite,'”>"*® polymeric particles of poly(St-AA-MMA)""'® and

oxides of silica
poly(urethane urea),"””** and single walled CNTs.?*' The particle species investigated in this
thesis are particles of stimuli-responsive poly(NIPAAm-co-AA) microgels. Besides the
advantages of Pickering emulsions over conventional emulsions in emulsion stabilisation, the
preparation of PPHs can also represent a novel approach to polyHIPE composites or
nanocomposites. Within this relatively new field of research, three aspects were of particular
interest: PPH morphology, particle locus and PPH properties.

Firstly, pores of a few hundred microns were commonly exhibited in PPHs """ and
these were obviously larger than those of typical polyHIPEs (< 100 pum). This feature
potentially extends the application of polyHIPEs to a wider range. However, closed-pore

. 190,191,193,194,196,199,202
in PPHs 90,191,193,194,196,199,20

structures have been frequently obtained except few

examples.'”** Since open porous foams are required for most applications, it is essential to
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find out why closed pores are present and how to generate pore throats in PPHs. This is
discussed in detail in Section 3.4.

The particle locus in PPHs plays an important role in the applications of PPHs. For
example, the reinforcement of polyHIPEs requires uniform particle distribution whereas
polyHIPEs for catalysis purpose need particles at the interface. As Pickering emulsions have
various stabilisation mechanisms, the particle locus in PPHs is not always at the pore surface
as may be expected. In a study by Gurevitch et al., it was found that when the initiator was in
the dispersed phase, particles that were pre-mixed in the continuous phase would be located
within the polyHIPE walls, far from the polyHIPE surface.*'™ Conversely, when the
initiator was in the continuous phase, particles that were pre-dispersed in the internal phase
would normally be visible at the pore surface of the resultant PPH.'” Furthermore, Zhang et
al. found that the presence of visible particles on the pore surface depended on the salt
concentration and particle concentration in the aqueous phase as well as the nature of the

. 197,198
particles. ™"

When the locus of initiation was in the continuous phase, particles that were
also pre-dispersed in the continuous phase would be visible at the surface of the pore wall
and within the polymer matrix."**'"**!> Gurevitch et al. attributed the appearance of particles
within the pore wall to the changes in droplet shape and size upon HIPE destabilization
during polymerisation.'*® Vilchez ef al. found that the hydrophobicity of particles could play
a role in determining their location in PPH and particles of a low affinity to the polymer
matrix could only stay at the interface.'”® In the case of particles used as both the stabiliser
and as an atom transfer radical polymerisation (ATRP) initiator, they would also be located
only at the interface after polymerisation.'*

The properties of PPHs were preliminarily investigated aiming for potential applications.
Since PPHs normally exhibited closed pores of much larger sizes than their conventional
counterparts, particles hardly showed an obvious effect of reinforcement'” or even caused a
reduction in mechanical properties due to particle aggregation.””> Nevertheless, Li et al.
recently obtained PPHs of similar sizes to conventional polyHIPEs using surface-modified
magnetite nanoparticles and y-rays for initiation and found a reinforcement effect of particles
below 20 wt % loading.'”® The compression strength and Young’s modulus of the PPH at 20
wt % particles were 5.29 and 69.7 MPa, obviously higher than those of a conventional
polyHIPE prepared using 3 wt % Span 80 (2.36 and 41.9 MPa).'** In addition, PPHs prepared

192,201

using CNTs or magnetite particles exhibited conductivity or superparamagnetic
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behavior."”>!*® All these properties show that preparation of PPHs can be a promising

approach to macroporous polymer composites or nanocomposites.

1.2.2 Applications of polyHIPEs as tissue engineering scaffolds

Due to their versatility in structures and properties, polyHIPEs have been exploited for a

1,125,126,2 204,20
OL125.126.203 o1ch as catalyst supports,?**2%

207,208

variety of potential applications, ionic exchange

modules,”” media for protein separation or purification and tissue engineering scaffolds.
Although the study of polyHIPE scaffolds for tissue engineering only started at the beginning
of this century, recent advances have led to an increased understanding of the cell-scaffold
interactions.

Firstly, cell growth in polyHIPE matrices has been shown to be superior to that in 2-D
conditions. Hayman et al. reported the use of polystyrene (PS) based polyHIPEs for cell
culture tests and found that human neural precursors could differentiate and form neutral
networks on 2-D surfaces but their ability to continue to differentiate was significantly
enhanced on inert solid 3-D PS matrices.'** Bokhari ef al. cultured hepG2 liver cells on PS
polyHIPEs of 120 pum in thickness and found that 3-D culture was more conductive to

209,210

enhanced cell function and less susceptible to cytotoxin than 2-D culture. In comparison

to 2-D culture, Barbetta et al. also found better-preserved hepatocyte viability after 48 h and a
much higher level of albumin production in gelatin based polyHIPE matrices.*''*'?

Secondly, polyHIPE scaffolds have been preliminarily investigated for bone tissue
engineering. Akay ef al. investigated three PS based polyHIPEs of different pore sizes (40
pum, 60 um and 100 pm) and pore throat sizes (15 pm, 20 pm and 30 pm) for the culture of

129

primary rat osteoblasts. © It was found that pore size influenced the rate of cell penetration

but did not influence cell viability, cell differentiation or the maximal depth of cell

penetration (~1.4 mm at 35 days).'”

Moreover, compared to pure PS polyHIPEs, polyHIPEs
modified with hydroxyapatite showed more cells within the matrix, earlier collagen I
expression and significantly more bone nodule formation at 28 and 35 days;'* polyHIPEs
coated with a peptide hydrogel could significantly increase the ability of the scaffold to
support osteoblast activity and bone formation.*"

In addition to this, both synthetic and natural biopolymers have been fabricated via
polyHIPEs aiming for biocompatible and biodegradable scaffolds. Typically, macromers of

the biopolymers were prepared and used alone or together with a co-monomer in the
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continuous phase of HIPEs. The macromers of synthetic biopolymers are normally oil-
soluble, such as PCL-diacrylate,”'**'” PLA-diacrylate,”’> PPF and propylene fumarate
diacrylate (PFDA)®® and propylene fumarate dimethacrylate (PFDMA).218 In contrast, the
macromers of the natural biopolymers investigated are water-soluble, such as methacrylated

211212219220 51§ degraded alginate.””' Moreover, biopolymers

dextran,”” pullulan®'’ or gelatin,
that can lead to scaffolds with good mechanical properties have been exploited for bone
tissue engineering. Moglia et al.*'® reported that PPF polyHIPEs could reach an average
compressive modulus and strength of 33 MPa and 5 MPa, respectively. These values are as
high as those of the cancellous bone and suggest a great potential for PPF polyHIPEs in the
field.

Finally, it was shown that drug delivery from polyHIPE scaffolds is possible. Hayman et
al. coated PS polyHIPEs with bioactive molecules by immersing the polyHIPE scaffold into
an aqueous solution of poly-D-lysine and laminin and found the differentiation of human
neuron cells was enhanced.'” In another case, Akay er al. modified PS polyHIPEs by
dissolving hydroxyapatite into the aqueous phase prior to emulsification and found that the
ability of osteoblasts to penetrate and migrate into the scaffolds was improved.'®

So far, there are no reported poly(Pickering HIPEs) (PPHs) used as tissue engineering
scaffolds. By using a particle stabiliser instead of conventional surfactants, PPHs are
expected to offer improved features, such as larger pore sizes and higher biocompatibility.
Moreover, using a particle stabiliser that is capable of carrying and releasing drugs or
bioactive molecules — such as the microgels as investigated in this work — would represent a

novel step forward for the use of polyHIPEs in tissue engineering applications.

45



Chapter 2

Chapter 2 Microgel particles stabilised DVB based emulsions

2.1 Overview

Poly(N-isopropylacrylamide-co-acrylic acid) [poly(NIPAAm-co-AA)] microgel particles
have been studied as stimuli-responsive emulsifiers for high internal phase emulsions (HIPE)
to fabricate novel multifunctional polymeric scaffolds. Before microgel particles of
poly(NIPAAm-co-AA) were investigated as emulsifiers, their responsiveness to temperature,
pH and KCI concentration together with the effect of microgel concentration were
investigated via particle size measurements. Meanwhile, the factors involved in microgel
preparation — including surfactant source and purification procedures — were evaluated in
terms of their effect on particle size. It was found that only the surfactant source had a
significant effect on the particle size. In addition, a purification procedure without using acid
or base was sufficient for our use as emulsifiers, i.e., dialysis with distilled water at 60 °C
followed by an ion exchange process.

Investigations of microgel particles as emulsifiers in divinylbenzene (DVB) based
emulsions were then carried out. The aim of these experiments was to find out whether w/o
Pickering HIPEs and poly(Pickering HIPEs) could be obtained. At pH 5, it was found that
swollen microgel particles were so hydrophilic that only o/w Pickering emulsions could be
produced regardless of phase volume ratio (varied from 20% to 80%) or particle
concentration (varied from 0.02 wt % to 0.4 wt %). Attempts using shrunken microgel
particles at pH 5 to prepare HIPEs above the volume phase transition temperature (VPTT),
either at 50 °C or at 65 °C, resulted in phase separation during homogenisation due to
microgel aggregation. At pH 2.5 or pH 3, it was found that only o/w emulsions were obtained
below 32 °C and that phase separation occurred above 32 °C due to particle aggregation. At
pH 4, however, the shrunken microgel particles did stabilise w/o emulsions (60 vol %
internal phase) and HIPEs at temperatures above the VPTT, from which poly(DVB)
Pickering-HIPEs were obtained. Further investigation into the stabilisation mechanism
indicated that the charges of collapsed microgel particles were crucial for the formation of

stable particle layers at the interface so that w/o HIPEs were stabilised.
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2.2 Synthesis, purification and characterisation of poly(NIPAAm-co-AA)

microgel particles

Microgel particles are cross-linked polymeric particles that are swollen in a good

222-224

solvent and are normally of colloidal dimensions. Those presenting stimuli

225-227

responsiveness in an aqueous environment have been extensively investigated for

applications in biomedicine and industry.”*******? Since first reported as novel particulate
emulsifiers in 2005,*%** microgel and composite microgel particles have not only shown the
ability to stabilise surfactant-free emulsions,'*"'*’ but also enabled tunable emulsion stability

233,235 233-237
’ pH, salt

and demulsification on demand via variation in temperature,

235,236

concentration or magnetic field.”® In this thesis, we aim to create tissue-engineering

scaffolds by exploiting microgel particles as novel emulsifiers of high internal phase
emulsions (HIPEs). Classically, surfactants have been the dominant type of emulsifiers for

HIPEs as detailed in Chapter 1. As an alternative to conventional surfactants for our

purposes, microgel particles have the additional benefit that they can serve as carriers™ > of

. . 246
bioactive molecules

that are essential for cell growth and tissue development. Attractively,
their stimuli-responsiveness could be potentially used as triggers®*** for drug release under
physiological conditions.

Within the growing family of stimuli-responsive microgel particles, poly(N-
isopropylacrylamide) (polyNIPAAm) and its derivatives have attracted considerable attention

since first reported by Pelton and Chibante in 1986.** PolyNIPAAm microgel

225,249-251 252-254

particles, similar to the analogous linear polymers and macro-gels,” undergo

a typical thermo-reversible phase separation when the temperature of the aqueous solution is

253,256-261

raised above ca. 32 °C. In contrast to the coil-to-globule transition observed in linear

polyNIPAAm, microgels or macro-gels exhibit a sharp volume phase transition (VPT)*>2%*

265 (shrinkage). This phenomenon is attributed to a balance between hydration and
hydrophobic aggregation of the isopropyl groups.”*® The transition temperature is commonly
referred to as lower critical solution temperature (LCST) for linear polymers and as the
volume phase transition temperature”> (VPTT) for both gel species. In this thesis, copolymer
microgel particles of poly(N-isopropylacrylamide-co-acrylic acid) [poly(NIPAAm-co-
AA)Y? are employed since copolymerisation with acrylic acid (AA) enables an increase

of the VPTT close to physiologically relevant temperatures (37 °C) as well as a larger
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swelling capacity”’**?"" at temperatures below the VPTT and additional sensitivity to
pH***#"! and ionic strength, which are equally useful for biomedical applications.

The poly(NIPAAm-co-AA) microgel particles in our work were prepared using
surfactant-assisted emulsion polymerisation.”’’?’* Table 2.1 lists the parameters that were
investigated in the synthesis and purification of poly(NIPAAm-co-AA) microgel particles.
Microgel responsiveness to environmental stimuli including temperature, pH and ionic
strength was characterised by dynamic light scattering (DLS), i.e., particle size measurements

in aqueous suspensions.

Table 2.1 List of parameters that were varied in the preparation of gel particles (GP1)

GP species | Molar feed ratio NaDBS source | GP batch | Purification
(NIPAAm:BIS:AA) No. procedures*
BDH GP1-1 D20-OH-EX
DT60-OH
Aldrich GP1-2 DT60-H
DT60-OH-EX
DT60-OH
Aldrich GP1-3 DT60-H

GP1 94:1:5 DT60-OH-EX
D20-OH-EX
DT20-OH-EX
BDH GP14 DT60-OH
DT60-OH-EX
DT60-H
DT60-H-EX

* Purification procedures (a combination of the following four factors):

(1) Treatment of dialysis tubing: washing with distilled water (D), followed by treatment with sodium sulphide
and sulphuric acid (DT);

(2) Dialysis temperature: room temperature (20) or 60 °C (60);

(3) Dialysis type: alkaline dialysis (OH) or acidic dialysis (H);

(4) Exchange resin: whether applied (EX) or not.

2.2.1 Assessment of the environmental sensitivity of microgel particles

GP1 of poly(NIPAAm-co-AA) microgel particles were prepared at a molar feed ratio
(NIPAAmM:BIS:AA) of 94:1:5, in contrast to 93:2:5 for GP2 (used in Chapter 3 and 4). 5
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mol % AA was employed for both microgel species aiming to induce a sharp swelling-
deswelling transition caused by pH change at 37 °C.*"'*" A small amount of N, N-
methylenebisacrylamide (BIS, 1-2 mol %) was used as crosslinker to create a significant
variation in microgel volume at the transition.””**” Prior to being studied as emulsifiers,
microgel suspensions of GP1-1 (batch 1 of GP1) with predetermined KCI concentration, pH
and microgel concentration were characterised by particle size measurement in a temperature

range of 20-70 °C to establish the environmental sensitivity of the particles.

2.2.1.1 Particle size of microgels as a function of temperature at various pH

Understanding the response of poly(NIPAAm-co-AA) microgel particles to temperature
and pH is essential for emulsification using the particles as stabilisers as well as for drug
uptake and release (Chapter 4). Fig. 2.1 and Fig. 2.2 show the size variation of GP1-1 as a
function of temperature in the pH range from 2.0 to 7.0 in 1 mM KCI solution, which was
chosen to provide a weak screening environment. The behaviour of microgel particles that

are suspended in KCI solutions of higher concentrations will be discussed in Section 2.2.1.2.
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Fig. 2.1 Average particle size of GP1-1 as a function of temperature at pH 2 (0.048 wt %),
pH 2.5 (0.10 wt %), pH 3.0 (0.031 wt %) and pH 3.5 (0.035 wt %) in 1 mM KCI solutions.
Numbers in the brackets were particle concentrations of the suspensions characterised.
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For all pH values (2.0-3.5), at temperatures below 32 °C, the particle sizes of GP1-1
decreased with temperature from 200-230 nm to 140-160 nm (Fig. 2.1), indicating a process
of temperature induced gradual collapse of individual microgel particles. However, above 32
°C for pH 2.5 and pH 3.0 and above 33 °C for pH 2.0 and pH 3.5, an abrupt increase of
particle size from about 150 nm to over 1000 nm was seen, suggesting loss of colloidal

Stability249,274,280

in the aqueous medium. Although microgel concentrations in these
suspensions were varied within a range from 0.03 wt % to 0.10 wt %, the influence of this
variable on the tendency of microgel particles upon temperature increase is believed to be
negligible; our subsequent investigations (Fig. 2.15) having shown identical results in more
highly concentrated suspensions containing 0.4 wt % of microgels. For comparison, reported
polyNIPAAm microgel particles** employing the same background electrolyte (1 mM KCI),
presented a typical volume phase transition process (shrinkage) without coagulation over a
temperature range from 10 to 50 °C. Thus, it is naturally deduced that PAA moieties in our
poly(NIPAAm-co-AA) microgel particles played a role in the coagulation of microgel
particles within the current pH range. So far, ambiguities and controversies™' still exist in
comprehensively understanding the forces exposing to microgel particles in the aqueous
medium. However, in terms of the colloidal stability in microgel suspensions, analysis can be

282-286

carried out based on a qualitative understanding that hydrophobic hydration and

electrostatic repulsion provide counter-interactions to those attractive ones including

hydrophobic interaction®*’>*" between isopropyl groups, van der Waals attraction,*******!

292

and inter-particle hydrogen bonding.””* The electrostatic repulsion among poly(NIPAAm-co-

AA) microgel particles is believed to originate from two sources:*” the ionized fragments of

. 249,294,295
mitiators™ 7"

(sulphate group, —OSO;3") and ionisable co-monomer AA, and to manifest
through the resultant electrical double layers.”****® The pH range (Fig. 2.1) is above the pK,
of sulphate group (2.0*) but well below that of acrylic acid (4.25%°"). Indeed, the pK, of

298,299

carboxyl groups shifts to 4.7 in PAA or even increases with temperature above 32 °C in

270301393 showed that

poly(NIPAAm-co-AA) copolymers of low AA contents.’® Titrations
the carboxylic acid groups in poly(NIPAAm-co-AA) microgels hardly ionized at or below
pH 3.5, indicating PAA only contributed to attractive rather than repulsive interactions under
these conditions. Thus, upon increase of the temperature above 32 °C, dissociation of the
hydrophobic interaction between NIPAAm segments and water (or hydrophobic

hydration)**%* facilitated the hydrophobic interactions between isopropyl groups, leading to
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microgel collapse. The driving forces for particle coagulation were attributed to increased

292,305 269,292

inter-particle attractive interactions, mainly hydrogen bonding arising from

protonated carboxylic acid groups and amide groups.
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Fig. 2.2 Average particle size of GP1-1 as a function of temperature at pH 4.0 (0.037 wt %),
pH 5.0 (0.073 wt %), pH 6.0 (0.046 wt %) and pH 7.0 (0.047 wt %) in 1 mM KCI solutions.
Numbers in the brackets indicate particle concentrations of the suspensions studied.

At pH 4.0 (Fig. 2.2), when the temperature was increased from 32 °C to 35 °C, particles
displayed a volume phase transition (VPT) with a sharp decrease of size from 190 nm to 100
nm. The disappearance of microgel aggregation above 32 °C at pH 4.0 in contrast to pH 2.0-

3.5 was thus attributed to a slight ionization®'>"

of the carboxylic acid groups, which
enhanced the electrostatic repulsion among microgels and maintained the colloidal stability
during VPT. It can be seen from Fig. 2.2 that an increase in pH from 4.0 to 7.0 had
significant effects on particle size and the VPT process. In the swollen state, particle size of
the ionic microgels became larger with an increase of pH, which is due to increase of the

306-308
1

Donnan potentia within the particles accompanied by an increase in the osmotic

pressure’’”% under the same bulk salt concentration (I mM KCl). Meanwhile, it is
interesting to note that the VPT appeared to be sharper at pH 4 than that at and above pH 5.

This is similar to the behaviour of macroscopic gels of poly(NIPAAm-co-AA),****'° whose
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VPT changed from a discontinuous transition to a continuous one when pH was increased
above 7.5. The occurrence of this sharper transition at pH 4 rather than at pH 5 was attributed
to a lower osmotic pressure and the presence of stronger intra-particle interactions at pH 4,
including hydrogen bonds and hydrophobic interactions. The formation of intra-particle

hydrogen bonds®''~"?

was expected since ionization of the AA moieties was still at a very
low level at pH 4.2°°% At and above pH 5, with a significant increase in degree of ionization
of the carboxylic acid groups and thus the electrostatic repulsion arising from —COO0, it
became more difficult to form intra-particle hydrogen bonds as well as to deswell the
particles.”'* As a result, the VPT process became more continuous and covered a broader
temperature range from 40 °C to 60 °C. Moreover, comparisons can be drawn among the
collapsed states of the particles at various pHs. The same size of 100 nm was reached at pH 4
and at pH 5 whereas — due to further ionization of the -COOH groups — microgel particles in
suspensions of pH 6.0 and 7.0 hardly shrank to below 240 nm even at 70 °C. Thus, an order
of the magnitude of temperature-induced volume changes [Vswolien/Vshrunken
(dswol1en/dshmnm)3 ] at different pHs can be obtained: 34.6 (pH 5) > 13.3 (pH 4) > 2.5 (pH 6) >
2.0 (pH 7), using particle sizes at 65 °C as the sizes of collapsed particles for pH 5-7. Clearly,
the temperature-induced volume change of GP1-1 reached a maximum at pH 5 and
attenuated sharply with increasing pH. On the other hand, it can also be seen that a pH
change from 4.0 to 7.0 at 37 °C brought about a significant size change of poly(NIPAAm-co-
AA) microgel particles from 100 nm to 370 nm, equivalent to a 50.7 fold change in volume.
This striking variation can be a promising feature for drug delivery systems, i.e., uptake of
hydrophobic drugs at pH 4 followed by release at pH 7.>

To conclude, the swelling behaviour of poly(NIPAAm-co-AA) microgels (GP1-1) has
shown a strong pH-dependence in the studied pH range from 2 to 7 with 1 mM KCI as
electrolyte background. Charges arising from ionization of the -COOH groups determine the
stability of microgel particles against aggregation upon temperature increase, the VPTT,
breadth of the VPT and the magnitude of temperature-induced deswelling. Significant

volume changes can be induced either through temperature variation at pH 4 and pH 5, or

through pH variation between 4 and 7 at 37 °C.

2.2.1.2 Particle size of microgels as a function of temperature at various ionic strengths
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Since microgel particles are to be used in an environment containing salts during
emulsification, it is essential to investigate the behaviour of microgel particles in suspensions
of various ionic strengths. Although the charges of our poly(NIPPAm-co-AA) microgel
particles stem from the initiator (APS) and AA as discussed in Section 2.2.1.1, it is of
significance to study the effects of ionic strength on the swelling behaviour of microgel
particles only when —COOH from AA are sufficiently ionized.**” Meanwhile, the salt species
remains KCl in accordance with the previous section since it is not our aim here to cover the
entire Hofmeister series.*'*>'” Therefore, based on Fig. 2.2, microgel suspensions with KCl
as background electrolyte and pH 5 as the predetermined pH were selected for investigation
in this section. Furthermore, three ionic strengths, 0.001 M, 0.02 M and 0.2 M, were chosen
since the critical salt concentration for microgel aggregation was expected to lie between 0.02

M and 0.2 M 2318
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Fig. 2.3 Average particle size of microgels (GP1-1) as a function of temperature measured
using microgel suspensions of different KCl concentrations at pH 5. The KCI concentrations
were 0.001 M, 0.02 M and 0.2 M, respectively. Minor differences existed in microgel
concentration of the three suspensions studied, which were 0.073 wt %, 0.066 wt % and
0.062 wt %, respectively.

Fig. 2.3 shows the effects of salt concentration and temperature on the average particle

size of GP1-1 at pH 5.0 in 0.001 M, 0.02 M and 0.2 M KCl background electrolyte solutions,
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respectively. Microgel aggregation appeared in the KCl solution of 0.2 M rather than 0.02 M
as expected. The critical temperature for aggregation was about 50 °C, in close agreement
with the VPTT,”" suggesting aggregation occurred during VPT since the overall inter-
particle interaction became attractive. This can be explained by calculating the Debye

screening length 4, at 25 °C according to Equation (2.1):%

—10
4 =200 ) @.1)

Z.4[C.

1 1

where z, and ¢, are valency of ion i and electrolyte concentration, respectively. Increase of
KCI concentration from 0.001 M to 0.02 M and 0.2 M led to a reduction of the Debye
screening length from 9.6 nm to 2.1 nm and 0.7 nm, respectively, at 25 °C. Thus, once the
hydration was largely dissociated upon VPT, a very short Debye screening length at high KC1
concentration allows particles to come sufficiently close so that inter-particle attractive forces,
including hydrogen bonding as well as hydrophobic interaction and van der Waals forces, can
manifest significantly, leading to aggregation. The occurrence of microgel
aggregation®®'™!” during and/or after the VPT rather than in the swollen state indicated the
existence of strong hydration of particles in the swollen state, including hydrogen bonds
between water molecules and carbonyl groups and amide groups together with hydrophobic
hydration of the isopropyl groups. Meanwhile, it is noticed that in the swollen state,
increasing the ionic strength clearly caused a reduction in particle size. Taking 25 °C as an
example, upon increasing the KCI concentration from 1 mM to 20 mM and 200 mM, the
particle size decreased from 290 nm to 270 and 240 nm, respectively (Fig. 2.3). This was
attributed to a decreasing ionic osmotic pressure with increasing salt concentration.”” On the
contrary, in the aggregation-free shrunken state, microgel particles were larger in suspensions
of higher KCI concentration. For example, at 60 °C, increasing the KCI concentration from
0.001 M to 0.02 M resulted in a size increase from 100 nm to 160 nm, which was due to the
fact that a higher concentration of ions was trapped inside the microgel upon VPT in the case
of 0.02 M and subsequently caused resistance against the contraction of microgel network.
Kratz et al.*®
collapsed poly(NIPAAm-co-AA) microgels with higher AA content (12.5 mol %) and

reported similar effects of salt concentration on the sizes of swollen and

crosslinking degree (6~7 mol %) than our microgels (5 mol % AA, 1 mol % BIS), i.e,

microgels were smaller in the swollen state but larger in the collapsed state upon adding more
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salts. This indicated that the amount of microgel charges had little effect on this trend,
although it was found to have a linear relationship with the critical salt concentration for
microgel aggregation.®® It is also worth mentioning that the effect of minor differences in
microgel concentration is believed to be negligible. This is evidenced by our subsequent
study (Fig. 2.4) that a variation in microgel concentration from 0.02 wt % to 0.10 wt % had
little effect on sizes of either swollen or shrunken microgels in 1 mM KCI. Thus, it can be
deduced from Fig. 2.2 and Fig. 2.3 that based on microgel suspensions of pH 5 in 1 mM KCl
solutions, either increasing pH or increasing KCI concentration can lead to a reduction in the
magnitude of temperature-induced volume change of microgel particles, but through different
mechanisms.

To conclude, the effect of KCIl concentration on the swelling of poly(NIPAAm-co-AA)
microgels prior to VPT can be well accounted for as a process driven by osmotic pressure
difference between the interior of microgels and their surroundings for the studied KCl
concentrations. Meanwhile, microgel aggregation tends to occur during VPT once the KCl
concentration was increased to or above the critical point, where the attractive interactions

prevailed over the electrostatic repulsion due to reduction of the Debye screening length.

2.2.1.3 Particle size of microgels at various concentrations as a function of temperature

Particle concentration is an important factor in particle-stabilised emulsions since it is
related to the degree of droplet surface coverage’' and plays a role in determining the

321,322 235,323

emulsion stability and the droplet size. Meanwhile, for emulsions stabilised by

microgel particles, the characteristic swelling behaviour of microgels has a major effect on

. 233234
the resultant emulsions.?***

Therefore, besides the effects of pH and ionic strength on
microgel swelling previously discussed, it is also of interest to evaluate the effect of microgel
concentration on the swelling behaviour prior to emulsification, which can support the
understanding of microgel interactions in suspensions as well as at the water-oil interface.
Since higher concentration of particles simply means shorter inter-particle distance in the
suspension, inter-particle interactions are very likely to be affected by particle concentration.
Studies were carried out (Fig. 2.4) to determine the effects of microgel concentration —
including 0.020 wt %, 0.10 wt %, 0.20 wt % and 0.40 wt % — on particle size in the
temperature range from 20 to 70 °C in a 0.001 M KCI solution of pH 5.0. This KCI solution

was chosen as a baseline composition of high sensitivity for this study since the temperature-
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induced volume change of microgel particles reached a maximum degree as concluded from
Section 2.2.1.1 and Section 2.2.1.2. On the other hand, a particle concentration range from

0.020 wt % to 0.40 wt % was also sufficient for this current purpose.
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Fig. 2.4 Average particle size of microgels (GP1-1) as a function of temperature and particle

concentration, which was varied from 0.020 wt % to 0.10 wt %, 0.20 wt % and 0.40 wt % in
microgel suspensions at pH 5 containing 1 mM KCIl.

A 20-fold increase of the microgel concentration from 0.020 wt % to 0.40 wt % in the
suspension led to an increase in particle size in the swollen state. At 25 °C, the particle sizes
were 260-270 nm for microgel suspensions of 0.020 wt % and 0.10 wt %, 280-290 nm for
suspension of 0.20 wt % and 340-350 nm for suspension of 0.40 wt % whereas at 65 °C, the
sizes were 90 nm for suspensions of 0.020 ~0.20 wt % and 100 nm for suspension of 0.40
wt %. The particle collapse process was also affected, especially the breadth of VPT process.
For suspension of 0.02 wt %, the collapse of microgels occurred in a narrow range from 35
°C to 40 °C. However, the transition range became broader with increasing microgel
concentrations. To reach a similar shrunken state of microgels (~90 nm), the suspensions
needed to be heated up to 55-60 °C for suspensions of 0.1 wt % and 0.2 wt % and to 70 °C

for suspension of 0.40 wt %.
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To explain the effect of microgel concentration, the concentration-dependent inter-
particle interactions” are first taken into account. The lightly-crosslinked poly(NIPAAm-co-
AA) microgel particles (I mol % BIS in feed) were not homogeneous spheres, but rather
shells of dangling chains connected to a cross-linked core®’*?**=**326 que to a faster reaction
kinetics of BIS than NIPAAm during the synthesis of particles.”®” Since these extended

chains also contribute to the hydrodynamic diameters,””>>>~?’

it is not surprising that the
swelling behaviour of microgel particles observed is influenced by the interactions between
the dangling chains.??**% Thermodynamically, if the entropy penalty of stretching can be

overcome by enthalpy gain,””?

the dangling chains at the microgel surfaces can remain
extended. This enthalpy gain is more likely to be available in suspensions of swollen
microgel particles with higher concentration, e.g., W4, which can arise from inter-chain
hydrogen bonding. In addition, the technique used for size measurement, i.e. DLS, can also
result in a slightly smaller particle size at lower particle concentration due to an increase in
the diffusion coefficient.***>*

The above phenomenon brought about by microgel concentration is not just for
suspensions at pH 5. Our subsequent study at pH 4 (Fig. 2.19) showed that an increase in
microgel concentration from 0.40 wt % to 0.80 wt % also led to a considerable increase of the
hydrodynamic diameters for the swollen particles but had no obvious effect on the shrunken
microgels. For example, at 25 °C, a size variation from 220 nm to 260 nm was observed. The
independence of particle size on microgel concentration observed above VPT at pH 4 was
attributed to stronger intra-particle hydrogen bonding than that at pH 5 (Section 2.2.1.1).

To conclude, the particle concentration has an obvious effect on the hydrodynamic
diameters of swollen microgels as well as the VPT of lightly crosslinked microgels,
especially when the particle concentration reached 0.4 wt % as investigated in 1 mM KCl
solution. The reasons mainly lie in the fact that the structural features of microgel particles

become more and more important with increasing microgel concentration and the dangling

chains in the shell layer of microgels start to interact with those of neighbouring microgels.

2.2.2 Assessment of the effect of surfactant and purification procedures on microgel size

149,150,331

When microgel particles are used as emulsifiers, their wettability at the interfaces

are closely related to the swelling degree. This is because variations of the swelling degree

. . .. . 264.0 2.
are accompanied by changes in the water content inside the microgel network>***”**32-3% and
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the number of water molecules hydrogen-bonded to each repeat unit inside the gel,*'*>*¢3*

and thus will influence the overall hydrophilicity or hydrophobicity of microgels,”>*> —

an
important factor in determining particle wettability. Meanwhile, particle size (i.e.,
hydrodynamic diameter) can indicate the variation in swelling degree with the environmental
stimuli (Section 2.2.1). Therefore, measuring particle sizes of microgels can be a very useful
tool for studying microgel-stabilised emulsions.

In this section, we aim to assess the effects of the surfactant source and purification
procedures on the particle size of GP1. This will help minimize the batch-to-batch variation
before these particles are used as emulsifiers. The surfactant NaDBS used was either from
BDH (yellow and sticky solid, 80% active constituent with sodium sulphate as the remainder)
or from Aldrich (white or light yellow powder, technical grade, unspecified purity). The
purification of microgels involves multi-step procedures (Section 7.2), of which the choice of
options may influence the final states of microgels. For example, alkaline dialysis (0.1 M
NaOH used as the medium between two steps of dialysis with distilled water) and acidic
dialysis (0.1 HCI used as the medium between two steps of dialysis with distilled water) can
determine the nature of microgel charges.””’ Therefore, a step-by-step procedure for our
purpose is needed practically. In total, four factors were considered to obtain an
understanding of how each factor affected the particle size: (i) treatment of dialysis tubing,
either simply washed with water (D) or to follow a three-step procedure’® involving
treatment with sodium sulphide and sulphuric acid (DT); (i1) dialysis temperature, room
temperature (20) or 60 °C as recommended by the manufacturer’® (60); (iii) dialysis type,*”

272,344

either alkaline dialysis (OH) or acidic dialysis (H); (iv) ion exchange resin, whether

applied (EX) or not. For example, purification of GP1-1 followed procedure D20-OH-EX,

i.e., a combination of the choices made upon the four factors.

2.2.2.1 Effect of dialysis type used in purification on the particle size of microgels

GP1-2 (batch 2 of GP1) was prepared using the NaDBS from Aldrich and purified by
three different procedures, including DT60-OH (alkaline dialysis at 60 °C), DT60-H (acidic
dialysis at 60 °C) and DT60-OH-EX (alkaline dialysis at 60 °C followed by ion exchange).
The effect of these purification procedures on the particle size was assessed in microgel
suspensions (0.2 wt %) of pH 5 in 1 mM KCI solution (Fig. 2.5). The sizes of swollen
microgels (25 °C) were 150-160 nm, 215-230 nm and 180-190 nm, respectively, whereas no
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obvious difference was shown in the VPT or in the shrunken state (~50 nm at 70 °C) of the
three. On the other hand, an identical batch to GP1-2, GP1-3 (batch 3 of GP1) was also
prepared and evaluated in the same way (Fig. 2.6). The sizes of swollen GP1-3 (25 °C) were
150-160 nm, 180-190 nm and 170-180 nm under the three conditions while the collapsed

microgels exhibited a size of 60-70 nm, respectively.
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Fig. 2.5 Average particle sizes of GP1-2 microgels as a function of temperature measured in
microgel suspensions (0.2 wt %) of pH 5 in ImM KCI solution. The microgels were purified
using three procedures: DT60-OH (alkaline dialysis at 60 °C), DT60-H (acidic dialysis at 60
°C) and DT60-OH-EX (alkaline dialysis at 60 °C followed by ion exchange).

When comparing the three purification procedures applied to GP1-2 and GP1-3,
differences in particle size were mainly observed in the swollen state of microgels. This
variation was attributed to two major aspects. Firstly, a difference in ionic strength of
microgel suspension was probably introduced when pH was adjusted to 5.0 for all three
microgel suspensions by using either HCl or KOH solutions before particle size
measurements. The pH values of the microgel suspensions prior to pH adjustment were either

270,301,302

6.9 or 4.6 (Table 2.2). According to reported titration results, the amount of HCI

needed to change pH from 6.9 (DT60-OH) to 5.0 was more than that of KOH needed to

59



Chapter 2

adjust pH from 4.6 (DT60-H or DT60-OH-EX) to 5.0. Thus, it is reasonable to expect that
the ionic strength of the suspension containing microgels of DT60-OH was relatively higher
than that of the suspensions containing microgels of DT60-H and DT60-OH-EX. According
to our understanding of the effect of ionic strength (Section 2.2.1.2), it is not surprising that
smaller particle sizes were exhibited in suspensions of GP1-2-DT60-OH and GP1-3-DT60-
OH prior to the VPT. Secondly, there was a higher possibility of surfactant binding to
microgels for acidic dialysis at 60 °C (DT60-H), which would typically result in larger
particle sizes.**>*” This is because collapsed and protonated microgel particles were more
hydrophobic (Section 2.1.1.1) and would facilitate the binding of microgels with the

3 Thus, the removal of surfactant molecules may become

hydrocarbon tails of the surfactant.
more difficult and time-consuming. This may also explain the size deviation of swollen GP1-
3-DT60-H from GP1-2-DT60-H (15~20%, 25 °C), since the surfactant molecules binding to
microgels can have a considerable batch-to-batch variation. In contrast, the batch-to-batch
variation was negligible for microgels purified under alkaline conditions due to the existence

of -COO.
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Fig. 2.6 Average particle sizes of GP1-3 microgels as a function of temperature measured in
microgel suspensions (0.2 wt %) of pH 5 in ImM KCI solution. The microgels were purified
using three procedures: DT60-OH (alkaline dialysis at 60 °C), DT60-H (acidic dialysis at 60
°C) and DT60-OH-EX (alkaline dialysis at 60 °C followed by ion exchange).
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To conclude, the purification procedures can influence the original pH of the microgel
suspensions (i.e., prior to pH adjustment using either HCl or KOH), and the variation in
particle size will be observed if differences in ionic strength of the suspensions are brought
about by the subsequent adjustment of pH. Meanwhile, surfactant binding to microgels is

more likely for dialysis under acidic conditions.

2.2.2.2 Effect of six different purification procedures on the particle size of microgels

The particle sizes of GP1-2 and GP1-3 (Section 2.2.2.1) were about 30% smaller than
that of GP1-1 in both the swollen and collapsed states. In order to fully assess the effect of
NaDBS sources and purification procedures on particle size, GP1-4 (batch 4 of GP1) was
prepared using NaDBS from BDH, the same source as used for GP1-1, and purified using six
different procedures, which were different from each other with respect to the treatment of
dialysis tubing, dialysis temperature, dialysis type and ion exchange process. Before a batch-
to-batch comparison is carried out (Section 2.2.2.3), this section assesses the effect of
purification procedures on the particle size using GP1-4. Prior to adjustment to pH 5 for
particle size measurement, the original pHs of six microgel suspensions (0.2 wt % microgels

in 1 mM KCI solution) are listed in Table 2.2.

Table 2.2 Original pH of the aqueous suspensions of GP1-4 purified via different procedures

D20-OH-EX | DT20-OH-EX | DT60-OH DT60-OH-EX | DT60-H DT60-H-EX

pH 4.60 4.60 6.91 4.62 4.67 4.60

The measured pH of the suspensions containing differently purified GP1-4 can show the
efficiencies of purification procedures in changing counter ions (NH4', Na") for H'. For
alkaline dialysis, adding an ion exchange step was obviously more effective, compared to a
sole dialysis procedure (GP1-4-DT60-OH). The acidic dialysis (GP1-4-DT60-H) clearly
helped remove counter ions to a level equivalent to that attained by using ion exchange,
which was similar to acid washing®® as applied in the purification of polystyrene latexes. The
particle sizes of these six products of GP1-4 were also compared in microgel suspensions

(0.2 wt %) of pH 5 in ImM KClI solution over a temperature range of 20-70 °C (Fig. 2.7).
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Fig. 2.7 Average particle size of GP1-4 as a function of temperature measured in an microgel
suspensions (0.2 wt %) of pH 5 in ImM KCl solution. GP1-4 was purified using six different
procedures: D20-OH-EX (alkaline dialysis at 20 °C using untreated tubing), DT20-OH-EX
(alkaline dialysis at 20 °C using treated tubing), DT60-OH (alkaline dialysis at 60 °C),
DT60-OH-EX (alkaline dialysis at 60 °C followed by ion exchange), DT60-H (acidic
dialysis at 60 °C) and DT60-H-EX (acidic dialysis at 60 °C followed by ion exchange).

It can be deduced by comparing D20-OH-EX (248.5 + 4.3 nm, 25 °C; 79.5 £ 0.5 nm, 70
°C) and DT20-OH-EX (253.1 £ 2.3 nm, 25 °C; 78.3 £ 0.2 nm, 70 °C) that treatment of the
dialysis tubing had no obvious effect on the average particle size over the tested temperature
range. This largely eliminated the concern of possible contamination caused by weak acid

. 342,350,351
residues™ 77

in the tubing, which required a time-consuming and chemical-involved
washing procedure®** for complete removal. Thus, cleaning the tubing solely by washing
with distilled water for removal of glycerol (used as humectant)™' was satisfactory.
Regarding the dialysis temperature, although 60 °C is recommended by the manufacturer in
terms of the tubing performance,’® the state of microgel particles also needs to be taken into
account. The size difference of DT60-OH-EX (309.3 £ 4.8 nm, 25 °C; 80.9 £ 1.9 nm, 70 °C)
from DT20-OH-EX may indicate that 60 °C as the dialysis temperature was not so efficient

for surfactant removal as RT (20 °C). This is probably because microgels were swollen at RT

and less hydrophobic than they were at 60 °C. For the purification with dialysis under acidic
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conditions (DT60-H and DT60-H-EX), larger particle sizes were observed in both the
swollen and the shrunken states of microgels. This was in agreement with GP1-2 and GP1-3
and was attributed to a higher possibility of surfactant binding to microgels (Section 2.2.2.1).
As stated before, acidic dialysis aimed to help remove counter ions, which however can be
effectively achieved by ion exchange. Therefore, acidic dialysis at 60 °C is not an ideal
procedure for microgel purification here and its function can also be replaced. As for alkaline
dialysis or dialysis solely against distilled water, the possibility of surfactant binding was
lower due to the presence of —COO". In addition, the particle sizes of GP1-4-DT60-OH
(230-240 nm, 25 °C) were obviously smaller than that of GP1-4-DT60-OH-EX, (300-310
nm, 25 °C) in the swollen state. This behaviour was similar to what was observed in GP1-2
and GP1-3 (Section 2.2.2.1) and was attributed to the difference in ionic strength brought
about by pH adjustment to pH 5 using either HC1 or KOH.

To conclude, cleaning of dialysis tubing by solely washing with distilled water without
applying the chemical-involved procedures had no significant effect on microgel purification.
Acidic dialysis at 60 °C for microgel purification had a higher possibility of surfactant
binding, compared to alkaline dialysis or dialysis against distilled water, and the removal of

counter ions was possible with ion exchange.

2.2.2.3 Batch-to-batch variation in the particle size of synthesized microgels

The above two sections have assessed the effect of purification procedures on the particle
size of GP1 in detail. This section aims to summarize the results and reveal whether the
surfactant source had a significant effect on particle sizes. The average particle sizes of
microgels from four batches, i.e., GP1-1, 2, 3 and 4, were compared in microgel suspensions

(0.2 wt %) of pH 5 in ImM KCI solution (Table 2.3).
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Table 2.3 Size comparisons among different microgel particles in aqueous suspensions

Particles | Size at 25 °C | Size at 37 °C | Size at 70 °C | Sharpest size drop | NaDBS | Purification

/nm /nm /nm Ad/AT]* | Temp source procedures**
/°C

GP1-1 275.1+1.3 180.5+ 1.7 88.3£0.6 25.8 37-40 | BDH D20-OH-EX
157.6 3.8 719+24 49.6 +0.1 24.7 35-37 DT60-OH

GP1-2 222.3+6.6 91.5+7.1 502+0.7 433 35-37 | Aldrich | DT60-H
183.3+4.7 88.2+43 474+04 21.1 35-37 DT60-OH-EX
158.0+2.3 117.4+2.0 68.3+0.5 8.3 35-37 DT60-OH

GP1-3 185.3+£3.0 147.7+ 1.6 64.7+0.3 9.4 37-40 | Aldrich | DT60-H
174.6 1.3 128.1+1.6 57.8+0.3 10.3 37-40 DT60-OH-EX
248.5+4.3 106.0 = 2.1 79.5+0.5 29.4 35-37 D20-OH-EX
253.1+2.3 140.6 £ 2.0 78.3+0.2 23.0 35-37 DT20-OH-EX
238.1+1.8 159.6 £2.4 80.6 £2.1 20.1 35-37 | BDH DT60-OH

GP1-4 309.3+4.8 211.5+1.2 80.9+1.9 18.7 37-40 DT60-OH-EX
283.7+4.2 180.3+3.0 100.7 +£2.5 22.7 35-37 DT60-H
295.6+24 191.1+£2.3 94.0+ 1.2 243 37-40 DT60-H-EX

* |Ad/AT|=|(d,-d,)/(T,-T))|, where d stands for particle size and T for temperature.

** Purification procedures (a combination of the following 4 factors):

(1) Treatment of dialysis tubing: washing with distilled water (D), followed by treatment with sodium sulphide
and sulphuric acid (DT);

(2) Dialysis temperature: room temperature (20) or 60 °C (60);

(3) Dialysis type: alkaline dialysis (OH) or acidic dialysis (H);

(4) Exchange resin: whether applied (EX) or not.

When using the same purification procedure D20-OH-EX, particle sizes of GP1-4-D20-
OH-EX (270-280 nm at 25 °C and 90 nm at 70 °C) showed resemblance to GP1-1 (240-250
nm at 25 °C and 80 nm at 70 °C), indicating the repeatability of particle preparation when
using NaDBS from the same source. Comparisons between particles from GP1-4 and GP1-2
or GP1-3 using the same purification procedures suggest NaDBS from a different source
does have a significant effect on the particle size. Specifically, particles made using NaDBS
from Aldrich are ~100 nm smaller at 25 °C and 20~30 nm smaller at 70 °C than particles
made with NaDBS from BDH. This variation arising from surfactant source was explained in
two aspects. Firstly, the active content of each surfactant was taken into consideration. The
BDH surfactant has 80% active content with sodium sulphate as the remainder, and the
Aldrich one is categorised as technical grade (purity unspecified). If it is assumed that the
Aldrich one has a higher active content, it can be deduced that when the same amount

(nominal concentration, 0.01 M) of surfactant is used, smaller particles®’******° will be

64



Chapter 2

obtained using the Aldrich surfactant. This is in agreement with our measured results. Thus,
an active content of more than 80% in the Aldrich surfactant is a reasonable speculation.
Secondly, since the nominal concentration of NaDBS for synthesis was not much above or
close to the critical micelle concentration (CMC) of NaDBS (0.005 M**%), an increased ionic
strength in the synthesis medium by the presence of sodium sulphate in the BDH surfactant
can possibly play a role in the formation of larger particles.’

Therefore, particle size variations can originate from the surfactant source as well as the
purification process. To reduce the possibility of surfactant binding to microgels, alkaline
dialysis or dialysis at room temperature is more efficient. The size variation due to microgel
charges can be eliminated by using ion exchange as the final step of purification or using

buffer solutions®> as background of the microgel suspensions.

2.3 Preparation and characterisation of styrene/DVB based polyHIPEs

Prior to the investigation into microgel stabilised high internal phase emulsions (HIPEs),
those stabilised by surfactant, i.e., conventional HIPEs, were prepared as a reference. Here
we start with preparation of water-in-(styrene/DVB) HIPEs using non-ionic surfactant
Hypermer 2296 as the emulsifier and production of a conventional polyHIPE since styrene
(St) and DVB have been widely investigated as the oil phase in conventional HIPEs and
polyHIPEs, ! 2%136:-143:213354359 a4 Hypermer 2296 (HLB 4.9) has proved to be an efficient
surfactant for w/o HIPE."*>'*! Morphologies of the resultant polyHIPEs are shown in Fig. 2.8.

(a) scale bar 20 um (b) scale bar 5 um
Fig. 2.8 SEM images of St/DVB based polyHIPEs. For preparation, an oil phase consisting
of 4 ml styrene, 4 ml DVB, 1 mol % AIBN and 2 ml Hypermer 2296 and an aqueous phase
containing 40 ml 0.068 M KCI solution were used.
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The pores in the polyHIPEs were well interconnected (Fig. 2.8). Pore sizes were 3~8 um
in diameter while sizes of the pore throats were in the range of 0.5~2.5 um. These sizes were
in close agreement with those of a reported polyHIPE,'* prepared using identical procedures
and compositions except CaCl, (0.03 M) as the electrolyte. Both of these polyHIPEs
exhibited small pore sizes due to the use of a relatively high salt concentration.'”® Besides
morphology, other physical properties of the polyHIPEs (Table 2.4), including skeleton
density, envelope density, porosity and BET surface area, were also comparable to the

reported values.'*

Table 2.4 Physical properties of styrene/DVB based polyHIPEs

Skeleton density | Envelope density | Porosity | BET surface area (at p/p°® =0.200)

3

/g.cm’ /g.cm™ 1% /m2 g

1.13 0.16 85.7 4.90

2.4 Preliminary investigations of microgel particle stabilised emulsions

To prepare polyHIPEs based on microgel stabilised emulsions, efforts should be made to
address three questions: (1) whether emulsions or HIPEs can be stabilised by our synthesised
poly(NIPAAm-co-AA) microgels; (2) what types of emulsions can be obtained; (3) how
stable the emulsions are. The emulsion type is important because the polymerisable
components need to be incorporated into the continuous (external) phase of the emulsions for
preparation of a polyHIPE.*% Meanwhile, the emulsion stability needs to be maintained
throughout the polymerisation process in order to obtain polyHIPEs.

In this study, a water-oil system made up with an aqueous suspension of poly(NIPAAm-
co-AA) microgels (GP1) and DVB was used. The aqueous suspensions for emulsification
were prepared in the same way as those used for particle size measurements, i.e., suspensions
in KCI solutions with known KCI concentration, pH and particle concentration, which could
facilitate the correlation®” of microgel behaviours in the suspensions and their efficiency for
emulsification. Initially, microgel suspensions prepared using 1 mM KCIl, pH 5 and variable
microgel concentration were selected, since the microgel behaviour in these suspensions was

well studied (Section 2.2.1). For the oil phase, DVB was used as the sole polymerisable
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component (without styrene),'*%'2% and AIBN was added in the cases where
polymerisation was desired. The effects of phase volume ratio, microgel concentration and
preparation temperature on the type and stability of microgel-stabilised emulsions were all of
concern. Since temperature played a key role in determining the behaviour of GP1, a step of
pre-mixing the two phases in a tube prior to emulsification was adopted, which allowed for
temperature control by placing the tube into a thermostatted bath during emulsification. The
available methods included hand shaking’®' and homogenisation with a rotor-stator
homogeniser as discussed below. Binks er al.'* found that the speed of a homogeniser
ranging from 8,000 rpm to 24,000 rpm had little effect on the drop diameters of water in
toluene emulsions (¢y= 0.1) that were stabilised by 2 wt % of H30 hydrophobic silica. Thus,
the homogenisation speed was not considered to be an important variable in our study and a

speed of 15,000 rpm was selected for all emulsifications.

2.4.1 Effect of phase volume ratio on the stability of microgel stabilised emulsions

When DVB is used as the oil phase, w/o HIPEs are targeted in order to prepare
polyHIPEs.*~* However, it is not a simple process due to two challenging aspects. On one
hand, a tendency to o/w rather than w/o emulsions was reported for systems using
polyNIPAAm-based microgel particles as emulsifiers.”*>**>****® On the other hand,

increasing the internal phase volume of particle-stabilised emulsions (also known as

146,147 152,321,366

Pickering emulsions ) above ca. 70% may lead to phase inversion, indicating
volume phase ratio is an important factor in determining emulsion type and stability.
Therefore, we initially studied whether w/o emulsions and HIPEs were obtainable by varying
the phase volume ratio.

At a fixed aqueous composition (1 mM KCI, pH 5 and 0.2 wt % microgels), 10 ml water-
oil mixtures of various DVB ratios (¢pys) were emulsified via hand shaking or homogenizing
with a rotor-stator homogeniser. The maximum ¢pyp that could be emulsified was 40% [Fig.
2.9 (a)] by shaking but was over 60% [Fig. 2.9 (b)] by homogenising. This indicated that

homogenising could provide sufficient energy to produce relatively concentrated emulsions.
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(a) Emulsification by hand shaking (b) Emulsification by homogenizing

Fig. 2.9 Photographs of 10 ml microgel aqueous suspension-DVB mixtures of various ratios
after emulsified by hand shaking (a) and by homogenizing (b). The volume ratios of DVB
(from left to right) are 80%, 60%, 50%, 40% and 20%, respectively in both groups. Arrows
indicate the boundaries after phase volumes became stable.

Table 2.5 Summary of the emulsions prepared using various DVB ratios

DVB ratio, vol % 80 60 50 40 20
Aqueous suspension 1 mM KCI, pH 5 and 0.2 wt % microgel particles
Emulsion type o/w o/w o/w o/w o/wW
Vemulsions 20 min, M1 <2.5 >8.0 >8.0 9.75 10
Vemulsions 20 h or mores M1 <2.5 >8.0 7.5 5.5-6.0 3.0
Max droplet sizes MM 40-45 40 35-40 ~35 35-40
Min groplet size, LT 5-10 10-15 ~15 10-15 5-10
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50 vol % 40 vol %

20 vol %

Fig. 2.10 Optical microscope images of the droplets taken from emulsions prepared by
homogenizing microgel suspension-DVB mixtures at various DVB ratios after emulsion
volumes became stable (Scale bar 100 um)

Droplet morphology (Fig. 2.10) and the variation in emulsion volume (Table. 2.5) were
also characterised. The emulsion type of those prepared using a DVB ratio (¢pys) from 20
vol % to 60 vol % can be easily determined to be o/w because creaming occurred after
homogenising and the emulsion droplets were on the top. This was not surprising, since
microgel particles were in their swollen state under the preparation conditions (Fig. 2.2) and
were hydrophilic enough to stabilise o/w emulsions.”***> For the sample prepared using a
dpve of 80%, the possibility of the droplets being w/o emulsions due to a catastrophic

inversionl 50,152,235,366

was ruled out, since more than 90% of the DVB liquid was on the top
(Table 2.5). This was similar to a reported case by Yan et al.,**” where an aqueous
suspension containing hydrophilic silica particles (contact angle 60°) was mixed with 80%
toluene. Ngai et al.* reported the occurrence of a catastrophic inversion from o/w to w/o

with increasing oil volume ratio at or above 0.6 at 25 °C in an octanol-water system stabilised

69



Chapter 2

by poly(N-isopropylacrylamide)-co-(methacrylic acid) [poly(NIPAAm-co-MAA)] microgels
at pH 9.4. This indicates that the phase with relatively higher volume ratio does form the
continuous phase. However, our DVB-in-water emulsions were attainable at ¢, of 0.6, which
raised the question of what exactly determined the phase volume ratio for catastrophic phase
inversion. On one hand, the nature of the oil phase*®® may play a role since the interfacial
tension of octanol-water (8.5 mN.m™, 20 °C) was much lower than that of DVB-water (35-38
mN.m™', 20 °C) in the absence of any surface-active agents.*® The low interfacial tension

360,370

would contribute to the instability against phase inversion. On the other hand, the

hydrophobicity'*-*%3"!

of microgel particles had a significant effect on the phase inversion.
Stiller et al’”' showed that 80 vol % oil was dispersed phase when using relatively
hydrophilic TiO, particles as the emulsifiers whereas 40 vol % oil was able to form the
continuous phase when TiO, particles of relatively high hydrophobicity were used. However,
further reduction of the oil volume ratio to 30% resulted in catastrophic inversion while
further increase of the particle hydrophobicity led to phase separation.””! Their results
provided valuable insight into the effect of particle hydrophobicity on the volume ratio limit
for catastrophic inversion. From this point of view, it was suggested that poly(NIPAAm-co-
AA) microgel particles were currently still too hydrophilic and w/o HIPEs might only be
obtainable when microgel particles became more hydrophobic.

Therefore, when emulsification was carried out at RT using microgel suspensions of pH 5,

only o/w emulsions were obtained regardless of the phase volume ratio due to the hydrophilic

nature of swollen microgel particles.

2.4.2 Effect of particle concentration on stability of microgel-stabilised emulsions

. . . . 2 21-
The particle concentration also has a profound influence on the resultant emulsions®>”

323,372,373 322,373

and in some cases even on the emulsion type. Therefore, trials were made to
confirm whether w/o emulsions were obtainable by varying particle concentration while
keeping other conditions constant (RT, 1 mM KCI, pH 5 and 40 vol % DVB). In this study,
the microgel concentration in the aqueous phase was increased from 0.020 wt % to 0.40 wt %.
The photos of homogenised samples after creaming (Fig. 2.11) hardly shows any obvious
difference. However, the effect of particle concentration manifest when comparing the

droplet morphologies (Fig. 2.12) and the emulsion stability (Table 2.6).
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Fig. 2.11 Photographs of 10 ml emulsions prepared using 40 vol % DVB and various
microgel concentrations in the aqueous suspension: (from left to right) 0.02 wt %, 0.1 wt %,
0.2 wt % and 0.4 wt%. The dash lines indicate the boundaries after creaming.

0.2 wt % 0.4 wt %

Fig. 2.12 Optical microscope images of droplets from emulsions prepared using the same
DVB ratio of 40 vol % but various microgel concentrations ranging from 0.02 wt % to 0.4
wt % (Scale bar 100 pm).
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Table 2.6 Summary of the emulsions prepared using various microgel concentrations

DVRB ratio, vol % 40

microgel concentration, wt % | 0.02 0.1 0.2 0.4
Composition | pH 5

KCl1 concentration, M 0.001
Emulsion type o/w o/w o/w o/w
Vemulsion 20 min , Ml 5.8 7.5 9.75 10
Vemulsions 20 h or more> M1 55 55 55-6.0 |55
Max groplet sizes MM >100 30-35 ~35 35-40
Min groplet size » MM ~50 10-15 10-15 5-10

When different amounts of particles were used for emulsion preparation, the emulsion
volumes after aging for 20 h were similar for all four samples (Fig. 2.11), although the initial
emulsion volumes (Vemuision, 20 min) Increased with increasing particle concentration (Table
2.6). Moreover, the emulsion type remained o/w regardless of the particle concentration. The

reported phenomenon of phase inversion from o/w to w/o induced by increasing the

322,373

concentration of silica particles was not observed. However, with increasing particle

concentration, the droplet size reduced. At concentration, limited

321,374-376

low particle
coalescence occurred, i.e., coalescence of smaller droplets whose interfaces were not
sufficiently covered by the particles to form larger drops, which were sufficiently stabilised
against further coalescence. In addition, the o/w emulsions containing AIBN (half-life at 70
°C about 4.1 h*”7) were polymerised at 70 °C and led to brittle products after purification and
drying consisting of fused polymer beads (Fig. 2.13). Therefore, in order to make poly(DVB)
Pickering-HIPEs rather than fused spheres, the oil phase should be the continuous phase for

polymerisation.**~®
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dpvp= 60%, 0.2 wt % microgels (scale bar 30 um) Opvp= 50%, 0.2 wt % microgels (scale bar 30 um)

dpve=40%, 0.02 wt % microgels (scale bar 50 um)  ¢pyp= 40%, 0.1 wt % microgels (scale bar 30 pm)

Fig. 2.13 SEM images of the polymerised products of DVB-in-water emulsions prepared
using various DVB ratios and microgel concentrations at pH 5

2.4.3 Effect of preparation temperature on the stability emulsions

In the above two sections, the emulsions that were prepared at RT using pre-mixed
microgel suspensions of pH 5 and DVB turned out to be o/w emulsions, and it was clear that
phase volume and microgel concentration had no direct influence on the emulsion types.
Since microgel particles were in their swollen state at RT and held a considerably high level

of water in their networks,264’279’332'33 >

they exhibited a relatively high hydrophilicity so that
only o/w emulsions can be stabilised. To make microgel particles less hydrophilic and to
obtain microgel stabilised w/o HIPEs, measures that can be taken according to Section 2.2.1
include increasing temperature and/or decreasing pH. In this section, trials were made by
emulsifying 2 ml DVB and 8 ml microgel suspension at increased temperatures: 40 °C, 50 °C

and 65 °C, while pH of the microgel suspension (0.2 wt % microgels in 1 mM KCl) was
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maintained at pH 5. These three temperatures were selected to see how poly(NIPAAm-co-
AA) microgel particles behaved as emulsifiers in three states (Fig. 2.4): (1) particles were
still swollen at 40 °C but about to undergo the VPT; (2) at 50 °C, microgel particles shrank
and just passed the VPT; (3) at 65 °C, microgel particles were in their collapsed state.
Stability of the resultant emulsions was recorded at RT (Table 2.7 and Fig. 2.14). For
emulsions prepared at 40 °C, the microgel suspension and DVB were almost fully emulsified,
similar to those prepared using the same compositions but at RT. For 50 °C as the preparation
temperature, solid clusters were observed in the emulsion part, which were attributed to
aggregated microgels. Meanwhile, most of the aqueous solutions appeared as a separate
phase in the cases of 50 °C and 65 °C, suggesting microgel particles were not efficient
emulsifiers at these temperatures. It was interesting to note that aggregation did not appear in
the microgel suspensions alone above the VPTT. The aggregation occurred possibly at the
oil-water interface’***"® during the emulsification process. Therefore, it is important to keep
particles from aggregating at the water-oil interface when reducing the hydrophilicity of

microgel particles by increasing the temperature.

-»
-

Fig. 2.14 Photographs of emulsions prepared at 40 °C (left) and 50 °C (right). The arrows
indicate the position of interface immediately after emulsions were transferred into cylinders.

Table 2.7 Stability of microgel-stabilised emulsions prepared at various temperatures

Preparation temperature, °C 40 50 65
Volume of emulsions at t =0, ml 9.6 3* 2.6%**
Volume of emulsions att =1 h, ml 9.6 3 -
Volume of emulsions at t =18 ~19 h, ml 3.8 3 2.6

* Some solid clusters were observed inside the emulsions. ** About 0.2 ml clear DVB was on the top.

To summarise Section 2.4, it was found that swollen-state microgel particles at pH 5 were

hydrophilic so that only o/w Pickering emulsions were produced regardless of variation of
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phase volume ratio from 20% to 80%, or variation of particle concentration from 0.02 wt %
to 0.4 wt %. Meanwhile, attempts to prepare HIPEs using shrunken microgel particles at pH
5 above the VPTT, either at 50 °C or at 65 °C, resulted in phase separation during
homogenisation due to microgel aggregation. To prepare the desired w/o emulsions, it is
essential to further reduce the hydrophilicity of microgel particles without causing microgel

aggregation at the interface.

2.5 Investigation of the thermal sensitivity of microgel stabilised emulsions

According to Fig. 2.2, increasing the pH above 5 renders microgel particles more
hydrophilic; therefore it becomes less likely to produce w/o emulsions. In order to prepare
microgel stabilised w/o HIPEs and the corresponding polyHIPEs, microgel suspensions of
pH lower than 5 were investigated, including pH 2.5, pH 3 and pH 4. The oil phase (DVB)
was used at a phase ratio of 40 vol % to verify the availability of w/o emulsions (this section)
and was used at 20 vol % to prepare the polyHIPEs (Section 2.6). The thermal sensitivity of
the emulsions produced at these three pH was investigated, i.e. the effect of temperature —
including the preparation temperature and the aging temperature — on the stability and the
type of emulsions. A list of the preparation temperatures and the aging temperatures for

stability assessment is referred to Table 7.3 (Section 7.4.2.2).

2.5.1 Effect of the preparation temperature on emulsion stability investigated at pH 3

An investigation into the effect of preparation temperature on the emulsion stability of
was carried out using three temperatures (Table 2.8) for the emulsification of 6 ml microgel
suspension (pH 3, 0.4 wt % microgels and 1 mM KCI) and 4 ml DVB. Since emulsification
using a rotor-stator homogeniser (15,000 rpm for 2.5 min, 2 min’s pause applied every 30 s)
caused temperature increase, 10 ml emulsions were obtained only when a water bath of 18.5
°C was used. Partial or complete phase separation occurred for emulsification at RT without
temperature control or at 34 °C. This indicated that the preparation temperatures from start to
end should affect the emulsion stability. Microgels in the aqueous suspension (0.4 wt %)
reached their minimum sizes at 32 °C and started to aggregate upon further increasing the

temperature (Fig. 2.15). Therefore, the phase separation observed at preparation temperatures
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above 32 °C was attributed to microgel aggregation. However, subsequent polymerisation of
the obtained emulsions (AIBN as the initiator) at 70 °C led to phase separation as indicated
by Fig. 2.16. This was likely due to microgel aggregation during polymerisation. In addition,
it is noticed that the swelling-deswelling behaviour of microgels presented in Fig. 2.15 was
similar to those presented in Fig. 2.1 and Fig. 2.2, although the microgel concentration here

(0.4 wt %) was four-, thirteen- and eleven-times of those at pH 2.5, 3 and 4, respectively.

Table 2.8 10 ml microgel suspension-DVB mixture emulsified at different temperatures
No. 1 2 3
Temp start, °C 18.5 (water bath used) | 22 (RT, no bath used) | 34 (water bath used)

Temp gng, °C 22 33~34 34

Outcome Emulsions Phase separation Phase separation
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Fig. 2.15 Average particle size of poly(NIPAAm-co-AA) microgels as a function of
temperature. The measurements were carried out using microgel suspensions (0.4 wt %) in 1
mM KCl solutions of pH 2.5, 3 and 4, respectively.
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Fig. 2.16 SEM images of the polymerised product of DVB-in-water emulsions prepared at
pH3

It is deduced from the above investigation at pH 3 that the thermal sensitivity of microgel
stabilised emulsions needs to be considered during emulsification and polymerisation in order
to avoid phase separation. It is essential to prepare a stable emulsion and to study its stability

against temperature prior to investigation into whether polyHIPEs could be obtained.

2.5.2 Creaming of microgel stabilised emulsions investigated at pH 2.5, pH 3 and pH 4

Since emulsification using a 18.5 °C water bath led to stable emulsions (22 °C) (Table
2.8), we standardise the emulsification conditions by using a water bath of 15~16 °C and
study the stability of the resultant emulsions at various aging temperatures. This section
discusses the emulsion stability at aging temperatures of 25 °C and 32 °C. These two
temperatures were chosen based on Fig. 2.15. Phase separation with aggregated microgels
forming a network on the tube wall was observed when emulsions prepared at pH 3 were
aged at 37 °C (above the VPTT). Creaming was observed over time and was characterised
using the variation of creaming volume ratio with time, .. Vereaming/ V = £ (t) (Fig. 2.17).
Vreaming denotes volume of the aqueous solution below the emulsions and V stands for total
volume of the sample. Thus, the values of Vreaming/ V can indicate the creaming extent while
the slope of the plot (after lined) indicates the creaming rate. Meanwhile, the occurrence of
creaming to these microgel-stabilised emulsions indicated that they were o/w emulsions
below the VPTT of microgel particles. This method for assessing the stability to creaming is
similar to the one reported by Bink ef al. that the increase with time of the position of the

. . 150
clear water-emulsion interface was monitored.
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Fig. 2.17 The creaming volume ratios of microgel-stabilised emulsions as a function of time
after aged at 25 °C and 32 °C. (Error of volume: = 0.1 ml.) Emulsions were prepared using
40 vol % DVB and microgel suspensions (0.4 wt %) in 1 mM KCI solution of pH 2.5, 3 and 4,
respectively.

It was clearly shown (Fig. 2.17) that the creaming volume ratio (Vcreaming / V) Was
significantly reduced at 32 °C, compared to 25 °C for both pH 2.5 and pH 3. This was

explained from the point of view of the 3-D microgel network'>**7**%

around emulsion
droplets. Destribats et al. reported that core-shell structured polyNIPAAm microgel particles
at the interface of o/w emulsions connected with each other through their deformed shells
forming an entangled filament network.”® We believe that formation of such a microgel
network around the emulsion droplets also fits our poly(NIPAAm-co-AA) particles due to the
structural similarity to polyNIPAAm microgels and a complete protonation®” of the PAA
moieties at pH 2.5 or pH 3. A stronger particle network was expected to withstand the
buoyancy of o/w emulsion droplets so that further motion of droplets upwards was restricted.
With a temperature increase from 25 °C to 32 °C, particle size decreased from 204 nm to 143
nm at pH 2.5 and from 227 nm to 157 nm at pH 3 (Fig. 2.15). This indicated that particles
became less hydrophilic due to deswelling, which resulted in increased attractive inter-

266,288,292,305

particle interactions, and thus enhanced the stability of the particle network.

Meanwhile, the aging process was traced using optical micrographs of the emulsion droplets.
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Taking emulsions prepared at pH 3 as an example (Fig. 2.18), no obvious differences in drop
size were shown during aging at either 25 °C or 32 °C except that some bigger droplets
visible [Fig. 2.18 (d)]. This was a sign of coalescence in local areas because 32 °C was so

closed to the aggregation temperature of microgels at pH 3.

(c) Prior to aging at 32 °C (d) Aged at 32 °C for 210 min

Fig. 2.18 Optical microscope images of emulsions taken at the beginning of aging and after
emulsion volumes became stable (scale bar 100 pm). Emulsions were prepared using 40
vol % DVB and microgel suspension (0.4 wt %) in I mM KCl of pH 3. The temperatures of
emulsions after homogenisation were 22.5 °C for (a)(b) and 21 °C for (c)(d), respectively.

As for the creaming rate, a comparison was made at aging temperature of 25 °C among
emulsions prepared using 40 vol % DVB and microgel suspensions of pH 2.5, 3 and 4,
respectively. The creaming rate at pH 4 was about one third of that at pH 3 or pH 2.5 (Fig.
2.17). This was attributed to the increased electrostatic repulsion among the oil droplets
arising from the ionisation of carboxyl groups of microgels at pH 4.°°'2% It was also

interesting to observe that increasing pH from 2.5 or 3 to 4 only reduced the creaming rate
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rather than the creaming extent at 25 °C whereas increasing temperature from 25 °C to 32 °C
significantly reduced the creaming extent at pH 2.5 or 3. This indicated that a stronger
particle network formed due to the increase of inter-particle attraction was more efficient to
reduce creaming, while the pH-induced increase of the electrostatic repulsion among
emulsion droplets did not reduce creaming but significantly slow down the process.

In addition, Ngai et al. reported that the octanol-in-water emulsions stabilised by
poly(NIPAAm-co-MAA) microgels became unstable below pH 6 and underwent phase
separation below pH 3.%>**° This was in contrast to the fact that our microgel particles of
GP1 were capable of stabilising o/w emulsions at pH 2.5. This was attributed to the nature of
oil used rather than the difference between PAA and PMAA since carboxyl groups in both

3.”"” Due to a much lower interfacial tension

particles were fully protonated at or below pH
of octanol (8.5 mN.m™") than that of DVB (35-38 mN.m"')’®, the desorption energy of
particles from the octanol-water interface was significantly lower according to Equation (1.1),
which facilitated phase separation of the emulsions. Brugger et al. also investigated the
stimuli-sensitivity of poly(NIPAAm-co-MAA) microgel-stabilised emulsions and found that
phase separation occurred to the octanol-in-water emulsions rather than to the toluene-in-
water emulsions when adding acid.’®* This further confirms our analysis since toluene has a
similar interfacial tension (36.1 mN.m™)** to DVB.

To summarise, o/w emulsions were resulted at pH 2.5 and pH 3 due to the hydrophilic
nature of microgel particles. These emulsions were stable to phase separation at temperatures
below 32 °C and exhibited improved stability against creaming upon temperature increase
from 25 °C to 32 °C. Since microgels aggregated above 32 °C at pH 2.0-3.5 (Fig. 2.1) rather
than at pH 4.0 (Fig. 2.15), microgels at pH 4 were expected to be less hydrophilic after
further deswelling above the VPTT and thus to possibly stabilise the desired w/o emulsions.

2.5.3 Thermal sensitivity of microgel-stabilised emulsions investigated above the VPTT

at pH 4

Since microgel particles of poly(NIPAAm-co-AA) did not aggregate above the VPTT at
pH 4 (Fig. 2.2 or Fig. 2.19), the preparation temperature for microgel-stabilised emulsions
was varied in the investigation of their thermal sensitivity. On the other hand, the effect of
particle concentration on the emulsion stability was studied at pH 4 using suspensions

containing 0.40 wt % and 0.80 wt % microgels for emulsification with DVB, respectively.
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The size variation of particles in the two suspensions was measured as a function temperature
(Fig. 2.19). It is noticed that the VPT process of mirogels remained identical to the one
presented in Fig. 2.2, despite ten-fold (0.4 wt %) or 20-fold (0.8 wt %) more microgels used
here. However, particle concentration did affect the measured size in the swollen state, which

was similar to that at pH 5 as discussed in Section 2.2.1.3.
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Fig. 2.19 Average particle size of poly(NIPAAm-co-AA) microgels as a function of
temperature measured using microgel suspensions with 0.4 wt % and 0.8 wt % microgels,
respectively. The suspensions were prepared using 1 mM KCl solution as the background and
were adjusted to pH 4 prior to measurement.

2.5.3.1 Thermal sensitivity of microgel-stabilised emulsions prepared at pH 4 using

different temperatures

In this study, 15 °C, 37-38 °C and 50 °C were used as the temperatures for emulsification
of microgel suspension-DVB mixtures (0.4 wt % microgels in 1 mM KCl of pH 4, 40 vol %
DVB) while 50 °C was chosen as the aging temperature of the resultant emulsions. The use
of 15 °C as the emulsification temperature aimed to obtain emulsions around RT (< VPTT);
emulsification at 37-38 °C — slightly above the VPTT (Fig. 2.19) and around the body

temperature — was of significance when considering scaffold fabrication via injection of
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emulsions into the body; a temperature well above the VPTT of microgel particles (50 °C)

could demonstrate the efficiency of shrunken microgels as the emulsifier.

0

(b) t=0 min (scalc bar 50 pm)

(a) t=0min (scale bar 200 um)

G o g

s 200 pm

(o)t= 20 min (Scale bar 200 um)

(e) t=2.5h (scale bar 100 pm) (f) t=2.5 h (scale bar 50 um)

Fig. 2.20 Optical micrographs of microgel-stabilised emulsions taken after emulsification at
15 °C and during aging at 50 °C. Emulsification was carried out using a microgel (0.4 wt %)
suspension in 1 mM KCl solution of pH 4 and 40 vol % DVB.
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Optical microscope images of emulsions taken just after preparation at 15 °C and during
aging at 50 °C (Fig. 2.20) suggested the occurrence of a transition from o/w to w/o emulsions.
This was also identified by “drop tests”, i.e. inferring the emulsion type via observing the
miscibility of a few emulsion drops with either of the pure liquid."*'> At t = 0 min, the size
of emulsion droplets was less than 30 um in diameter. At t = 20 min, oil droplets of size over
50 um were visible, indicating that coalescence of oil droplets occurred. After the emulsions
were aged at 50 °C for an extended period, such as 2.5 h [Fig. 2.20 (e) and ()], monodisperse
water droplets of size ~5 pm were resulted. This phase inversion fit into the category of

transitional phase inversion,'>*>"*?%3%3

i.e. an inversion caused by the change of particle
hydrophobicity. The variation in particle hydrophobicity here was attributed to a temperature-
induced shrinkage of microgels from 230 nm (20 °C) to 80 nm (50 °C) in diameter. It was
also implied that the hydrophilicity of microgels was sufficiently reduced under the
conditions of pH 4 and 50 °C so that the desired w/o emulsions were obtained. It is worth
noting that this transitional phase inversion has not been reported in other microgel-stabilised
emulsions, although a catastrophic phase inversion from o/w to w/o was shown by Ngai et

al.® via increasing the oil volume ratio above 0.6 at 25 °C in an octanol-water system

stabilised by poly(NIPAAm-co-MAA) microgels at pH 9.4.

(a) t=10 min (b)t=15h

Fig. 2.21 Optical micrographs of microgel-stabilised emulsions taken after preparation at 37
°C and during aging at 50 °C (scale bar 50 pm). Emulsification was carried out using a
microgel (0.4 wt %) suspension in 1 mM KCI solution of pH 4 and 40 vol % DVB.

For emulsions prepared at 37 °C, sedimentation was observed after emulsification and the
emulsion type was w/o as confirmed by drop tests. The subsequent increase of temperature

from 37 °C to 50 °C during aging had little effect on the emulsion droplets (Fig. 2.21),
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identical to the emulsion droplets obtained via phase inversion [Fig. 2.20 (e)(f)]. For 50 °C as
the emulsification temperature, identical emulsions [Fig. 2.22 (¢)] to those prepared at 37 °C
[Fig. 2.22 (b)] were resulted. This indicated that w/o emulsions were obtainable using
shrunken microgels at pH 4 irrespective of whether the temperature was increased above the
VPTT before or after emulsification. This was in contrast to a reported PS latex stabilised n-

- 84
hexadecane-water emulsion system.’

In their experiments, a temperature-induced phase
inversion from o/w to w/o was only observed when a series of emulsions were prepared at
different temperatures; coalescence rather than phase inversion was resulted if an obtained
o/w emulsion was heated. This contrast indicated that the transitional phase inversion
occurring to microgel-stabilised emulsion (Fig. 2.20) was not just due to a variation of the
particle wettability at the interface. The concomitant shrinkage of microgels might also play
an important role in microgels crossing the interface, leading to w/o emulsions. In addition,
the size reduction in emulsion droplets upon inversion from o/w to w/o was also observed in
reported surfactant-stabilised emulsions™ and other Pickering emulsions.**?%*%

On the other hand, the emulsion volume ratio of the sample during aging at 50 °C, i.e.
emulsion volume relative to the total sample volume (Vemuision/ V), Was recorded as a function
of time (Fig. 2.23). An agglomeration was removed from the emulsions prepared at 15 °C at
the beginning of the aging process to facilitate volume recording, which was attributed to
microgel aggregates formed during phase inversion. Otherwise, the emulsion volume ratio
hardly showed any obvious variation, indicating the w/o emulsions were stable to aging at 50
°C. Meanwhile, it was estimated that the oil (transparent) on top of the emulsions (milky)
constituted about 30-35% of the total volume (Fig. 2.22). Thus, the oil phase ratio in the
emulsions was actually less than 20 vol %, suggesting the possibility of preparing w/o HIPEs

by using less oil.
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(a) (b) (c) d @ ©

Fig. 2.22 Photos of microgel-stabilised emulsions taken after the volumes became stable
during aging. All emulsions were prepared using 40 vol % DVB and a micrigel suspension in
1 mM KCI solution of pH 4. The microgel concentrations used in (a)-(d) and (e)-(f) were 0.4
wt % and 0.8 wt %, respectively. (a) Emulsified at 15 °C and aged at 50 °C; (b) emulsified at
37 °C and aged at 50 °C; (c) emulsified at 50 °C and aged at 50 °C; (d) emulsified at 15 °C
and aged at 25 °C; (e) emulsified at 15 °C and aged at 25 °C; (f) emulsified at 15 °C and aged
at 50 °C. Agglomeration was removed from (a) and (f) during aging.

1.0 5
0.9 m 15°C
® 37°C

0.8 A 50°C
>
-~ 074 wmmmm
E BAAAARANAAN N\ A . . .
E [ N (] (] é (]
CH
S 0.6

0.5 +

0.4 S

0.3 — 1 T T T~ T T T T~ T "~ T T 1

0 20 40 60 80 100 120 140 160

t, min

Fig. 2.23 Emulsion volume ratio of microgel-stabilised emulsions as a function of time
recorded during aging at 50 °C (error of volume: £ 0.1 ml). The three emulsions were
prepared using the same composition at 15 °C, 37 °C and 50 °C, respectively. The decrease
of Vemuision/V observed in sample prepared at 15 °C at 20 min was due to removal of an
agglomeration.
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To sum up, the desired microgel-stabilised w/o emulsions were obtained at pH 4 and 40
vol % DVB either through a temperature-induced phase inversion or through emulsification
directly at temperatures above the VPTT of microgels, such as 37 °C and 50 °C. Microgel-

stabilised water-in-DVB HIPEs were expected to be produced under these conditions.

2.5.3.2 Effect of microgel concentration on stability of the emulsions prepared at pH 4

It is showed that microgel particles at pH 4 were capable of stabilising either o/w
emulsions below the VPTT or w/o emulsions above the VPTT. It is noticed that microgel
concentration and DVB volume ratio were set at 0.4 wt % and 40%. Prior to preparing w/o

HIPEs using 20% DVB (Section 2.6), this section discusses whether increasing the microgel

concentration from 0.4 wt % to 0.8 wt % could affect the stability of emulsions.

(b)-1 (b)-2
Fig. 2.24 Optical micrographs of microgel-stabilised emulsions taken after emulsification at
15~16 °C (left) and after creaming during aging at 25 °C (right) (scale bar 100 um). Samples
(a) and (b) were prepared using 0.4 wt % and 0.8 wt % microgels, respectively.
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The o/w emulsions obtained by emulsifying 40 vol % DVB and microgel suspensions
(pH 4) containing 0.4 wt % and 0.8 wt % microgels at 15~16 °C were tested using optical
microscope (Fig. 2.24). It was shown that the size of emulsion droplets was hardly affected
by the aging process at 25 °C or the microgel concentration. Meanwhile, the increase in
particle concentration had little effect on the creaming extent of emulsions [Fig. 2.22 (d)(e)],
although whether the creaming rate was affected was unknown due to an ambiguous
boundary between emulsions and the aqueous phase in the case of 0.8 wt % microgels used
[Fig. 2.22 (e)]. This was in contrast to the study reported by Ngai et al.,”>> which showed that
increasing the concentration of poly(NIPAAm-co-MAA) microgel particles from 0.28 wt %
to 1.0 wt % and 2.0 wt % clearly reduced the creaming extent of octanol-in-water emulsions
at pH 9.4. This was attributed to a significant reduction of drop sizes in their system.

On the other hand, the effect of aging at 50 °C on the stability of sample prepared by
emulsifying microgel suspension (0.8 wt %) and 40 vol % DVB at 15 °C was investigated.
The net-like clusters observed on the tube wall at the beginning of the aging process were
attributed to microgel aggregates, similar to those observed in sample prepared using 0.4
wt % microgels. Optical micrographs taken at t = 0 and t = 81 min in the aging test (Fig.
2.25), together with drop tests of the emulsions, showed that a transitional phase inversion
from o/w to w/o occurred during aging at 50 °C or in the process of temperature increase
from 24 °C (after emulsification) to 50 °C. This phase inversion was also identical to that
observed in sample prepared using 0.4 wt % microgels during aging at 50 °C (Fig. 2.20) and
led to small water droplets of about 5 um in diameter. The resultant w/o emulsions
maintained stable to coalescence at 50 °C for at least 285 min [Fig. 2.22 (f)], after which
solidification of DVB on the top became significant. Although it was expected to improve the
stability to sedimentation by increasing microgel concentration,'” the actual concentrations
were varied due to the removal of microgel agglomeration during aging. Indeed, there was no
obvious difference in the volume of clear oil between the two samples [Fig. 2.22 (a) and (f)].
For the preparation of microgel-stabilised w/o HIPEs, it is sensible to use preparation
temperatures above the VPTT rather than adopt the route of phase inversion so that microgel

loss due to agglomeration can be avoided.
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(a) t=0 min (b) t=281 min

Fig. 2.25 Optical micrographs of microgel-stabilised emulsions taken at t = 0 and t = 81 min
during an aging test at 50 °C (scale bar 50 um). The emulsions were prepared by
homogenising 40 vol % DVB and a microgel suspension (0.8 wt %) in 1 mM KCI solution at
15 °C.

To sum up, increasing microgel concentration from 0.4 wt % to 0.8 wt % had no obvious
effect on the stability of o/w emulsions prepared below VPTT or that of the w/o emulsions

prepared using a temperature-induced phase inversion approach.

2.6 Preparation of polyHIPEs from microgel-stabilised w/o emulsions

It was demonstrated above (Section 2.5.3.1) that the desired w/o emulsions were obtained
by emulsifying 40 vol % DVB and microgel suspension of pH 4 above the VPTT of
microgels. However, the average drop size of the emulsions (< 10 um) was not sufficiently
large to prepare polyHIPE scaffolds for bone tissue engineering (> 100 pum). This was
attributed to the relatively high speed (15, 000 rpm) used during emulsification with a rotor-
stator homogeniser. Although w/o HIPEs were indeed obtained at 20 vol % DVB and
microgel suspension of pH 4 at 37 °C (not shown), it was necessary to replace the rotor-stator
homogeniser with a mechanical stirrer in order to prepare polyHIPEs with larger pore sizes.
The following will discuss microgel-stabilised HIPEs prepared using a mechanical stirrer

under mild stirring intensities, e.g., 400-1000 rpm.
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2.6.1 Effect of preparation conditions on the morphology of DVB based polyHIPEs

To prepare poly(DVB) Pickering-HIPEs using a mechanical stirrer instead of a rotor-
stator homogeniser, a new set of preparation conditions need to be optimized. The factors
under investigation included temperature control during emulsification, polymerisation

temperature and the stirring protocol (Table 2.9).

Table 2.9 Conditions for the emulsification and polymerisation of microgel-stabilised HIPEs

No. Emulsification Polymerisation Observation
Stirring protocol | Temperature * Initiation # | Temperature

1 400 rpm 45°C (V),RT (F) Thermal 70 °C Partially expelled water

2 400 rpm 45°C (V),RT (F) Thermal 50°C Partially expelled water

3 400 — 600 rpm 40°C (V),40°C (F) | Photo- 40 °C Partially expelled water

4 400 — 800 rpm 40°C (V),40°C (F) | Photo- 40 °C -

5 400 — 1000 rpm | 40 °C (V), 40 °C (F) | Photo- 40 °C No expelled water

* The oil phase was warmed up in a reaction vessel (V) prior to emulsification, while the microgel aqueous
suspension was placed in a dropping funnel (F) attached to the vessel. # AIBN was used as the initiator.

Firstly, a comparison was made between two polymerisation temperatures, 70 °C and 50
°C. During emulsification, the same stirring protocol and temperature control measures were
applied to both. Although 70 °C can lead to faster decomposition of initiator AIBN,*”” the
product from polymerisation at 50 °C exhibited pores with more intact profiles (Fig. 2.26).
This indicated that emulsions were more stable when polymerised at 50 °C. On the other hand,
expelled water and polymer beads were observed in both samples. Since water-in-DVB
emulsions remained stable at 50 °C (Fig. 2.23), the coalescence was likely due to the heat
released during polymerisation. This negative effect of heat on emulsion stability was in

130,235,360,387,388 .
SRR Meanwhile, the presence of both pores and

agreement with reported literatures.
beads (Fig. 2.26) probably indicated a coexistence of w/o and o/w emulsions or possibly the
formation of o/w/o multiple emulsions’ prior to polymerisation. Since the aqueous phase
underwent a temperature increase from RT (funnel) to 45 °C (vessel) when added, production
of microgels with various hydrophobicity and therefore different emulsion types was possible,

especially at high water volume ratios.
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Fig. 2.26 SEM images of polyDVB samples prepared by polymerising microgel-stabilised
HIPEs at 70 °C and 50 °C, respectively. Images (a) and (b) were taken from specimen of a big
piece and broken pieces, respectively.

Secondly, the effect of stirring protocol on the preparation of DVB based polyHIPEs was
investigated. From above, it was found necessary to reduce polymerisation temperature as
well as to warm up the aqueous phase above the VPTT. Therefore, photo-initiation instead of
thermal initiation was adopted so that the polymerisation temperature was set at 40 °C.
Meanwhile, the microgel suspension was thermostatted at ~40 °C via a designed apparatus
enabling warm water circulation (Fig. 7.5). Li et al.*® recently found that the adsorption of
polyNIPAAm microgels to the heptane-water interface was slowed down with increasing
temperature above the VPTT, despite a constant microgel size. This may support why 40 °C
was beneficial in our case. The stirring protocol investigated was a two-speed stirring
protocol, i.e., 400 rpm during addition of the aqueous dispersion followed by 600, 800 or
1000 rpm for 10 min (Table 2.9). By increasing the second stirring speed from 600 rpm to
1000 rpm, the expelled water was almost eliminated (Fig. 2.27). This indicated that the HIPE
stability was improved at 1000 rpm.
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(a) (b) (c)

Fig. 2.27 Photos of microgel-stabilised HIPEs prepared using a two speed stirring protocol
and the resultant polyHIPEs. (a) HIPEs emulsified using the two-speed stirring protocol of
(400600 rpm) at 40 °C prior to photo-polymerisation. The arrow points at the interface
between HIPEs (top) and a small amount of expelled water (bottom); (b) HIPEs emulsified
using the two-speed stirring protocol of (400—1000 rpm) at 40 °C; (c) poly(DVB) Pickering-
HIPEs prepared by photo-polymerising the HIPEs shown in (b). The external diameter of the
glass tubes is 25 mm.

Meanwhile, the variation in stirring speed had some effects on the morphology of
polyHIPEs. PolyHIPEs prepared using 600 rpm as the second stirring speed (porosity 73 +
3%) exhibited morphology of closed pores with diameter up to 500 um while polyHIPEs
prepared using 800 rpm (porosity 79 = 1%) and 1000 rpm (porosity 76 + 2%) showed similar
morphology but smaller pore sizes (Fig. 2.28). This effect of stirring speed on pore size may
be partially explained by its effect on the size of emulsion droplets as estimated (within an

order of magnitude) with the “Hinze-Clay relation”*":

X =CO X 55 2.2)

where C is a constant, v the revolution rate, X stirrer diameter, p. the density of the
continuous phase and y the interfacial tension. Thus, the maximum drop size obtained at 600
rpm can be 1.5 times of that at 1000 rpm. Practically, partial or arrested coalescence™'
observed in polyHIPEs prepared using 800 rpm and 1000 rpm (Fig. 2.28, boxed) increased

the drop size contrarily.
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Ea W

1000 rpm-(a) 1000 rpm-(b)
Fig. 2.28 SEM images of poly(DVB) Pickering-HIPEs prepared by photo-polymerising
microgel-stabilised w/o HIPEs. During emulsification, 600, 800 and 1000 rpm were used as
the second stirring speed, respectively, following 400 rpm in the two-speed stirring protocol.

Therefore, poly(DVB) Pickering-HIPEs with suitable pore sizes for bone tissue
engineering were successfully obtained from microgel-stabilised w/o HIPEs. Besides using
microgel dispersion of pH 4 above the VPTT, it was found beneficial to use mild

polymerisation conditions, such as photo-polymerisation at 40 °C.
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2.6.2 Formation of stable microgel layers at the interface essential for stable w/o HIPEs

For microgel particles consisting of polyNIPAAm or its copolymers as the emulsifier,
o/w emulsions were normally obtained except two recent examples. Schmidt et al.*** found
that water-in-octanol emulsions or HIPEs could be stabilised by microgels of poly(NIPAAm-
co-MAA) either in the neutral state (pH 3) or in the charged state (pH 9) with charges located

in the core. Destribats et al.>*

obtained polyNIPAAm microgel-stabilised w/o emulsions
using several fatty alcohols as the oil phase. Although the oil phase being alcohols was
considered crucial in stabilising w/o emulsions in both studies, DVB used here did result in
w/o emulsions and HIPEs. Therefore, an analysis into our case is necessary and helpful to
further understand the interfacial behaviour of microgels and their capability as emulsifiers.

In order to stabilise w/o emulsions, poly(NIPAAm-co-AA) microgels were required to
move from the bulk to the interface after the microgel suspension was added dropwise into
DVB. Brugger et al.>** measured the dynamic interfacial tensions of heptane/water with
poly(NIPAAm-co-MAA) microgels at pH 3 and 9 at RT and found that the equilibrium
values were about 13.5 and 16.5 mN/m, respectively. These were much lower than that of
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heptane/water (50.2 mN/m)™>" without microgels, indicating microgels considerably reduced

the interfacial tension. Monteux et al.>** found that the interfacial tension of dodecane/water

(without microgels, 52.8 mN/m>%’

) with 1 wt % polyNIPAAm microgels at pH 2 was below
20 mN/m in the range of 20-45 °C and passed a minimum value of 14.6 mN/m at the VPTT
(33 °C). Li et al®® very recently showed that the heptane-water interfacial tension was
reduced by polyNIPAAm microgels in a concentration- and time-dependent manner. At 40
°C, the interfacial tension in the presence of 5x10™ g/ml microgels was reduced to 20 mN/m
in ~5 min. These studies suggested that microgels were very likely to move from the bulk to

the interface spontaneously during emulsification. Meanwhile, the nature of microgels being

less hydrophilic above the VPTT may also contribute to this tendency.
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Fig. 2.29 SEM image of poly(DVB) Pickering-HIPEs showing microgel layers inside the
pores. In the preparation of this polyHIPE sample, the two speed stirring protocol of
(400600 rpm) was used during emulsification.

However, microgels being able to move to the interface is far from sufficient for the
production of w/o emulsions or HIPEs. The formation of stable close-packed particle layers

at the interface'>*>%

was essential for the stability of w/o emulsions. The existence of such
interfacial layers at the water-in-DVB emulsions was partially verified by the layers of dried
microgels observed inside the pores of poly(DVB) Pickering-HIPEs (Fig. 2.29). A crude
estimation of the particle coverage (Cov) was expressed by the ratio of particle monolayer

surface area (Syonolaver,) and the total interfacial area (Siyzefuce) in Equation (2.3):

COV — Smonolayer — \/gmde
27p,d )V,

p’ water

interface

where d,, m, and p, are the hydrodynamic diameter, mass and density of microgels; D, is the

diameter of a single water droplet; V.- 1s the volume of water phase. To calculate the
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monolayer surface area,” it is assumed that microgels are hexagonally arranged at the

interface. Using the dry weight of microgels as m,, d,= 60 nm (hydrodynamic diameter of
microgels at 40 °C) and p,= 0.3 g/em’ (the density of collapsed polyNIPAAm microgels

264
1%

measured by Wu et al.”™™"), D= 400 um as the pore diameter [Fig. 2.28, 600 rpm] and V40—
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20 ml, the calculated particle coverage (Cov) is 24.5. Thus, microgels were expected to form
multiple layers at the water-DVB interface. Indeed, the formation of close-packed microgel
layers at the interface of w/o emulsions was observed via cryo-SEM in both recent cases® >
as mentioned earlier in this section.

Schmidt et al.**?

attributed the formation of water-in-octanol emulsions at pH 3 to the fact
that octanol could swell poly(NIPAAm-co-MAA) microgels; they also found water-in-
octanol emulsions were available at pH 9 when the MAA moieties of microgels located in the
core rather than in the shell. Destribats ez al.*”* found that polyNIPAAm microgels lost the
characteristic thermo-responsiveness and were nondeformed at the interface of w/o emulsions
due to octanol uptake. Clearly, the strong affinity of microgels to the oil phase (octanol or
other fatty alcohols®”) in these two cases played a significant role in the formation of stable
microgel interfacial layers and hence stable w/o emulsions. Nevertheless, this cannot explain
why water-in-DVB emulsions were stabilised since the polarity of DVB is much lower
assuming it is similar to that of toluene or xylene. Instead, we believe the reduced
hydrophilicity of microgels above the VPTT together with a modest charge density resulted
in the stability of microgel layers at the interface. The importance of microgels above the
VPTT was obvious since o/w emulsions were obtained otherwise. The amount of charges
proved crucial since microgel agglomerate at the interface and hence phase separation of
emulsions was observed in the cases of pH 3 and pH 5 above the VPTT. The partially ionised
carboxyl groups of microgels at pH 4 probably contributed to a balance of particle
interactions at the interface.’’*"%

To sum up, the formation of stable microgel layers at the water-DVB interface was
essential for the stability of w/o HIPEs and hence the preparation of polyHIPEs. This was

achieved using microgels in the collapsed state at pH 4, under which the charges played a

crucial role in preventing microgel from agglomerating at the interface.

2.7 Summary

Poly(NIPAAm-co-AA) microgel particles stabilised w/o HIPEs were obtained by
emulsification of microgel suspension of pH 4 with DVB at 40 °C. Under these conditions
(pH, temperature), the shrunken microgel particles were capable of forming efficient layers at
the interface and stabilising the w/o HIPEs. Other conditions were also investigated only

resulting in o/w emulsions or phase separation. Poly(DVB) Pickering-HIPEs were obtained

95



Chapter 2

by photo-polymerisation of the w/o HIPEs at 40 °C. Pores with sizes of a few hundred
micrometers were exhibited, within the required pore size range for bone tissue engineering.
It would be valuable to make interconnected pore structures and to investigate oils other than

DVB that can lead to biocompatible and biodegradable polyHIPEs.
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Chapter 3 PolyHIPEs from microgels stabilised o/w HIPEs

3.1 Overview

Besides poly(divinylbenzene) HIPEs prepared using poly(NIPAAm-co-AA) microgel-
stabilised w/o HIPEs (Chapter 2), polyHIPEs based on microgel-stabilised o/w HIPEs were
also prepared (this chapter) in order to obtain polymer scaffolds with more hydrophilic
surfaces, i.e., macroporous hydrogels. Investigations were carried out into three aspects: (i)
stability of the o/w HIPE template, (ii) polymerisation of the template and (iii) properties of
the resultant polyHIPEs. Initially, it was found that there existed a temperature-dependent
critical concentration of potassium acrylate (KAA, Fig. 3.1), the selected monomer, below
which microgels were stable against aggregation in the microgel-KAA aqueous suspensions.
The stability study on HIPEs made using microgels in KAA solution as the continuous phase
revealed that the stirring protocol had a greater influence than the microgel concentration or
the aging temperature on HIPE stability against creaming. For polymerisation of the o/w
HIPEs, UV initiation was found to be more convenient and efficient than initiation using a
chosen redox pair while N, N’-methylenebisacrylamide (BIS, Fig. 3.1) was selected as
crosslinker because of its relatively high solubility and reactivity. Of the properties of
poly(KAA) Pickering-HIPEs, attention was particularly paid to the morphology, although
their BET surface area, density and porosity were also assessed. It was found that the BIS
content (BIS/KAA, mol/mol) significantly affected the formation of pore throats in
polyHIPEs. The effect of other factors on pore throat formation, such as internal phase
volume ratio (¢, ), KAA concentration and stirring speed, were negligible at 10.0 mol % BIS
but increasingly noticeable with decreasing BIS content. It was further evidenced by cryo-
SEM that the pore throats in open porous poly(KAA) Pickering-HIPEs formed after
polymerisation during solvent extraction. In addition, towards applying this template of
macroporous hydrogels in the physiological environment, efforts were made to prepare
polyHIPE composites of poly(KAA)/silica and poly(KAA)/Bioglass® and to use alternative

monomers, such as potassium methacrylate (KMAA, Fig. 3.1).
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Fig. 3.1 Chemical structures of the monomers, crosslinker and photoinitiator used in the
preparation of macroporous hydrogels from microgel-stabilised o/w HIPEs. The monomers
are potassium acrylate (KAA) and potassium methacrylate (KMAA); the crosslinker is N, N -
methylenebisacrylamide (BIS); the photoinitiator is 2-hydroxy-1-[4-(2-hydroxyethoxy)
phenyl]-2-methyl-1-propanone (Irgacure2959 or 12959).

3.2 Preparation of microgels stabilised o/w HIPEs containing KAA

Besides polyHIPEs prepared from w/o HIPEs, those from o/w HIPEs have been explored
for applications as tissue engineering scaffolds due to the availability of hydrophilic and
biocompatible surfaces for cell attachment and grow‘[h.3 99490 1 this o/w HIPE template,
surfactants were conventionally used as emulsifiers, while a variety of water-soluble
monomers or crosslinkable polymers were investigated, such as acrylic acid*” (AA),
acrylamide*” (AAm), 2-hydroxyethyl methacrylate*>*** (HEMA), N-

isopropylacrylamide*®*® (NIPAAm), and crosslinkable derivatives of dextran,*"’

212,219,220 221

pullulan,* gelatin, and alginate.””' To make use of the advantages'* of particulate

emulsifiers over conventional surfactants and the potential of microgel particles as drug-

239-242.244.2% e aimed to fabricate multifunctional scaffolds by preparing polyHIPEs

233,235,364,365,381,394

carriers,
from microgel stabilised o/w HIPEs. Although o/w emulsions and even
HIPEs*7*" stabilised by polyNIPAAm-based microgels were recently reported, fabrication
of 3-D tissue engineering scaffolds via polymerising microgel-stabilised o/w HIPEs is rarely
reported. For this purpose, a neutralised potassium salt of acrylic acid (KAA) was selected
here as monomer because of its high solubility and reactivity in water as well as the

biocompatibility*'® of the resultant hydrogel matrix.
3.2.1 Preliminary tests on KAA-microgel aqueous mixtures prior to emulsification
3.2.1.1 Effect of KAA concentration on microgel dispersion in the aqueous mixtures

As discussed in Section 2.2.1, the swelling-deswelling behaviours of poly(NIPAAm-co-

AA) microgel particles were strongly dependent on temperature, pH, salt concentration and
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microgel concentration in water. Therefore, it is necessary to assess the influence of KAA on
microgel particles in the aqueous phase prior to emulsification. For this purpose, a series of
aqueous mixtures were prepared using 1 ml microgel suspension (0.8 wt % in 1 mM KCl
solution) and 4 ml KAA solutions of gradually decreased concentrations (Table 3.1). These
aqueous mixtures were labelled as “1-17, “1-2”, ... and “1-16”, respectively. The effect of

KAA concentration on the state of microgels at 25 °C is clearly shown in Fig. 3.2.

Table 3.1 Compositions of KAA solutions prior to mixing with 1 ml microgel suspensions

No. 1 2 3 4 5 6 7 8
KAA stock solution, ml 4.0 3.8 3.6 34 32 3.0 2.8 2.6
Distilled H,O, ml 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
pH 7.09 |7.09 |7.07 |698 |6.89 |688 |6.87 |6.82
No. 9 10 11 12 13 14 15 16
KAA stock solution /ml 24 2.2 2.0 1.8 1.6 1.4 1.2 1.0
Distilled H>O /ml 1.6 1.8 2.0 22 24 2.6 2.8 3.0
pH 683 |6.77 |6.75 |6.78 |6.72 |6.63 |6.60 |6.59

* KAA stock solution has a concentration of 2.56 + 0.07 M.

Fig. 3.2 Images of aqueous mixtures made up with 1 ml microgel suspension (0.8 wt % in 1
mM KCI solution) and 4 ml KAA solution of various concentrations at 25 °C. The
concentration of KAA is gradually decreased from “1-1” (2.05 M) to “1-16” (0.51 M).
Microgel particles aggregated and precipitated in mixtures “1-1” to “1-8” (1.33 M) while
suspensions from “1-9” (1.23 M) to “1-16” remained stable and transparent.
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Aggregation of microgel particles was observed in the aqueous mixtures from “I1-1”
([KAA]= 2.05 M) to “1-8” (1.33 M). Large microgel clusters were visible in mixtures of
higher KAA concentrations, from “1-1” to “1-5” (1.64 M). This loss of colloidal stability at
relatively high concentrations of KAA was attributed to a significant reduction of the Debye

320 and an ensuing increase in the interparticle

screening length according to Equation (2.1)
attractive interactions, including hydrogen bonding, the van der Waals forces, and
hydrophobic interactions (Section 2.2.1.2). At low KAA concentrations, from “1-9” (1.23 M)

to “1-16” (0.51 M), particles remained stable against aggregation in the suspensions.

3.2.1.2 Effect of temperature on microgel dispersion in the aqueous mixtures

The 16 microgel-KAA aqueous suspensions were also thermo-sensitive. In contrast to the
states of microgel particles at 25 °C (Fig. 3.2), “1-8” became transparent at 14 °C (not shown)
but exhibited large-sized microgel clusters at 32 °C (Fig. 3.3). Meanwhile, suspensions from
“1-9” to “1-12” were transparent at 25 °C (Fig. 3.2) but appeared turbid at 32 °C (Fig. 3.3).
These changes illustrated that microgel particles separated from the aqueous medium upon
temperature increase, which was due to a temperature-induced disruption of the hydrogen
bonding between water and amide groups of the microgels together with a dissociation of the
hydrophobic interaction between polyNIPAAm and water (or hydrophobic hydration)
(Section 2.2.1.2). The extent of phase separation was reflected here by the state of the
suspensions, which turned from transparent to turbid, and eventually to large clusters.

As described in Section 2.5.1, aggregated microgel particles were unable to stabilise
emulsions. Therefore, these preliminary tests of the effect of KAA concentration and
temperature on the states of microgel particles provided some initial indication for selecting
KAA concentration and temperature for HIPE preparation and polymerisation. Although
higher KAA concentrations are generally preferred in order to prepare robust polyHIPEs,
HIPE stability has to be guaranteed. Meanwhile, the resultant HIPEs should remain stable
under the polymerisation conditions: polymerisation needs to be carried out at temperatures
at which the chosen KAA concentration does not cause microgel aggregation.

In addition, the pH of the 16 KAA solutions prior to mixing with microgel suspension
exhibited a slight decrease from 7.09 to 6.59 (Table 3.1) upon gradual dilution with distilled
water (pH ~5.3). The addition of microgel suspension did not significantly affect the pH.
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Since the pH of these mixtures were well above the pK, of the PAA moieties (4.7%%*) of
poly(NIPAAm-co-AA) microgel particles, the pH differences among them, from “1-8” to “1-
157, were unlikely to have a significant effect on the microgel behaviour according to

Section 2.2.1.1, in contrast to the effects of KAA concentration and temperature.

-

Fig. 3.3 Images of a series of 5 ml microgel suspensions in KAA solutions at 32 °C. KAA
concentration gradually decreased from “1-1” (2.05 M) to “1-16” (0.51 M). From “1-1” to
“1-8” (1.33 M), large-sized microgel clusters precipitated out; from “1-9” (1.23 M) to “1-12”
(0.92 M), mixtures were turbid; from “I1-13” (0.82 M) to “l1-16”, suspensions were
transparent.

To sum up Section 3.2.1, effects of KAA concentration (from 2.05 M to 0.51 M) and
temperature (25 °C and 32 °C) on the state of microgel suspensions in aqueous KAA
solutions were assessed. The critical KAA concentration, [KAA]c, above which obvious
microgel aggregation started to occur, was between 1.33 M (“1-8”) and 1.23 M (“1-9”) at 25
°C while between 0.92 M (“1-12”) and 0.82 M (“1-13”) at 32 °C. Microgel suspensions in
KAA solutions with KAA concentrations below [KAA]c were expected to result in stable

emulsions upon emulsification with the oil phase.

3.2.2 Emulsification of microgel suspensions in KAA solutions with the oil phase

3.2.2.1 Effect of KAA concentration on the stability of microgel-stabilised o/w HIPEs

Trials of HIPE preparation were carried out using 5 ml aqueous suspensions of various

KAA concentrations (Fig. 3.2) and 20 ml toluene (Qinemnal = 80%) and using a one-speed
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stirring protocol®®! (only 400 rpm) together with a slow addition rate for toluene at room
temperature (RT). As a result, HIPEs were obtained immediately after stirring (t = 0) for all
the samples but differed in stability over time (Fig. 3.4).

(2) (b) (©) (d) © O @& O

Fig. 3.4 Images showing the stability of o/w HIPE prepared using 20 ml toluene and 5 ml
microgel suspension in KAA solutions with various KAA concentration: (a) [KAA]=1.33 M,
t=0; (b) [KAA]=1.33M,t=0.5h; (c) [KAA]=1.33M,t=2.5h; (d) [KAA]=1.12M,t=
0; (e) [KAA]=1.12 M, t =71 h; (f) [KAA]=1.02 M, t =69 h; (g) [KAA]=0.92 M, t =29 h;
(h) [KAA] =0.82 M, t =25 h. The microgel content in each HIPE was 8 mg.

The HIPEs prepared using 1.33 M KAA underwent a fast phase separation over time [Fig.
3.4 (a)-(c)]. About 50% toluene was expelled within 0.5 h and a complete phase separation
was observed in 2.5 h. In contrast, HIPEs prepared using lower KAA concentrations
exhibited improved stability. Typically, toluene was partially expelled and creaming occurred
over time. The volume of separated toluene was about 70% in HIPEs prepared using 1.12 M
KAA after 71 h [Fig. 3.4 (d) and (e)] but maintained below 20% in HIPEs prepared using
1.02 M KAA after 69 h [Fig. 3.4 (f)]. This dependence of HIPE stability on KAA
concentration was attributed to the state of microgel particles at the water-oil interface.”>> As
discussed in Section 3.2.1, when [KAA] > [KAA]c, microgel particles tended to form
macroscopic aggregates in the aqueous suspension due to a reduction of the repulsive forces
between particles. Since this reduction of repulsive inter-particle forces was maintained even

398

after particles attached to the oil-water interface,*'' the mobility’”® of particles at the interface

caused the formation of microgel aggregates. Thus, it was unlikely for particles of this state

235,387,412 .- .
22572 This was also in

to form efficient barriers and prevent oil droplets from coalescing.
agreement with the observation in particle-stabilised emulsions that efficient stabilisation of
emulsions could be achieved by particles in a state of weak flocculation whereas no

emulsions were stabilised by completely flocculated particles with strong bonds.*’>?%>413414

102



Chapter 3

Apparently, the microgel aggregates observed at high KAA concentrations were irreversible

269,292
“’“ as well as an enhancement

at that temperature due to the formation of hydrogen bonding
of other inter-particle attractive interactions at smaller particle separation, such as the van der
Waals forces and hydrophobic interactions. Secondly, an increase of the KAA concentration
did reduce the double layer repulsions®’**"° between the oil droplets, contributing to the
instability of HIPEs to coalescence. Thirdly, Ruckenstein et al. found that the interfacial
tension between styrene and aqueous acrylic acid solutions at 25 °C decreased upon
increasing acrylic acid concentration from 0 to 1.5 M.*'**'" This can fit into my case due to
the similarity between toluene and styrene as the oil phase and indicated a negative effect of
higher KAA concentration on HIPE stability. Thus, it was not surprising that further
decreasing the KAA concentration from 1.0 M to 0.92 M and 0.82 M led to stable HIPEs
[Fig. 3.4 (g) and Fig. 3.4 (h)].

Therefore, our aqueous microgel suspensions with KAA concentrations below 1.0 M

were found capable to stabilize HIPEs when a one-speed stirring protocol was applied at RT.
3.2.2.2 Effect of stirring protocol on the stability of microgel-stabilised o/w HIPEs

To further improve HIPE stability prior to polymerisation, attention was paid to the
stirring protocol. In contrast to the one speed stirring protocol as discussed in Section 3.2.2.1,
a two-speed stirring protocol was used for emulsification, i.e., 400 rpm during addition of the
internal phase followed by stirring at a higher speed for 5-10 min. This effect of stirring
speed on HIPE stability was tested because the maximum drop size would be reduced when
the stirring speed was increased according to Equation (2.2).

Firstly, we considered the factors that might cause drop coalescence when using a higher
stirring speed (1000 or 2000 rpm). With an identical composition (0.82 M KAA, 8 mg
microgels and 80 vol % toluene), w/o HIPEs were prepared using either 1000 rpm or 2000
rpm as the second stirring speed. As a result, HIPEs with little expelled oil were obtained in
the case of 1000 rpm [Fig. 3.5 (a)] but phase separation occurred in the case of 2000 rpm
[Fig. 3.5 (b)] suggesting that there might exist a limit in stirring speed for HIPE preparation
at this composition. However, when hexane was used as the oil phase instead of toluene,
stable HIPE were obtained for both 1000 rpm [Fig. 3.5 (c)] and 2000 rpm [Fig. 3.5 (d)] as the
second stirring speed. Compared with toluene-in-water HIPEs, these hexane-in-water HIPEs

were more viscous and more transparent, which was attributed to a better-matched refractive
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indices*'®** of the two phases [ 7n}: 1.333 (pure water), 1.375 (hexane), 1.497 (toluene)]. It
is worth noting that the aqueous phase indeed had a closer refractive index than pure water to
that of hexane due to the presence of salts. Importantly, this match in refractive indices of the
two phases would lead to a reduction of the inter-drop attractive forces according to Kizling
et al. and thus an improved HIPE stability to coalescence.’®***® This might contribute to the
availability of stable HIPE using hexane rather than toluene as the internal phase at 2000 rpm.
Another example to show the sensitivity of emulsion stability upon stirring at 2000 rpm was
that HIPEs prepared using more (2 mol %) instead of less (1 mol %) crosslinked microgels
phase-separated after they were stirred at 2000 rpm [Fig. 3.4 (¢)]. The better HIPE stability
shown by less crosslinked microgels was in agreement with the study of Destribats ef al. and
was attributed to the higher overlapping ability of these microgels at the interface in

. . . . 1
comparison with more crosslinked microgels.*®

(a) (b) (©) (d) (e)

Fig. 3.5 Images of microgel-stabilised o/w HIPEs prepared using a two-speed protocol. An
aqueous phase containing 0.82 M KAA and 8 mg microgels was used together with 80 vol %
oil phase for all. The oil and the 2" stirring speed in the stirring protocol (400 rpm as the 1%
stirring speed during addition) were varied. (a) HIPEs just after preparation, toluene and 1000
rpm; (b) phase separation, toluene and 2000 rpm; (c) HIPEs after creaming (~2.1 ml aqueous
phase on the bottom of the tube), hexane and 1000 rpm; (d) HIPEs after creaming, hexane
and 2000 rpm; (e) phase separation, hexane, 2000 rpm and microgels with 2 mol %
crosslinking degree used in contrast to those with 1 mol % crosslinking degree for the others.

Secondly, the stability to creaming of the o/w HIPEs obtained using a two speed stirring
protocol was emphasised. The average droplet size of HIPEs prepared using 1000 rpm was
bigger than that of HIPEs prepared using 2000 rpm (Fig. 3.6), in agreement with Equation
(2.2), that a higher stirring speed resulted in smaller droplet sizes. This was of importance
when using stirring speed to tune the pore sizes of polyHIPEs since a relatively fast

polymerisation of the emulsion template normally led to pores of identical sizes to those of

104



Chapter 3

the emulsion droplets. Meanwhile, the stability to creaming was another aspect crucial to the
properties of the resultant polyHIPEs because the aqueous phase expelled from o/w HIPEs
during creaming also contained monomer and crosslinker and represented a loss to the

polyHIPE:s.

é 200 pim

Fig. 3.6 Optical microscope images of emulsion drops taken from microgel-stabilised
hexane-in-water HIPEs after creaming occurred. Scale bar 200 um. 1000 rpm (left) and 2000
rpm (right) were used as the 2™ stirring speed in a two-speed stirring protocol for
emulsification, respectively.

The creaming process of HIPEs prepared using different stirring speeds was analyzed

134

with Equation (3.1), expressing a Boltzmann-type equilibrium distribution " of the droplets.

C,(h)= Cd(O)em(—nlt—‘g;l .................................. (3.1)

where C,(0) and C,(h) are the droplet concentration C, at baseline (i.e., the bottom of the

tube) and at a height of & above the baseline; m is the effective mass of a droplet, expressed

by Equation (3.2):"**

where a is the hydrodynamic radius of the droplets and Ap is the density difference

between the two liquid phases.
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. : . 4
From Equation (3.1), it can be deduced that in an extreme case where kT >>§ ma’Apgh,

C,(h) 1s approximately equal to C,(0) and thus no creaming will occur. Importantly, it is
expected that creaming will be reduced when stirring speed is increased from 400 rpm to
1000 rpm or further up to 2000 rpm due to a reduction of the droplet size. This was in
agreement with our observation that the creaming volume in Fig. 3.5 (d) (2000 rpm) was
smaller than that in Fig. 3.5 (¢) (1000 rpm). Meanwhile, reduction of Ap is also expected to

increase the stability of HIPE against creaming, i.e., an oil with density closer to water will
lead to emulsions of higher stability against creaming.

On the other hand, the benefit of reducing drop sizes of HIPE by using a higher stirring
speed also lies in a reduction of creaming rate. According to Stokes’ law as expressed by

Equation (3.3), the creaming rate v is expressed by Equation (3.4).>%

where 77, is the viscosity of the continuous phase. It can be deduced that the creaming rate
will decrease when the droplet size is reduced. The importance of the creaming rate can be
demonstrated using Fig. 3.5 (c) as an example. The creaming volume of the hexane-in-water
HIPEs was 2.1 ml, about 40% of the total aqueous phase (5 ml), which would not be
incorporated into the resultant porous architectures if the emulsion template was cured at a
sufficiently slow rate. On the contrary, a slow creaming process together with a fast
polymerisation would help increase the polymer content in polyHIPEs as clearly shown in
Section 3.4.6.

From Equation (3.1) and Equation (3.4), it can be deduced that HIPEs prepared using
toluene (0.87 g/cm’) as the oil phase were supposed to have better stability against creaming
than those prepared using hexane (0.66 g/cm’) due to a lower Ap between the two phases.
Princen*?' pointed out that a higher interfacial tension also contributed to a smaller tendency
towards creaming, besides smaller drop size and lower Ap . From this point of view, hexane
gained some advantages due to a higher interfacial tension of hexane-water (51.1 mN/m),

369,422

compared with that of toluene-water (36.1 mN/m). Indeed, no obvious difference was

106



Chapter 3

shown between the creaming volume of toluene-in-water HIPEs and that of hexane-in-water
HIPEs prepared using 1000 rpm as the nd stirring speed [Fig. 3.8 (a) and (¢)].

To conclude, a two-speed stirring protocol in which a higher stirring speed is applied as
the 2™ stirring speed in emulsification can reduce drop sizes of HIPEs and enable an obvious

improvement in the HIPE stability to creaming.
3.2.2.3 Effect of microgel concentration on stability of the resultant o/w HIPEs

In Section 2.4.2, the creaming process of DVB-in-water emulsions (40 vol % DVB) was
investigated using microgel concentrations ranging from 0.02 wt % to 0.4 wt %. Since HIPEs
have distinct structures and properties from emulsions of lower internal phase volumes®®” and
KAA (0.82 M) was also present in the continuous phase, the effect of microgel concentration
on the stability of o/w HIPEs was investigated here. Meanwhile, the emulsification using a
two-speed stirring protocol resulted in HIPEs with improved stability against creaming
(Section 3.2.2.2), therefore attention was paid to the question whether the HIPE stability
could be further improved by increasing the microgel concentration.

Particle size measurements (Fig. 3.7) on microgel suspensions of two concentrations (1.6
mg/ml and 3.2 mg/ml) in the presence of KAA (0.82 M) showed that particles reached their
minimum sizes of about 140 nm at 32 °C and started to aggregate upon a further temperature
increase, which was in good agreement with the behaviour of poly(NIPAAm-co-AA)
microgels at low pH (2-3.5) in the absence of KAA (Fig. 2.1). Although pH of the suspension
here was 6.6, the presence of KAA clearly not only provided a screening effect as a salt but
also deprotonated the microgels by affecting the ionisation equilibrium of PAA moieties.
This became more obvious when comparing with the case (Fig. 2.3) where microgel
aggregation took place above 50 °C rather than above 32 °C in the presence of 0.2 M KCl salt
due to microgel protonation at pH 5. Minor differences were also observed between microgel
sizes in the two suspensions, such as a 20 nm advance for microgels in the suspension with
higher microgel concentration (3.2 mg/ml) at temperatures below 25 °C, which was
consistent with the effects of particle concentration on the dimensions of swollen microgels at

pH 5 (Section 2.2.1.3) and at pH 4 (Section 2.5.3) in the absence of KAA.

107



Chapter 3

16000 -]
14000 -
12000 -
10000 -
8000 -
6000 -
4000 -
2000 -} -

P>

= 1.6 mg/ml
A 3.2 mg/ml

L

\\

300

Particle size, nm

e

250

200

L
B
L s

150

100 -

15 20 25 30 35 40
Temperature, °C

Fig. 3.7 Average particle size of poly(NIPAAm-co-AA) microgels suspended in KAA
solutions (0.82 M) at microgel concentrations of 1.6 mg/ml and 3.2 mg/ml, respectively.
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Fig. 3.8 Images of microgel-stabilised o/w HIPEs containing KAA after creaming occurred at
RT. The oil phase (80 vol %) was toluene for (a) and (b) in contrast to hexane for (c) and (d).
Microgel concentrations in the aqueous suspensions were 1.6 mg/ml, 3.2 mg/ml, 1.6 mg/ml
and 4.0 mg/ml, respectively. Air bubbles were present in (d).

The effect of microgel concentration on HIPE stability was compared for HIPEs with
toluene and hexane internal phase (Fig. 3.8). For toluene-in-water HIPEs, increasing
microgel concentration from 1.6 mg/ml [or 0.15 wt %, Fig. 3.8 (a),] to 3.2 mg/ml [or 0.31
wt %, Fig. 3.8 (b)] hardly caused any obvious reduction in the creaming extent of HIPEs at

RT. For hexane-in-water HIPEs, entrapment of air bubbles together with a small amount of

108



Chapter 3

un-emulsified oil was observed after increasing microgel concentration from 1.6 mg/ml [Fig.
3.8 (¢)] to 4.0 mg/ml [or 0.38 wt %, Fig. 3.8 (d)] whereas the creaming extent of HIPEs
remained more or less the same. The creaming extent was unaffected in both systems likely
due to an insensitivity of droplet size to the variation of microgel concentration according to

Equation (3.1). Li et al.*”’

reported that no obvious changes in average emulsion droplet size
were visible upon variation of poly(NIPAAm-co-MAA) microgel concentration from 0.05
wt % to 2.0 wt % in hexane-in-water HIPEs. Indeed, although increasing particle
concentration generally resulted in a reduced droplet size in a reversely proportional

manner,”?' %4343 the appearance of a plateau of droplet sizes was also reported upon

- - - . 235323
further increasing the particle concentration.”

Thus, increasing microgel concentration
was not always beneficial in terms of emulsion stability. Air entrapment and un-emulsified
oil observed in the highly viscous hexane-in-water HIPEs [Fig. 3.8 (d)] instead indicated
negative effects of a high microgel concentration (0.38 wt %). Since hexane-in-water HIPEs
were more viscous than the toluene-in-water HIPEs (Section 3.2.2.2), a further increase of
the microgel concentration in the continuous phase resulted in more viscous HIPEs, which
made it difficult to disperse more oil droplets into the continuous phase.>®**!7#**

Therefore, increasing the microgel concentration from 0.15 wt % up to 0.38 wt % had no
obvious effect on the creaming extent of the o/w HIPEs. A high microgel concentration (e.g.,

0.38 wt %) in a highly viscous HIPE could cause difficulty in emulsification.

3.2.2.4 Effect of temperature on the stability of microgel-stabilised o/w HIPEs

Since microgel particles started to aggregate upon heating above 32 °C (Fig. 3.7) and
became less efficient emulsifiers, the temperature during HIPE polymerisation should be

17 In this

controlled below 32 °C in order to maintain HIPE stability against coalescence.
section, comparisons were drawn on microgel-stabilised o/w HIPEs in terms of their stability
when aged at RT (~22 °C) and at temperatures below but close to 32 °C (Fig. 3.9) to support

the selection of an optimal polymerisation temperature for the HIPE template.
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Fig. 3.9 Images of microgel-stabilised o/w HIPEs that experienced creaming at different
temperatures. (a) and (b) were toluene-in-water HIPEs prepared at RT (~22 °C) but subjected
to creaming tests at RT and 30 °C, respectively; (c¢) and (d) were hexane-in-water HIPEs that
were prepared and tested at RT and at 31~32 °C, respectively.

For toluene-in-water HIPEs, variation of the aging temperature from RT [Fig. 3.9 (a)] to
30 °C [Fig. 3.9 (b)] did not show any obvious influence on the stability to creaming,
indicating an insensitivity to temperature after microgel adsorption onto the interface. This
appears to contradict the observations in microgel-stabilised DVB-in-water emulsions at pH
2.5 or pH 3 (Section 2.5.2), which showed a significant reduction in creaming extent upon
increasing temperature from 25 °C to 32 °C. However, this contradiction can be resolved by
drawing a comparison among the temperature-induced size changes in the microgel
suspensions. The particle size of the microgels used in DVB-in-water emulsions dropped by
about 70 nm upon temperature increase from 25 °C to 32 °C (microgel aggregation observed
at 33 °C), forming microgel networks to resist creaming due to an increase of hydrophobic
interaction. In contrast, the microgel particles used to stabilise toluene-in-water HIPEs
exhibited a minor change in particle size by 25 nm when the temperature was increased from
22 °C (RT) to 30 °C (Fig. 3.7), indicating that interactions between the microgels were more
or less unaffected. Hence, an insensitivity of the creaming extent to temperature change was
exhibited [Fig. 3.9 (a) and (b)]. For hexane-in-water HIPEs, uniformity in the preparation
temperature and the aging temperature for each sample allowed us to check whether microgel
adsorption was affected by a temperature change from RT [Fig. 3.9 (c)] to 31-32 °C [Fig. 3.9
(d)]. However, this was hardly evident from the observation of creaming extents. It was only
obvious that these o/w HIPEs containing KAA in the continuous phase were stable to
coalescence at RT and temperatures close to 32 °C.

To sum up Section 3.2.2, microgel-stabilised o/w HIPEs whose aqueous phase contained

KAA were stable to coalescence when the KAA concentration was below 1.0 M. Further
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investigations at a KAA concentration of 0.82 M showed that a two-speed stirring protocol in
comparison with a one-speed stirring protocol was capable of reducing the droplet sizes and
improving HIPE stability against creaming whereas an increase of the microgel concentration
from 0.16 wt % up to 0.4 wt % or an increase of the aging temperature from RT to those

close to 32 °C had no obvious effect on the creaming extent of HIPEs.

3.3 Selecting initiator and crosslinker for the polymerisation of o/w HIPEs

Since the stability of microgel-stabilised o/w HIPEs in the presence of KAA is limited
when microgel particles start to aggregate (Section 3.2.2.1), it is essential to control the
temperature below the aggregation temperature of microgels (Fig. 3.7) when polymerising
these HIPEs. Thus, an initiating system capable of producing radicals at low temperatures is
required. Also, polymerisation at relatively low temperatures is of critical importance when

S 425 L 426-428
bioactive molecules™ and living cells

are involved. For this purpose, we have
investigated two possibilities other than the conventional approach of thermal-initiation,
including a redox initiating pair of ammonium persulphate (APS)/N,N,N’ N’-
tetramethylethylenediamine (TMEDA) and a photo-initiating system using 2-hydroxy-1-[4-
(2-hydroxyethoxy) phenyl]-2-methyl-1-propanone (Irgacure 2959 or 12959, see Fig. 3.1 for
its chemical structure). APS/TMEDA was studied here since it is commonly used for

401-403,405,429,430

polymerising hydrophilic monomers in o/w emulsions or in CO;-in-water

emulsions.*' On the other hand, a photo-initiating system proved to be highly efficient in

101,109,118,119,205,432-434

polymerising w/o HIPEs. To photo-polymerise o/w HIPEs in our case,

Irgacure 2959 was chosen due to its water-solubility and promising performances in

injectable scaffolds with living cells encapsulated. *>***

3.3.1 Polymerisation of microgel-stabilised o/w HIPEs using redox initiation

To polymerise o/w HIPEs using redox initiation (APS/TMEDA), how TMEDA was
added was the key issue since APS could be simply mixed into the aqueous suspensions prior
to emulsification. Although TMEDA may be mixed with APS prior to emulsification under

oy 429.,445.44
well-controlled conditions*?*#4+>#4¢

together with a very short emulsifying period, it is
generally added after an emulsion has been formed.**” In our case, emulsification of microgel

suspensions in KAA solutions with toluene or hexane can be achieved using either a one-
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speed stirring protocol (400 rpm) or a two-speed stirring protocol (400—1000 rpm) (Section
3.2.2). Thus, the adding moment of TMEDA (0.02~0.05 ml) via an instant injection was
investigated for both stirring protocols in order not to compromise the stability of o/w HIPEs.

Firstly, TMEDA was added 3 min before the end of stirring in a one-speed stirring
protocol, in accordance with the procedure used by Krajnc et al. in the polymerisation of a
surfactant-stabilised o/w HIPEs.*"' As a result, stable HIPEs were obtained after stirring. For
example, microgel-stabilised HIPEs containing 10 mol % BIS relative to KAA in the
continuous phase were polymerised after maintained at 31 °C for about 60 h [Fig. 3.10 (a)].

Secondly, when TMEDA was added during stirring at 1000 rpm in a two-speed stirring
protocol (400—1000 rpm), phase separation was observed after stirring, e.g., HIPEs
containing 10 mol % BIS [Fig. 3.10 (b)] and HIPEs containing 20 mol % di(ethylene glycol)
divinyl ether (DEGDVE) [Fig. 3.11 (a)]. However, stable HIPEs were found available when
TMEDA was added prior to stirring at 1000 rpm in a two-speed stirring protocol [e.g., HIPEs
containing 20 mol % DEGDVE, Fig. 3.11 (b)] or during stirring at the 3 speed in a three-
speed stirring protocol [400—1000—240 (or 400) rpm] [e.g., HIPEs containing 10 mol %
BIS, Fig. 3.10 (¢)].

It was indicated that mixing TMEDA at a higher stirring speed (1000 rpm) was harmful
to the HIPE stability to coalescence. Indeed, HIPE stability upon addition of TMEDA was
not directly related to whether a higher speed was used for emulsification as long as TMEDA

was added at a lower stirring speed. As reported by Kovacic et al.,*”

it was even satisfactory
to reduce the stirring speed to 20 rpm during TMEDA addition for their o/w HIPEs
containing HEMA. Zhang et al. used homogenization (much higher stirring speed) after
TMEDA was added into o/w HIPEs containing NIPAAm.*”® The reason for phase separation
of microgel-stabilised HIPEs upon TMEDA addition at 1000 rpm was similar to the
demulsification of clay particles stabilised o/w emulsions by the addition of fresh oil.*****
Yan et al. found that an increase in stirring speed from 200 rpm to 800 rpm resulted in much
faster demusilifcation and attributed this to more fresh oil droplets produced, higher collision
frequency and more effective collision between fresh oil droplets and emulsion droplets.**
We believe their explanation can also fit into our case and the collision of TMEDA droplets
and emulsion droplets became much more effective at 1000 rpm, leading to phase separation.

Meanwhile, the nature of the crosslinker, especially its solubility and reactivity,***! was

crucial to the polymerisation of o/w HIPEs. BIS, soluble in the neutralised AA solution**!*2

and sufficiently reactive,’”"**** was found suitable [Fig. 3.10 (a) and (c)]. Other
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crosslinkers such as di(ethylene glycol) divinyl ether (DEGDVE) and 1,5-hexadiene-3,4-diol
(DVG) did not produce solid polyHIPEs [Fig. 3.11 (c)] either due to a low water solubility*>
or a low reactivity.******7 Indeed, BIS has been widely used as the crosslinker in the

preparation of polyHIPEs with hydrophilic monomers,**40:200:401-406:430431

(a) (b) (©)

Fig. 3.10 Photographs of samples prepared using 5 ml microgel suspension (1.6 mg/ml) in
KAA solutions (0.82 M) and 20 ml toluene but using various stirring protocols for the
addition of TMEDA. APS and BIS (10 mol %) were mixed into the aqueous suspension prior
to emulsification. (a) Polymerised o/w HIPEs after 60 h at 31 °C, 3.7 ml toluene expelled,
TMEDA added at the end of a one-speed stirring protocol (400 rpm); (b) 13.3 ml toluene
expelled, TMEDA added during stirring at 1000 rpm in a two-speed stirring protocol
(400—1000 rpm); (c) polymerised o/w HIPEs after 52 h at RT and 2 d at 31 °C, 4.3 ml
toluene expelled, TMEDA added during stirring at the 3™ speed in a three-speed stirring
protocol (400—1000—240 rpm).

(a) (b) (©)

Fig. 3.11 Photographs of samples prepared using 5 ml microgel suspension (1.6 mg/ml) in
KAA solutions (0.82 M) and 20 ml toluene. APS and DEGDVE (20 mol %) were mixed into
the aqueous suspension prior to emulsification. (a) TMEDA added during stirring at 1000
rpm in a two-speed stirring protocol (400—1000 rpm) and ~12 ml toluene expelled after
stirring (in the tube on the left); (b) TMEDA added prior to stirring at 1000 rpm in a two-
speed stirring protocol (400—1000 rpm) and ~1.3 ml toluene expelled after stirring (in the
tube on the left); (c) the sample shown in (b) were not solidified after 3 d at 30 °C.
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To sum up, microgel-stabilised o/w HIPEs were stable as long as addition of TMEDA
was carried out during stirring at a relatively low speed, irrespective of whether or when a
higher speed of 1000 rpm was used. A crosslinker of good solubility and high reactivity was

required and BIS was found to be a suitable crosslinker for polymerisation of the o/w HIPEs.

3.3.2 Photo-polymerisation of microgel-stabilised o/w HIPEs

3.3.2.1 Photo-initiation methods for the polymerisation of microgel-stabilised o/w HIPEs

To make use of photo-initiation for the polymerisation of microgel-stabilised o/w HIPEs,
two protocols have been developed: a manual rotation protocol and a continuous rotation
protocol during UV exposure.

First, as used for the polymerisation of water-in-DVB HIPEs (Section 2.6.1), a protocol
involving manual rotation of the glass tube of HIPEs by 120° twice was used for the
polymerisation of microgel-stabilised o/w HIPEs (80 vol % toluene, 0.82 M KAA and 10
mol % BIS). It was necessary to rotate the sample tube (25 mm in diameter) because of the

limited penetration depth of yy#33434.458

through the emulsions which manifested itself by
the fact that half of the HIPEs in the back of the vial remained liquid while the HIPEs
exposed to UV gelled. Manually rotating the glass tube by 120° twice guaranteed a full
exposure of the sample surface to UV light. Moreover, a water bath of 25 °C was used to
maintain the sample temperature to avoid HIPE destabilisation by temperature-induced
microgel aggregation. As a result, the o/w HIPEs completely gelled after a total exposure
time of 30~35 min, which suggested a much more efficient initiation and gelation in
comparison with that using an identical amount of APS (2 mol% relative to the total double
bonds) together with TMEDA [Fig. 3.10 (c)]. Meanwhile, in contrast to the two-step addition
of APS/TMEDA, photo-initiator 12959 was dissolved into the aqueous phase prior to
emulsification. This was believed to contribute to the efficient gelation as well because the
generation of free radicals occurred at RT upon exposure to UV light for 12959 but required
contact of APS and TMEDA within the HIPE template. 1.45 ml toluene (7%) was expelled
from the HIPEs during the polymerisation, suggesting better-maintained emulsion stability

than systems using the redox initiation. The pore structure of purified polyHIPEs (Fig. 3.12)
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showed pores of up to a few hundred micrometers in diameter, which proved the feasibility

of photo-polymerisation for the preparation of poly(KAA) Pickering-HIPEs.

Impenal 15.0kV 19. 2mn1 x60 ESED TOP 500um Empenal 15.0kV 186. 2rnn1 x60 ESED 40Pa 500um

Fig. 3.12 SEM images of poly(KAA) Pickering-HIPEs prepared by photo-polymerisation of
microgel-stabilised o/w HIPEs with a manual rotation protocol during UV exposure. The
aqueous phase of the HIPEs contained 0.82 M KAA, 10 mol % BIS, 2 mol % photo-initiator
12959 and 1.6 mg/ml microgels while the oil phase was toluene (80 vol %). After
polymerisation, the sample was purified using a two-step Soxhlet extraction with HCI in
MeOH solution (0.8 M) and acetone in sequence.

Second, a protocol using an overhead stirrer to continuously rotate a HIPE sample at 50-
70 rpm during UV exposure was developed (Fig. 7.6). Thus, the sample was continuously
exposed to the UV light, supposedly leading to a more homogeneous polymerisation of the
sample from all directions. This protocol was used to polymerise all the rest o/w HIPEs and
proved to be efficient. An example of the poly(KAA) Pickering-HIPEs prepared using this
protocol (Fig. 3.13) showed un-collapsed pores of up to a few hundred microns were
obtained, within the size range for bone tissue engineering scaffolds.'*** “Potential pore
throats” (small circle) were visible in the pores (big circle) but still not open as evidenced by
the fact that underlying pore structures were completely covered. Therefore, how to break the

“potential pore throats” open and make interconnected structures’**

is of significance for
application of this template as tissue engineering scaffolds (Section 3.4).

Moreover, temperature control during photo-initiation was further optimized. Adding BIS
(10 mol % relative to KAA) and 12959 clearly affected the swelling behaviour of
poly(NIPAAm-co-AA) microgel particles (Fig. 3.14). Microgels reached the minimum size
of ca. 100 nm at 28 °C and 24 °C before and after addition of BIS & 12959, respectively, and

then aggregated with further increasing the temperature. Moreover, prior to the onset of

aggregation, microgel particles were 30-50 nm smaller in the presence of BIS and 12959 at
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the same temperatures. This suggested that addition of these small organic molecules,
especially BIS, enhanced the tendency of microgel deswelling, which was attributed to a
partial replacement of hydrogen bonds between microgels and water by those between
microgels and BIS. A minor difference was also observed between the two initiators
regarding their effects on microgel behaviour. 12959 shifted the onset of microgel
aggregation to a slightly lower temperature (25-26 °C) than APS (ca. 28 °C), indicating its
higher affinity to microgel particles. Therefore, the temperature should be ideally controlled
below 25 °C to maintain the HIPE stability during UV polymerisation. In practice, due to a
considerable amount of heat generated by the UV lamp (100 W) in an enclosed box, the

water-bath temperature was adjusted to ca. 20-22 °C prior to UV exposure.

||||||||||||||||||||||||

Imperial 15.0kV 20.8mm x50 ESED 60Pa 1.00mmy Imperial 15.0kV 20.4mm x150 ESED 60Pa

Fig. 3.13 SEM images of poly(KAA) Pickering-HIPEs prepared by UV-initiated free radical
polymerisation using a continuous rotation protocol during UV exposure. The o/w HIEPs
were emulsified using microgel suspension in KAA solution (1.6 mg/ml microgels, 0.82 M
KAA, 10 mol % BIS, 2 mol % 12959), toluene (80 vol %) and a one-speed stirring protocol
(400 rpm). A pore and a “potential pore throat” (not open) were marked in the pore structure.

In addition, although the emulsion template can be photo-polymerised rapidly within less
than one hour or even within a second,”” it was observed in our case that the HIPE sample
remained partially fluidic after UV exposure and became an integral gel in the glass tube
(external diameter: 25 mm) through a standing period (after UV exposure but prior to
purification via Soxhlet extraction). Apart from the penetration depth of UV light through
emulsions, this delay of complete gelation may arise from the inhibiting effect of O,.*¢!*
Indeed, when replacing the air layer on top of HIPEs with argon before UV exposure,
complete gelation was resulted in the glass tube immediately after UV exposure. This

indicated that a removal of the O, in the air layer could effectively eliminate the inhibiting

effect.
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Fig. 3.14 Average particle size of poly(NIPAAm-co-AA) microgels in KAA solutions (0.82
M) with and without BIS (10 mol % relative to KAA) and an initiator (12959 or APS, 2
mol % relative to the total double bonds).

3.3.2.2 Effect of initiator amount on polymerisation of microgel-stabilised o/w HIPEs

Since the initiator amount does influence the penetration depth of UV light in the

. 433434
emulsions,

1.e., a lower initiator amount allows a deeper UV penetration, effects of
varying the initiator amount on gelation of o/w HIPEs were preliminarily investigated. Based
on the HIPE template (1.6 mg/ml microgels, 0.82 M KAA, 10 mol % BIS and 80 vol %
toluene), the amount of photo-initiator 12959 was varied from 2.0 mol % to 1.5 mol %, 1.0
mol % and 0.5 mol % respectively. A large portion of HIPEs could still flow in the case of
0.5 mol % initiator (argon used on the top) after photo-polymerisation (Fig. 3.15), indicating
0.5 mol % 12959 was insufficient to initiate the polymerisation. On the contrary, other HIPEs
using more initiators were all completely cured after polymerisation. Meanwhile, a slight
increase of the creaming volume, i.e., the volume of aqueous phase resolved at the bottom of

the glass tube, was observed with decreasing initiator content, suggesting that the most rapid

curing here was attained at the highest content of initiator (2 mol %).
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Fig. 3.15 Photographs of photo-polymerised microgel-stabilised HIPEs by using various
amounts of 12959. From left to right: the initiator amount was 2.0 mol %, 1.5 mol %, 1.0
mol % and 0.5 mol % (relative to the total double bonds), respectively. The HIPEs were
emulsified using 5 ml microgel suspension in KAA solution (1.6 mg/ml microgels, 0.82 M
KAA, 10 mol % BIS) and 20 ml toluene. Black lines marked the positions below which gels
were formed after photo-polymerisation.

To sum up Section 3.3.2, a UV-polymerisation protocol has been developed (Fig. 3.16)
for the preparation of polyHIPEs from microgel-stabilised o/w HIPEs.

Soxhlet
Extraction

(d) (e)
Fig. 3.16 Photographs of the preparation process of poly(KAA) Pickering-HIPEs (a) A
sample of microgel-stabilised o/w HIPEs in a glass tube of 25 mm in diameter; (b) HIPEs
cured after UV exposure; (c) the gel-like sample was taken out of the tube by cracking the
glass with a diamond knife; (d) the sample was taken out of an extraction thimble after
experiencing a designed Soxhlet-extraction procedure; (e) dried sample, a polyHIPE.
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3.4 Controlling the pore structure of poly(KAA) Pickering-HIPEs

As briefly mentioned in Section 3.3.2.1, the poly(KAA) Pickering-HIPEs obtained are
mainly closed celled (Fig. 3.13) but open pores with high degree of interconnectivity are
required for bone tissue engineering applications. Similarly, other polyHIPEs based on
Pickering emulsions, i.e., poly(Pickering HIPEs), were also reported with morphologies of
large (up to a few hundred microns) but closed pores.'**"*"'%*7 Nevertheless, polyHIPEs
based on surfactant-stabilised emulsions (conventional polyHIPEs) can also have closed-pore

360,463-465 __ .1 . . . . . 136,137,356 q:
’ within which pore-throat production was investigated. ~> """ Since

morphologies,
the preparation of polyHIPEs involves multiple steps and a number of factors, the
mechanisms for pore-throat formation are still under debate.'®~>* The principle question
concerns the exact time in the process and how pore throats are generated. Proposed causes
for the formation of pore throats include the separation of surfactant molecules from the oil

phase during polymerisation,">® thinning of the oil layer surrounding the water droplets due to

. | . .
an increase of the surfactant/monomer ratio,”*° volume contraction on conversion of

137,203 127,191

monomer to polymer, and mechanical forces during Soxhlet extraction and drying.
We carried out a systematic investigation aiming to find out whether pore throats can be
produced in poly(KAA) Pickering-HIPEs and the nature of any underlying mechanisms. In
the following discussion, contributions from other researchers on this matter will also be

covered.

3.4.1 Varying the extraction and drying conditions to produce open porous polyHIPEs

3.4.1.1 Effect of extraction time and extraction-drying protocol on the pore structures

Since the removal of internal phase from polyHIPEs involves solvent extraction and
drying (Fig. 3.16), it is natural to consider the two processes together when evaluating their
effect on the degree of interconnectivity of polyHIPEs. Although the formation of pore
throats in polyHIPEs has been conventionally attributed to the polymerisation step,'*®"** the
effects of solvent extraction and drying on pore interconnectivity have recently been
stressed.'21?146647 Iy the case of poly(Pickering HIPEs), it’s been further proposed that

mechanical actions arising from Soxhlet extraction and drying were responsible for the
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occasional appearance of pore throats.'?”'”""7 This initiated our attempt to produce pore
throats for poly(KAA) Pickering-HIPEs by varying the conditions of Soxhlet extraction and
drying. Based on an established microgel-stabilised o/w HIPE template (0.82 M KAA, 10
mol % BIS, 2 mol % 12959 and 80 vol % toluene), various extraction and drying conditions

were investigated first (Table 3.2).

Table 3.2 The protocols used in the purification and drying of poly(KAA) Pickering-HIPEs

Fig. 3.13 | Fig. 3.17 | Fig. 3.18 | Fig. 3.19
Extraction with HC1 in MeOH 0.8 M, 0.15M, |[0.15M, 0.15 M,
24 h 40 h 40 h 72 h
Drying temperature, °C 50 50 70 70
One-step extraction and one-step drying | - v v -
One-step extraction and two-step drying | - \ v -
Two-step extraction and one-step drying | v v v v
Two-step extraction and two-step drying | - \ v v

* Soxhlet extraction with HCI in MeOH (one-step extraction) was followed by extraction with acetone for 24 h
in a two-step extraction protocol; one-step drying refers to vacuum drying while two-step drying means
polyHIPE was dried in a convection oven before being moved into a vacuum oven.

On the one hand, a comparison on the morphology of polyHIPEs was made among those
experiencing the protocol of two-step extraction and one-step drying, i.e., Soxhlet extraction
in sequence with HCl in MeOH and acetone followed by vacuum drying. Assuming pore
throat formation occurs by mechanical actions, extending the extraction duration or
increasing the drying temperature should increase this effect on polyHIPEs. Thus, from left to
right in Table 3.2, the impact of purification and drying on polyHIPEs is supposed to
increase and pore throats are expected to appear. However, all polyHIPEs exhibited intact
closed-pore structures [Fig. 3.13, Fig. 3.17 (¢), Fig. 3.18 (c) and Fig. 3.19 (a)]. In addition,
although 0.8 M and 0.15 M HCI in MeOH were used, the effect of HCl concentration on
purification is believed to be negligible since both concentrations were excessive as indicated
by the acidic nature of the post-extraction liquids. The closed-pore structures under various
conditions may suggest two possibilities: either that the mechanical actions exposed so far are
not strong enough to rupture the thinned pore wall or that pore throats are indeed not
generated during the process of extraction and drying at all. In practice, we did not further

increase the drying temperature to avoid deformation of the polymers (the glass transition
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temperature ~105 o168

). Meanwhile, an extraction process with an even greater duration
than 4 d would also be inefficient. Instead, it is sensible to look into other factors involved in
the preparation of polyHIPEs, such as internal phase volume ratio, crosslinker content,
monomer content and stirring speed as discussed in the following sections. Therefore, it is
not yet obvious here what impact the process of extraction and drying may have on the

interconnectivity of polyHIPEs if there is any.
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(c) (d)

Fig. 3.17 SEM images of poly(KAA) Pickering-HIPEs prepared using various purification
and drying protocols. (a) One-step extraction with HCl in MeOH for 40 h, vacuum drying
(one-step); (b) One-step extraction, two-step drying (drying in a convection oven before
vacuum drying); (¢) Extraction with HCI in MeOH for 40 h followed by extraction with
acetone for 24 h (two-step extraction), one-step drying; (d) two-step extraction, two-step
drying. The drying temperature is 50 °C for all.
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(c) (d)

Fig. 3.18 SEM images of poly(KAA) Pickering-HIPEs prepared using various purification
and drying protocols. (a) One-step extraction with HCI in MeOH for 40 h, vacuum drying
(one-step); (b) One-step extraction, two-step drying (drying in a convection oven before
vacuum drying); (¢) Extraction with HCI in MeOH for 40 h followed by extraction with
acetone for 24 h (two-step extraction), one-step drying; (d) two-step extraction, two-step
drying. The drying temperature is 70 °C for all.

On the other hand, the effect of different protocols of purification and drying on the pore
structure were evaluated. Firstly, protocols using either one-step or two-step extraction differ
in the solvent to which the polymers are exposed and from which they were dried. Since
MeOH and acetone are a good solvent and a non-solvent for PAA, respectively,*®*" it is
interesting to know whether one-step and two-step extraction may have any different impacts
on the micro-structures of PAA and even on the formation of pore throats. Secondly, one-step
(vacuum drying only) and two-step drying (drying in a convection oven followed by vacuum
drying) at the same temperature differ in the drying rate. Since solvent is supposed to be
removed at a slower rate in a convection oven, it will be possible to see what effect this

variation may have on the morphology of polyHIPEs. In contrast to the protocol of two-step
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extraction and one-step drying [Fig. 3.18 (c)], one-step extraction and one-step drying [Fig.
3.18 (a)] resulted in a corrugated pore walls.*’! This is likely because polymers were quickly
dried at 70 °C from a rubbery state after extraction with MeOH whereas a second extraction
with acetone made the polymer chains more rigid and glassy before drying.*”**’” This
corrugating effect became less obvious when reducing the drying rate by either using the
protocol of one-step extraction and two-step drying [Fig. 3.18 (b)] or drying at a lower
temperature [50 °C, Fig. 3.17 (a)], which allowed the solvated polymer chains to gradually
adjust their configuration upon removal of MeOH. In addition, a faster removal of acetone
from the pore surface using vacuum drying [Fig. 3.17 (c), Fig. 3.18 (c) and Fig. 3.19 (a)]
yielded rigid pores without distortion in comparison to the two-step drying protocols [Fig.
3.17 (d), Fig. 3.18 (d) and Fig. 3.19 (b)]. Therefore, varying the purification and drying
protocol did not change the predominance of closed-pore morphology and the shape of pores

was best maintained in the case of two-step extraction followed by vacuum drying at 70 °C.
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(a) (b)

Fig. 3.19 SEM images of poly(KAA) Pickering-HIPEs purified using extraction with HCI in
MeOH for 72 h plus extraction with acetone for 24 h but dried using either a one-step (a) or a
two-step (b) protocol at 70 °C.

3.4.1.2 Other attempts to produce pore throats in the extraction and drying process

Using the same composition to prepare poly(KAA) Pickering-HIPEs (0.82 M KAA, 10
mol % BIS, 2 mol % 12959 and 80 vol % toluene), another two approaches were carried out
to produce open porous structures. The concept of both involves making plyHIPEs swell to a
larger extent and expects to produce pore throats via the subsequent drying. The first

approach is to prepare a hydrogel using a sample of obtained the poly(KAA) Pickering-
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HIPEs by allowing it to absorb water (1:200, w/w) and subsequently to freeze-dry the
hydrogel sample. Pore throats were obtained [Fig. 3.20 (a)] through a thermally induced
phase separation (TIPS) process,*’**”® however, the overall structures of polyHIPEs were
completely lost due to collapse and overlap of the pore layers during freeze-drying.*”’ The
second approach is to employ an extracting solvent of greater solvating power™®” for the
polymers — a mixture of HCI in MeOH and distilled water (1:1, v/v) — instead of HCI in
MeOH (Fig. 3.13). Similarly, closed pores were still dominant in the morphology [Fig. 3.20
(b)]. Due to the volume confinement of polyHIPEs by the extraction thimble during
extraction, a larger swelling degree may not be practically achieved, and clearly the
subsequent replacement of MeOH/water by acetone showed little effect on pore-throat

formation.

500um

(2) (b)

Fig. 3.20 SEM images of poly(KAA) Pickering-HIPEs (a) freeze-dried polyHIPE hydrogel,
(distilled water/dry polyHIPEs= 200, w/w) (b) polyHIPEs extracted first with a 1:1 (v/v)
mixture of HCI in MeOH and distilled water ([HCI]= 0.15 M) for 26 h and then with acetone
for 24 h, followed by vacuum drying at 60-70 °C.

To sum up, despite a proposed mechanism that pore throats are possibly produced during
the extraction and drying processes, closed-pore morphologies have been predominantly
exhibited in polyHIPEs prepared using a fixed composition (0.82 M KAA, 10 mol % BIS, 2
mol % 12959 and 80 vol % toluene) under various conditions of extraction and drying.
Whether the extraction and drying processes may have any effect on pore throat formation at

other HIPE compositions is worth further investigating into.
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3.4.2 Tuning the HIPE composition for open porous poly(KAA) Pickering-HIPEs

When evaluating the impact of HIPE composition on the morphology of polyHIPEs, it is
useful to take the polymerisation process into account to interpret the formation of the pore
walls. Since the polymerisation in the continuous phase of a HIPE is generally a free-radical
crosslinking polymerisation, the formation of pore walls may be well understood by referring

356

to the analogous situation in macroporous copolymer resin beads™ or a hydrogel matrix,

especially in the presence of a diluent during polymerisation. As comprehensively studied in

480-483 484-489

the preparation of macroporous resin beads or hydrogels, their porous structures
can be influenced by the nature of the diluent, the monomer/diluent ratio and the crosslinker
content as well as the processes of solvent extraction and drying. Indeed, based on the
analogy, the variation of many properties of the polyHIPEs can be better interpreted,*®!”
363404990493 quch as porosity, wall roughness and surface area. However, it is worth noting
that the pores in resin beads or hydrogel matrices are normally on the nanometre scale, i.e.
smaller than the size of pore throats in polyHIPEs. It is still unknown whether the formation
of pore throats in polyHIPEs is related to these polymerisation-induced nanometre-sized
pores. In this section, since H,O is the diluent, the HIPE composition, including internal
phase volume ratio, concentrations of crosslinker (BIS) and monomer (KAA) were varied.
For purification and drying of the produced polyHIPEs, the same protocol (two-step

extraction followed by vacuum drying at 70 °C) was used.

3.4.2.1 Effect of the internal phase volume ratio on pore structures

Although the internal phase of a Pickering emulsion template is believed to have little
effect on the polymerisation occurring in the continuous phase, the internal phase volume
ratio (¢in.) of @ HIPE template may affect the resultant morphologies due to its influence on
the total water-oil interfacial area. The nominal ¢i,,, Was increased from 80.0% as previously
used to 85.0% and 90.0% during emulsification, respectively, while the aqueous composition
was maintained constant (1.6 mg/ml microgels, 0.82 M KAA, 10 mol % BIS and 2 mol %
12959). As a result of coalescence of a small percentage of toluene droplets during
emulsification (volume measured by a 1.0 ml syringe), the actual ¢i,,. were 84.5% and 89.0%,

respectively.
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Imperial 15.0kV 25.4mm x50 ESED 60Pa .0kV 25.4mm

(a) 85.0 vol % (x50) (b) 85.0 vol % (x250)

1.00mmpy Imperial 15.0kV 24.9mm x250 ESED 60Pa

(¢) 90.0 vol % (x50) (d) 90.0 vol % (x250)

Fig. 3.21 SEM images of poly(KAA) Pickering-HIPEs at two magnifications (x50 and x250).
The HIPEs were prepared using a microgel suspension in KAA solution (1.6 mg/ml
microgels, 0.82 M KAA, 10 mol % BIS and 2 mol % 12959), 85.0 vol % or 90.0 vol %
toluene as the internal phase and a one-speed stirring protocol (400 rpm).

éOO‘u mI

Similar to poly(KAA) Pickering-HIPEs prepared using 80 vol % toluene (Fig. 3.13),
polyHIPEs prepared using 85 vol % and 90 vol % toluene (Fig. 3.21) exhibited closed pore
morphologies and “potential pore throats” (not real pore throats). This insensitivity of pore-
throat formation to the increase of ¢i,;. Was in agreement with what Williams et al. 136 found in
conventional polyHIPEs, where closed-pore structures were produced at low surfactant
content for ¢in. even up to 97%. This may lead to speculation that closed-pore morphologies
in poly(Pickering HIPEs) were due to a low concentration of the emulsifiers, i.e., particles.
Indeed, the content of microgel particles employed in the aqueous phase was rather low (ca.

0.15 wt %). Interestingly, Hermant et al.*"!

reported a dependence of pore-throat formation in
Pickering HIPEs on the content of the Pickering emulsifier, modified single-walled carbon

nanotubes (SWCNTs) by an amphiphilic block copolymer (1:12, w/w). They found that with

126



Chapter 3

increasing SWCNT content from 0.01 wt % up to 0.1 wt % in HIPEs of 75 vol % internal
phase, the resultant polyHIPEs exhibited a morphological change from large pores (500 um)
with little connectivity into smaller pores (50 pm) and more pore throats. Ikem et al. reported
of closed pore morphologies in poly(Pickering HIPEs) prepared using 2-4 wt % silica
particles at ¢in, of 90%'"* or 10 wt % titania particles at ¢in. of 80%.2% Zhu et al.*® reported
open pores in hydrophilic polyHIPEs prepared using 8-16 wt % poly(urethane urea)
nanoparticles at ¢i,.. of 80-92%. Therefore, it is worth confirming the speculation that closed-
pore morphologies are preferred at relatively low content of particulate emulsifiers.

No aqueous phase was visible on the bottom of these two resultant polyHIPEs in
comparison to the polyHIPEs prepared using 80 vol % toluene, indicating an elimination of
creaming by compacting toluene droplets due to an increase of ¢in. This was in agreement
with what Princen*”! observed in surfactant-stabilised o/w HIPEs. In addition, a further
increase of ¢, for the current system proved to be difficult; the maximum ¢, available was
90.6% (Table 7.9), slightly lower than the upper limit reported in other Pickering
HIPEs,'?193:1972%0 which is possibly dependent on particle type, particle concentration and

the overall viscosity of the continuous phase.
3.4.2.2 Effect of the cross-linker content on pore structures of polyHIPEs

The internal phase is generally regarded as an inert template during polymerisation,
attention is paid to the factors closely involved in the polymerisation in the following two
sections: the crosslinker content and monomer concentration. In this section, with a constant
KAA amount (0.82 M) and a constant ¢i,,. of 80%, the cross-linker content (BIS/KAA,
mol/mol) in the aqueous composition was reduced from 10.0% (Fig. 3.13) gradually down to
2.5%. As a result, a few remarkable morphological changes were exhibited in this series of

poly(KAA) Pickering-HIPEs (Fig. 3.22).
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(e) 4.0 mol % BIS (f) 4.0 mol % BIS
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200um

(k) 3.4 mol % BIS (1) 3.4 mol % BIS
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1.00mmf| Imperial 15.0kV 25.5mm x250 ESED 60Pa

Imperial 15.0kV 25.3mm x75 ESED 60Pa 500um Jimperial 15.0kV 25.3mm x250 ESED 60Pa ' 200um

(0) 2.5 mol % BIS (p) 2.5 mol % BIS

Fig. 3.22 SEM images of poly(KAA) Pickering-HIPEs prepared by polymerisation of HIPEs
containing constant ¢;,, (80%) and KAA amount (0.82 M) but various BIS contents. During
emulsification, a one-speed stirring protocol (400 rpm) was used.

Above all, it is obvious that open porous structures are obtainable not just in conventional
polyHIPEs but also in poly(Pickering-HIPEs). “Potential pore throats” gradually became pore
throats with decreasing crosslinker content. The critical point for a predominance of open
pores in the morphology occurred at BIS content of 3.2 mol %. Prior to this composition, the
polymer films separating two pores were thinned with decreasing BIS content and even
became transparent [e.g., Fig. 3.22 (d)] to allow the pores below to be visible. It is also
indicated that pore-throat formation in this series is unlikely to have resulted from phase

separation of polymers from the continuous phase during polymerisation, *****

since this type
of phase separation has a tendency to occur upon an increase rather than decrease of the
crosslinker content in the presence of a solvating diluent.*”>*"#64%47 The wejoht ratio of
water in the monomer solution was slightly increased from 88.5% to 89.4% when reducing

the BIS content from 10 mol % to 2.5 mol %, further suggesting that phase separation during
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polymerisation was less likely to occur at lower BIS content. Okay e al.*® reported a
maximum monomer (sodium acrylate) concentration of 11 w/v % for linear chains remaining
soluble in the solution during polymerisation. Since the KAA concentration used (0.82 M)
was ca. 9.4 w/v % as calculated, the resultant poly(KAA) chains alone were expected to
remain soluble. Yasuda et al.*”’ found that homogeneous hydrogels could be synthesised at
very high water ratios if the resultant polymer had sufficient hydrophilicity. Indeed,
poly(KAA) is very hydrophilic™® and the copolymerisation of KAA and BIS in the aqueous
phase resulted in homogeneous hydrogels as evidenced by the hydrogels [Fig. 3.41 (a)]
prepared by solely polymerising an aqueous solution of the monomers. Thus, the production
of pore throats is supposed to occur during solvent extraction and drying.

Secondly, the intact pore shape of poly(Pickering HIPEs) prepared using 10 mol % BIS
(Fig. 3.13) became blurred with decreasing BIS content, i.e., the pore boundaries in the case
of open porous poly(Pickering HIPEs) were difficult to identify. This is in agreement with
what Williams et al.'*® found in conventional polyHIPEs. Meanwhile, pore throats exhibited
circular or oval profiles rather than cracks in the thin films, which may shed some light on
how pore throats are formed in poly(KAA) Pickering-HIPEs at low BIS content and will be
further discussed in Section 3.4.4.

(b)
Fig. 3.23 Photographs of poly(KAA) Pickering-HIPEs prepared by polymerisation of HIPEs
containing 2.5 mol % BIS. (a) A sample taken out of the glass tube after polymerisation and
left in a dry Petri dish; (b) another sample taken out of the glass tube after polymerisation and
left in an toluene-wetted Petri dish; (c) the sample shown in (b) after solvent extraction (a
piece of filter paper used to wrap the sample prior to extraction) and vacuum drying.

However, loss of sample integrity became an issue in the cases where low crosslinker
contents, especially 2.5%, were used for the preparation of polyHIPEs. Fig. 3.23 (a) clearly
shows that the networks of polymerised HIPEs were not strong enough to overcome the
adhesive forces between the gel and the glass. To obtain an open-porous morphology as well

as integrity of the polyHIPEs, two approaches were carried out. One approach was to wet the
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dish with toluene so that the adhesive forces were reduced on contact [Fig. 3.23 (b)]. To
handle with more ease, a trimmed piece of filter paper was also wetted with toluene, with
which the sample was wrapped and put into a thimble for solvent extraction. As a result, an
integral piece of dried polyHIPEs [Fig. 3.23 (c¢)] with open porous structures [Fig. 3.24 (a)
and (b)] was obtained. The other approach was fre:e:ze-dryinggz’205 405406 for solvent removal
after polymerisation, i.e., the sample was actually not taken out of glass tube. In the process,
p-xylene (mp, 12-13 °C) was used instead of toluene (mp, -93 °C) as the internal phase for a
better freezing. Without causing any noticeable differences in stability during emulsification
and polymerisation, the approach also led to open porous structures after freeze-drying [Fig.
3.24 (c) and (d)]. Nevertheless, the freeze-drying approach did not result in an integral

sample piece as Fig. 3.23 (c) and a complete removal of p-xylene was difficult.

¥ -

Imperial 15.0kV 25.5mm x25

500um Jimperial 20.0kV 5.8mm x250 ESED 70Pa ' 200um

(©) (d)

Fig. 3.24 SEM images of poly(KAA) Pickering-HIPEs prepared by polymerisation of HIPEs
containing 2.5 mol % BIS. (a) and (b) were from sample that was purified using Soxhlet
extraction and dried under vacuum; filter paper was used to wrap the sample during
extraction. (c) and (d) were from sample that was freeze-dried after polymerisation; p-xylene
was used instead of toluene as the internal phase.
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3.4.2.3 Interplay of KAA concentration, BIS content and ¢,. for pore-throat formation

In the above section, it was shown that open porous poly(KAA) Pickering-HIPEs are
available at BIS content (BIS/KAA, mol/mol) lower than 3.2%. It is interesting to know
whether open porous polyHIPEs could be made at higher BIS content by varying other
factors, such as ¢ and the KAA amount, in order for better mechanical properties or for
tuning of porosity. In comparison to the polyHPEs prepared at 5.0 mol % and 2.5 mol % BIS
(0.82 M KAA and 80 vol % toluene, Fig. 3.22), polyHIPEs (Table 7.8) were prepared using
various KAA concentrations (from 0.74 M to 1.07 M), internal phase volume ratios (80% or
85%) and BIS contents (2.5 mol % or 5.0 mol %). Characterisation of the resultant
morphologies was performed using SEM (Fig. 3.25) and a statistical analysis on the numbers

of “potential pore throats” and pore throats (Table 3.3).

a . s 1 1 T |:| 1 1 O -l.l i
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Imperial 15.0kV 25.3mm x100 ESED 60Pa 200um

(b) 0.74 M KAA, 5.0 mol % BIS, 80 vol % toluene
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(e) 0.96 M KAA, 16.5 mg BIS (2.2 mol %), 80 vol % toluene

Fig. 3.25 SEM images of poly(KAA) Pickering-HIPEs prepared by polymerisation of
microgel-stabilised HIPEs containing various KAA concentrations, BIS contents and internal
phase volume rations. The magnifications of the images are x100 (left) and x250 (right) for
each polyHIPEs.
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Table 3.3 Numbers* of “potential pore throats” and pore throats in poly(KAA HIPEs)

KAA Cross-linker  (BIS) | ¢y, “Potential” | Pore Pore throat
amount** amount vol % | pore throats | throats | ratio***

Fig. 3.22 (c)(d) | 4.27 mmol | 32.9 mg (5.0 mol %) 80 260 10 3.8%

Fig. 3.22 (0)(p) | 4.27 mmol 16.5 mg (2.5 mol %) 80 57 211 78.7%

Fig. 3.25 (a) 4.81 mmol 18.5 mg (2.5 mol %) 80 211 35 14.2%

Fig. 3.25 (b) 3.74 mmol | 28.8 mg (5.0 mol %) 80 210 20 8.7%

Fig. 3.25 (¢) 4.27 mmol | 32.9 mg (5.0 mol %) 85 233 30 11.4%

Fig. 3.25 (d) 4.81 mmol | 18.5 mg (2.5 mol %) 85 22 90 80.4%

Fig. 3.25 (e) 4.81 mmol | 16.5mg 80 156 26 14.3%

* Counted in SEM images of x50 magnification; **The microgel suspensions in KAA solution (5 ml)
containing 3.74 mmol, 4.27 mmol and 4.81 mmol KAA were identical to “1-14”, “1-13” and “1-12” as listed in
Table 3.1, respectively; *** pore throat ratio was calculated using (the number of pore throats)/(the total
number of pore throats and “potential” pore throats).

Firstly, the effect of KAA concentration on the pore interconnectivity of poly(KAA)
Pickering-HIPEs were investigated at constant ¢y, of 80 vol %. On the one hand, aqueous
solutions of increasing KAA concentration from 0.85 M to 0.96 M and 1.07 M were used for
polyHIPE preparation at constant BIS content (16.5 mg). Unfortunately, phase separation
occurred in the case of 1.07 M KAA in contrast to the lasting stability shown by its
counterpart without BIS and 12959 [Fig. 3.4 (f)]. This attenuation of the emulsifying ability
of microgels was likely due to a synergic effect of adding KAA and organic molecules. The
comparison between polyHIPEs prepared using 0.85 M KAA [Fig. 3.22 (o) and (p)] and 0.96
M KAA [Fig. 3.25 (e)] clearly revealed that increasing KAA concentration at a constant low
amount of BIS (16.5 mg) led to a dramatic decrease in the pore interconnectivity (Table 3.3).
Indeed, an open porous morphology turned into a closed-pore one. On the other hand, at BIS
content of 5 mol %, decreasing the KAA concentration from 0.85 M [Fig. 3.22 (c) and (d)] to
0.74 M [Fig. 3.25 (b)] did not change the closed-pore morphology and only resulted in a
slight increase in pore interconnectivity. Although both comparisons suggested an inverse
relationship between pore interconnectivity and KAA concentration, such dependence was
more sensitive at lower cross-linker level. The crucial role the crosslinker content played in
the formation of open porous structures was further manifested when comparing Entry 2 and
Entry 4 in Table 3.3. In the aqueous phase, the monomer content and BIS content were 8.4
wt %, 0.55 wt % for Entry 4 and 9.2 wt %, 0.31 wt % for Entry 2, respectively. Obviously, a
lower BIS content despite higher total monomer content did result in polyHIPEs with higher

interconnectivity.
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Secondly, the effect of internal phase volume ratio (¢i,) on the pore structure was
investigated at specified concentrations of KAA and BIS. Although increasing ¢, from 80%
up to 89% did obviously not affect the pore interconnectivity of polyHIPEs made by
polymerisation of HIPEs containing 10 mol % BIS content (Section 3.4.2.1), it is worth re-
examining its effect at lower BIS contents. A comparison is drawn between two polyHIPEs
both prepared with 0.85 M KAA and 5.0 mol % BIS. An increase of ¢iy. from 80% [Fig. 3.22
(c) and (d)] to 85% [Fig. 3.25 (c)] led to an increase of the pore-throat ratio from 3.8% to
11.4% (Table 3.3). Meanwhile, when 0.96 M KAA and 2.5 mol % BIS were used for
polyHIPE preparation, increasing ¢, from 80% to 85% resulted in a change from closed-
pore structures [Fig. 3.25 (a)] to open porous ones [Fig. 3.25 (d)]. Clearly, it is shown that
pore interconnectivity in poly(KAA) Pickering-HIPEs became sensitive to the increase of iy,
at low BIS contents. This sensitivity had a reverse relationship with BIS content. In addition,
Entry 2 and Entry 6 in Table 3.3 exhibited an equivalent level of pore interconnectivity,
suggesting that at BIS content of 2.5 mol %, increasing ¢in. from 80% to 85% was similar to
reducing KAA concentration from 0.96 M to 0.85 M in terms of their effect on pore
interconnectivity.

To sum up Section 3.4.2.3, both decreasing KAA concentration and increasing ¢, can
contribute to pore-throat formation in poly(KAA) Pickering-HIPEs. However, their effects

depend on the BIS content and only become significant at low BIS content, e.g. 2.5 mol %.

3.4.3 Effect of stirring speed on the pore structures of poly(KAA) Pickering-HIPEs

As previously discussed in Section 2.6.1 and Section 3.2.2.2, stirring speed is one of the
dominant factors affecting emulsion drop size and thereby affects HIPE stability and
polyHIPE morphology. Indeed, the effect of stirring speed on HIPE stability also manifests in
poly(KAA) Pickering-HIPEs (Fig. 3.26). Upon photo-polymerisation, the HIPEs prepared
using a one-speed stirring protocol (400 rpm) turned into a polymerised HIPE together with a
transparent gel of 4 mm in height. Obviously, the gel was the polymerised product of the
aqueous phase (containing KAA and BIS) that separated out due to creaming. Its height was
gradually reduced to zero when 600 rpm, 700 rpm, 800 rpm and 1000 rpm were used,
respectively, as a second stirring speed during emulsification, indicating a better HIPE

stability to creaming at a higher stirring speed. However, it is unclear whether stirring speed
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plays a role in pore-throat formation in poly(KAA) Pickering-HIPEs. To clarify this point, we
discuss in this section those polyHIPEs prepared with a selected two-speed stirring protocol
(400—1000 rpm), in comparison with those prepared with a one-speed stirring protocol (400
rpm, Section 3.4.2).

Fig. 3.26 Photographs of polymerised Pickering o/w HIPEs prepared by polymerisation of
HIPEs containing 10 mol % BIS. From left to right: stirring speed of 400, 600, 700, 800 and
1000 rpm were used during emulsification, respectively. The transparent part on the bottom,
as marked (4 mm in height), was polymerised aqueous solution (containing KAA and BIS)
that separated from the bulk emulsions due to creaming.

3.4.3.1 Effect of crosslinker content on the pore structure at increased stirring speed

It was revealed that pore-throat formation largely depends on the crosslinker content and
that a critical BIS content existed allowing for open porous poly(KAA) Pickering-HIPEs to
form (Section 3.3.2). How this dependence is affected by increasing stirring speed (1000 rpm)
was investigated using polyHIPEs (Fig. 3.27) prepared with a BIS content of 10 mol %, 5
mol %, 4 mol %, 3.2 mol % and 2.5 mol %, respectively, and characterised by SEM (Fig.
3.28).
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Fig. 3.27 Photographs of polymerised Pickering o/w HIPEs prepared by polymerisation of
HIPEs containing various BIS contents (BIS/KAA, mol/mol). From left to right: a BIS
content of 10.0%, 5.0%, 4.0%, 3.2% and 2.5% was employed, respectively. The HIPEs were
emulsified using a two-speed stirring protocol (400—1000 rpm). Glass tubes have a diameter
of 25 mm.
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Fig. 3.28 SEM images of poly(KAA) Pickering-HIPEs prepared by polymerisation of HIPEs
that were emulsified using a two speed stirring protocol (400—1000 rpm). The BIS contents
in the HIPEs were 10 mol %, 5 mol %, 4 mol %, 3.2 mol % and 2.5 mol %, respectively.

As expected all five samples exhibited good stability to creaming during polymerisation
(Fig. 3.27) and displayed two remarkable morphological features induced by using 1000 rpm
during emulsification (Fig. 3.28). Firstly, despite the closed-pore morphology at BIS content
of 10.0 mol %, decreasing it to 5.0 mol % led to an open porous structure. This is in contrast
to the closed-pore polyHIPEs prepared using an identical BIS content but 400 rpm as the
stirring speed [Fig. 3.22 (c) and (d)] and suggests that increasing the stirring speed during
emulsification played a constructive role in pore-throat formation and increased the critical
BIS content for open porous polyHIPEs. Gurevitch et al.'® also found that increasing the
mixing intensity reduced the wall thickness and enabled pore throats to form more easily.
Secondly, upon decreasing BIS content from 5.0 mol % to 2.5 mol %, pore-throat margins
moved outwards, resulting in an increase of the pore-throat size and a reduction of the strut
width. This change induced by BIS content is more noticeable for polyHIPEs prepared using
a higher speed of 1000 rpm. It is indicated that pore-throat formation is probably induced by
shrinkage of the polymer films, the extent of which is dependent on the cross-linking level.
At BIS content of 2.5 mol %, a comparison drawn between polyHIPEs prepared using a two-
speed stirring protocol (400—1000 rpm) [Fig. 3.28 (e) and (f)] and those prepared solely
with 400 rpm [Fig. 3.22 (o) and (p), Fig. 3.24] clearly shows that 1000 rpm reduced the wall
thickness of the polymer films and resulted in decrease of the strut width from more than 10
pum to as thin as 1 pm (Fig. 3.29). From this point of view, the higher stirring speed of 1000
rpm contributed to increase of pore throat size. On the other hand, increase of the stirring

138,194,501

speed can reduce the pore size, which in general will decrease the pore-throat size.
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Thus, the effect of increasing stirring speed on pore-throat size becomes less straightforward.
Indeed, the pore-throat radii of polyHIPEs prepared using 1000 rpm [Fig. 3.28 (e) and ()]
and 400 rpm [Fig. 3.22 (o) and (p)] are 24.6 = 5.8 um (63 pore throats counted), and 31.8 +
12.9 um (67 pore throats counted), respectively, suggesting increase of the stirring speed

clearly reduced the distribution of pore-throat size rather than the size.
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100um J Imperial 20.0kV 5.8mm x500 ESED 70Pa b 100um

(c) 400 rpm, extracted (d) 400 rpm, freeze-dried

Fig. 3.29 SEM images of poly(KAA) Pickering-HIPEs prepared by polymerisation of HIPEs
containing the same crosslinking level (BIS/KAA = 2.5 mol %). During emulsification, a
two-speed stirring protocol (400—1000 rpm) was used for (a) in contrast to a one-speed
stirring protocol (400 rpm) for (b)(c)(d); Soxhlet extraction and vacuum drying used for
(a)(b)(c) in contrast to freeze-drying for (d) after photo-polymerisation; during extraction,
filter paper was used for sample wrapping in the case of (a) and (¢).

Therefore, the stirring speed appears to be an efficient tool that can substantially vary
how polymers are spatially distributed and organized in polyHIPEs by affecting the emulsion
drop size. In this process, sample integrity is not compromised (Fig. 3.30) even in the case of

a low BIS content (2.5 mol %). This tool is of further significance when degradation of these
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emulsion-templated scaffolds (e.g., BIS was replaced by a degradable crosslinker) is taken
into consideration, since both the width and the thickness of the scaffold struts are tunable by

stirring speed and other factors, such as cross-linker content.

f, - it il — .l-l;i;lal.l.i

Fig. 3.30 Photographs of poly(KAA) Pickering-HIPEs after solvent extraction and vacuum
drying. From left to right: the crosslinking levels (BIS/KAA, mol/mol) used were 10.0%,
4.0% and 2.5%, respectively.

In addition, it is worth mentioning that although extraction with HCI in MeOH was used
to protonate the carboxyl groups in poly(KAA), investigations using Energy-dispersive X-ray
spectroscopy (EDX) (Fig. 3.31) indicate that potassium ions still exist in multitude. Therefore,
these polyHIPEs are still defined as poly(KAA) Pickering-HIPEs.
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Fig. 3.31 SEM/EDX analysis of poly(KAA) Pickering-HIPEs showing obvious potassium
peaks in different parts (left: SEM images; right: the element analysis on the specified parts).
For lower-magnification images of the sample, see Fig. 3.28 (b).

3.4.3.2 Effect of microgel concentration on the pore structure at increased stirring speed

As revealed in Section 3.2.2.3, an increase in microgel content from 0.15 wt % to 0.31
wt % in the aqueous phase had no obvious effect on the creaming extent of the water-in-
toluene HIPEs. According to Equation (3.1) and (3.2), it appears that the emulsion drop size
was the same in the two HIPEs. However, this is not necessarily true for the drop size in
polymerised HIPEs, especially by photo-polymerisation, since creaming kinetics was not
considered. Indeed, creaming even became negligible during the polymerisation (Fig. 3.27,
BIS and 12959 was added) due to the fast polymerisation rate. Thus, the drop size evolution
with time due to limited coalescence®'~"*>"° is negligible and the original state of HIPE after
emulsification was maintained. Consequently, it becomes very likely that the microgel
content will have an effect on the pore structure of polyHIPEs. To verify this speculation,
poly(KAA) Pickering-HIPEs were prepared by polymerisation of HIPEs containing 1.5 wt %
microgels and 2.5 mol % BIS, in comparison with 0.15 wt % microgels as discussed before.

The resultant morphology (Fig. 3.32) showed two distinct features from that of
polyHIPEs using 0.15 wt % microgels [Fig. 3.28 (e)(f) and Fig. 3.29 (a)]. Firstly, spheres of
various sizes [Fig. 3.32 (b)] were observed attached to the polymer surfaces in contrast to
smooth surfaces observed in polyHIPEs prepared using 0.15 wt % microgels. The large
spheres of size up to several micrometers were unlikely to be microgel particles but rather
polymer particles.'”® Secondly, pore-throat sizes are significantly reduced as obviously

shown in the x500 images [Fig. 3.29 (a) and Fig. 3.32 (a)] of the interconnected structures. It

has been reported that particle content is determinant of the pore size in poly(Pickering
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HIPEs)"?*?%2%%2%2 que to its influence on the drop size prior to polymerisation. Zhu ez al.*”
also reported a pore-throat size decrease in accompany with a pore-size decrease upon
increasing particle content from 8 wt % to 16 wt %. Li et al.'® reported that poly(St/DVB)
Pickering-HIPEs prepared using 20 wt % 12-acryloxy-9-octadecenoic acid (AOA)-modified
magnetite nanoparticles as stabilisers exhibited average pore size of 14.9 um, at equivalent
level to those prepared using 3 wt % Span 80 (both relative to the total weight of monomers).
Thus, it is clear now that large pores up to a few hundred microns present in poly(KAA)
Pickering-HIPEs (Fig. 3.13) or in poly(Pickering-HIPEs) reported in the pioneering

Work191,193

are not only due to the nature of emulsifiers but also due to relatively low content.
Therefore, it is revealed that microgel content has an obvious effect on the morphology of
poly(KAA) Pickering-HIPEs. Increase of microgel content can reduce the pore size as well as

the pore-throat size.

~

Imperial 15.0kV 6.1mm x500 ESED 60Pa 100um J Imperial 15.0kV 6.1mm x2.50k ESED 60Pa 20.0um

(a) (b)
Fig. 3.32 SEM images of poly(KAA) Pickering-HIPEs prepared by polymerisation of HIPEs

containing 1.5 wt % microgels and 2.5 mol % BIS. A two-speed stirring protocol (400—1000
rpm) was used during emulsification.

To sum up Section 3.4.1~3.4.3, poly(KAA) Pickering-HIPEs with open porous
morphology are attainable. It has been found that BIS content (BIS/KAA, mol/mol)
determines the formation of pore throats whereas the effects of other factors — including ¢ ¢,
KAA concentration and stirring speed — are negligible at 10.0 mol% BIS but increasingly
noticeable with decreasing BIS content. Although it is yet to be revealed how exactly pore
throats are generated (Section 3.4.4), it has been indicated that pore throats in poly(KAA)

Pickering-HIPEs are not generated during polymerisation but during solvent extraction and

drying.
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3.4.4 Investigation of pore-throat formation by cryo-SEM

This section aims to find out the driving force for pore-throat formation in poly(KAA)
Pickering-HIPEs and to obtain a better understanding of the process not only in poly(KAA)
Pickering-HIPEs but also in other poly(Pickering-HIPEs) and conventional polyHIPEs. For
this purpose, cryo-SEM technique is employed to study the morphology change since the
technique was efficient in revealing the original state of wet samples, such as hydrogel
networks.*">°” In a pioneering work, Cameron et al"’ used cryo-SEM during the
copolymerisation of St/DVB in a w/o HIPE template to investigate how pore throats formed.
For poly(KAA) Pickering-HIPEs here, since pore throats were unlikely to form due to phase
separation during polymerisation (Section 3.4.2.2), cryo-SEM was used to study polymerised
HIPEs (2.5 mol % BIS and a two-speed stirring protocol used during preparation) at different
stages of purification (Fig. 7.8): (1) after polymerisation but before solvent extraction; (2)
after extraction with MeOH (or HCI in MeOH) and (3) after extraction with acetone. For the
corresponding SEM images of purified and dried polyHIPEs, see Fig. 3.28 (e) and (f).

3.4.4.1 Closed-pore structures after polymerisation evidenced by cryo-SEM

For the first stage (polymerised HIPEs prior to solvent extraction), in order to make the
polymer films and pore structures visible, it is ideal to sublimate toluene (m.p. -93 °C) rather
than water. Cryo-SEM was carried out on unextracted polymerised HIPEs using three

sublimation conditions (Fig. 3.33).

Imperial 5.00kV 13.9mm x100 SE

(a)-1 (a)-2
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Imperial 10.0kV 13.8mm x250 SE

(c)-1 (c)-2

Imperial 10.0kV 14.0mm x250 SE

(c)-3 (c)-4

Fig. 3.33 Cryo-SEM micrographs of unextracted polymerised HIPEs under three sublimation
conditions (temperature, time): (a) -120 °C, 3 min; (b) -100 °C, 3 min 10 s; (c) -100 °C, 45
min. The HIPEs were prepared using 0.15 wt % microgels, 0.82 M KAA, 2.5 mol % BIS, 2
mol % 12959, 80 vol % toluene and a two-speed stirring protocol (400—1000 rpm).
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After sublimation at -120 °C for 3 min [Fig. 3.33 (a)] or at -100 °C for about 3 min [Fig.
3.33 (b)], the sample exhibited shallow pores due to the removal of toluene in the top layer.
The intact pore profiles indicated that closed pores were dominant. Increasing the sublimation
temperature from -120 °C to -100 °C had no obvious effect on the pore structures in 3 min.
To better understand the cyro-SEM micrographs, sublimation was carried out at -100 °C for
45 min. Two remarkable features were observed [Fig. 3.33 (c)]. Firstly, clusters of small
holes (1-5 pm) were clearly visible surrounding the pores [Fig. 3.33 (c)-2] in contrast to Fig.
3.33 (b). The appearance of these holes was attributed to sublimation of ice crystals that
evolved from amorphous ice during standing at -100 °C.°** Secondly, cracks of different
scales and a few pore throats were visible inside the pores. It was strongly indicated [Fig.
3.33 (c)-3 and (c)-4] that these throats were produced at the thinner parts of the glassy
polymer films by attack of toluene vapours from underneath layers, i.e., toluene vapours
induced the development of cracks on the films. Meanwhile, the rough profiles of the throats
were clear signs of a mechanical rupture, distinct from smooth ones as observed in purified
and dried polyHIPEs [Fig. 3.28 (e) and (f)]. Thus, it becomes clear that the polymerised
HIPEs had closed-pore morphology [Fig. 3.33 (a) and (b)] before solvent extraction,
confirming that pore-throat formation in poly(KAA) Pickering HIPEs is not due to phase
separation during polymerisation (Section 3.4.2.2 and Section 3.4.3.1). Although the
formation of pore throat in a conventional St/DVB based polyHIPEs was attributed to a
volume contraction upon conversion of monomers to polymers,">’ Kimmins and Cameron
speculated that the lack of contraction at gel points for poly(Pickering HIPEs) (and thereby
closed pores) was due to the stability of Pickering emulsions.”’ However, in the case of
poly(KAA) Pickering-HIPEs, a missing shrinkage during polymerisation was clearly due to
the presence of a solvating diluent (Section 3.4.2.2) rather than the stability of Pickering
emulsions. In addition, it is worth noting that cryo-SEM technique is more effective when
investigating an o/w HIPE template as shown above in comparison with a w/o HIPE template,
because the oil phase, such as toluene or styrene/DVB in the process of polymerisation,'’’
has a lower melting point than the aqueous phase in the presence/absence of salts. Thus,
when water needs to be removed from a w/o HIPE template for observation of the pore
structures, the continuous phase would be inevitably disrupted during sublimation, which was
also noticed by Cameron et al."®” Therefore, it is evidenced by cryo-SEM that the pore throats

in open porous poly(KAA) Pickering-HIPEs are yet formed after polymerisation. In fact,
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pore-throat formation in polyHIPEs is not necessarily related to phase separation during

polymerisation.

3.4.4.2 Open porous structures generated during Soxhlet extraction with MeOH

Since it has been revealed that pore-throat formation in poly(KAA) Pickering-HIPEs (2.5
mol % BIS, two-speed stirring protocol) occurs during solvent extraction and drying, we now
try to specify the actual driving force for pore-throat formation. At the first stage of solvent
extraction (Fig. 7.8), HCl in MeOH solution (or MeOH) was applied to the polymerised o/w
HIPE samples. During the process, MeOH was expected to disassemble the emulsion
template due to its miscibility with both toluene and water. Morphological investigations
were carried out using cryo-SEM on MeOH-extracted wet samples (Fig. 3.34) and normal

SEM on the vacuum-dried sample after extraction with MeOH (Fig. 3.35).
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Imperial S,dOkV 16.5mm x500 SE

Fig. 3.34 Cryo-SEM micrographs of poly(KAA) Pickering-HIPEs after a one-step extraction
with MeOH (sublimation conditions: -110 °C, 3 min). The HIPEs were prepared using 0.15
wt % microgels, 0.82 M KAA, 2.5 mol % BIS, 2 mol % 12959, 80 vol % toluene and a two-

speed stirring protocol (400—1000 rpm).
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Imperial 15.0kV 6.9mm x250 ESED60Pa ' 200um 50.0um

Fig. 3.35 SEM images of poly(KAA) Pickering-HIPEs vacuum-dried at 70 °C after one-step
extraction with MeOH. The HIPEs were prepared using 0.15 wt % microgels, 0.82 M KAA,
2.5 mol % BIS, 2 mol % 12959, 80 vol % toluene and the two-speed stirring protocol
(4001000 rpm).
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Since there was only one solvent (MeOH, m.p. -97 °C) present in the polymer networks,
the cryo-SEM micrographs (Fig. 3.34) showed how polymer network (dark and smooth)
looked in MeOH (grey and rough). It is strongly indicated by the change from loosely packed
polymer films [Fig. 3.33 (c)] prior to extraction into smooth polymer struts that pore throats
were formed during extraction. This shrinkage caused by MeOH can be attributed to its role
as a non-solvent for the polyelectrolyte chains.*®****%*% [t is worth noting that using MeOH
instead of HCI in MeOH as the extracting solvent prior to cryo-SEM (to avoid any equipment
corrosion by HCI) was not expected to make significant differences since poly(KAA)
remained the major constituent despite extraction with HCl in MeOH as revealed by EDX
(Fig. 3.31). On the other hand, the interconnected structures of dried polyHIPEs after
extraction with MeOH (Fig. 3.35) were in agreement with the polymer struts observed by
cryo-SEM (Fig. 3.34, comparing the images at 1 k magnification), indicating that pore-throat
formation mainly occurs during extraction with MeOH. Thus, it is clarified that the driving
force for pore-throat formation in poly(KAA) Pickering-HIPEs is non-solvent induced phase

. 478,507
separation

of polymers from water as illustrated by a 2-D schematic (Fig. 3.36).
Apparently, the resistance of the gel layer to shrinkage depends on its “tightness” and
thickness. The “tightness” of the gel layer is determined by the degree of crosslinking while
the thickness of the gel layer is more likely affected by the stirring speed or the internal phase
volume ratio during emulsification. Meanwhile, due to a higher chance of network

508-510

inhomogeneity for poly(KAA) gels with lower cross-linking density, the gel layers with
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2.5 mol % crosslinking degree were more vulnerable to shrinkage upon contact with MeOH

in comparison with those with 10 mol %.

(a) Before solvent extraction (b) After extraction with MeOH

Fig. 3.36 2-D schematics illustrating the proposed formation of pore throats in poly(KAA)
Pickering-HIPEs. T, G, M and P stand for toluene, poly(KAA) gel, MeOH and polymer,
respectively.

Imperial 5.00kV 16.9mm x500 SE Bk 100um

Fig. 3.37 Cryo-SEM micrographs of poly(KAA) Pickering-HIPEs after extraction with
acetone (sublimation conditions: -84 °C, 3 min). The HIPEs were prepared using 0.15 wt %
microgels, 0.82 M KAA, 2.5 mol % BIS, 2 mol % 12959, 80 vol % toluene and a two-speed
stirring protocol (400—1000 rpm). The polymerised HIPEs were purified using Soxhlet
extraction with MeOH and acetone in sequence.

Cryo-SEM on acetone-extracted samples using sublimation temperature below the
melting point of acetone (-94.9 °C) was expected to exhibit similar morphologies to those of
MeOH-extracted ones (Fig. 3.34), because the examined wet sample simply consisted of
polymer networks and a non-solvent. Instead, a temperature (-84 °C) above the melting point
of acetone was applied during sublimation (3 min), aiming to remove acetone deeper from
within the bulk polymer (Fig. 3.37). Clearly, the polymer struts were displayed on the top

while acetone on the same layer was removed, leaving a number of very small holes. In
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addition, it was revealed in Section 3.4.1.1 that two-step extraction (HCl in MeOH and
acetone) led to more rigid pore structures (10 mol % BIS used) in comparison with one-step
extraction (HCI in MeOH only). This probably indicated that polymer networks of 2.5 mol %
crosslinking degree as discussed here would further shrink when MeOH was replaced by
acetone although pore throats already formed.

To sum up, this cryo-SEM investigation clearly showed the role solvent extraction played
in pore-throat formation, i.e., the interaction between extracting solvents and the polymer gel
layers — containing polymers, emulsifiers and diluents (water here) — is the driving force for
throat generation in poly(KAA) Pickering-HIPEs. Of course, to obtain open porous structures,
it is essential for this interaction to overcome the resistance from polymer networks. From
this point of view, morphologies of a number of reported poly(Pickering HIPEs) can be well
interpreted. For Pickering emulsion templates without diluent in the continuous phase,
closed-pore morphology was exhibited when no solvent extraction step was

q! 7 0IOLI96.202 o when an extracting solvent had little interaction with the polymer

applie
layers.'**"**!* For Pickering emulsion templates with diluent present in the continuous phase,
a closed-pore morphology was preferred when the extracting solvent had little interaction
with the polymer layers194 whereas open porous structures can be obtained when the

200 .
This case of open porous

extracting solvent interacted with the polymer gels.
poly(Pickering HIPEs) is in agreement with our poly(KAA) Pickering-HIPEs, where the
extracting solvent is miscible with the diluent but is a non-solvent for the polymer, although

causes for the throat formation was not further identified.

3.5 Surface area and porosity of poly(KAA) Pickering-HIPEs

511,512 47,513

Besides the morphological requirement, surface features and porosity are other
important parameters to consider during the fabrication of polymeric scaffolds for bone tissue.
For KAA-based poly(Pickering HIPEs), a series of measures have been taken in order to
control its morphology (Section 3.4). Thus, it is interesting to know what effects these
measures may have on the surface features and porosity of the resultant monoliths. For an
initial assessment here, specific surface area has been solely considered of all the surface
properties, which may influence the adsorption of protein’'* as well as the degradation of

: 1
polymer matrices.”"
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3.5.1 BET surface area

When measuring the surface area, a degassing process is essential in order to remove
moisture from polyHIPEs prior to N, adsorption. A thermal gravimetric analysis (TGA) was
carried out on poly(KAA) Pickering-HIPEs (Fig. 3.38) to trace the moisture removal process.
It was showed that the polyHIPE sample reached a constant weight after about 4 hours’
heating at 60 °C in N, and lost another 1~2% weight upon further increasing temperature to
150 °C. To avoid any possible decomposition of poly(KAA) at higher temperatures,***~'® we
chose 60 °C as the degassing temperature (helium as the backfill gas) for poly(KAA)
Pickering-HIPEs. Indeed, 60 °C as the degassing temperature was also reported in measuring
the surface area of AAm and AA based polyHIPEs.”**** It is worth noting that the tested
polyHIPEs might vary in their physical appearances (Table 7.11). For example, the shape of
polyHIPEs was well maintained in some cases whereas partial shrinkage occurred upon
drying in other cases. However, comparisons have been drawn among their surface areas
without considering the effect of physical appearance since identical preparation protocol

(Fig. 3.16) and degassing conditions were applied to all polyHIPEs.
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Fig. 3.38 TGA of poly(KAA) Pickering-HIPEs under N, atmosphere (heating rate: 10 °C/
min). The tested polyHIPEs were prepared by polymerisation of HIPEs that were emulsified
using 0.82 M KAA, 10 mol % BIS, 0.15 wt % microgels and 85 vol % toluene and using a
one-speed stirring protocol.
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It can be seen that poly(KAA) Pickering-HIPEs with higher BIS content and KAA
concentration have higher surface areas (Table 3.4), which was likely due to formation of
smaller polymer nuclei*”” during polymerisation. This effect of crosslinker content on surface
area was also observed in other reported polyHIPEs.”******%°1" However, all surface areas
were below 1 m?%/g, much smaller than those of styrene/DVB based polyHIPEs prepared in
the presence of a solvating diluent.*****'~ Similarly, Zhang et al.*** reported a low value of
surface area (0.7 m%/g) in AA based polyHIPE beads. This was probably related to the
homogeneous nature of polymerising AA/BIS in water (Section 3.4.2). Meanwhile, influence

518,519

of the degassing process on surface area may require further attention.

Table 3.4 Surface areas of poly(KAA) HIPEs measured after degassing for 4 h at 60 °C

Morphology Composition BET surface area,
KAA, mmol BIS, mol % Oint., Vol % m’/g

Fig. 3.13 4.27 10.0 80 0.60

Fig. 3.22 (e)(f) 4.27 4.0 80 0.28

Fig. 3.22 (m)(n) 4.27 32 80 0.27

Fig. 3.22 (0)(p) 4.27 2.5 80 0.10

Fig. 3.25 (a) 4.81 2.5 80 0.37

Firstly, the degassing duration of polyHIPE specimen was elongated to 12 h prior to N,
absorption. As a result, a significant increase in surface area from 0.60 m?/g (4 h, Table 3.4)
to 1.68 m*/g (12 h, Table 3.5) occurred to polyHIPEs with 10 mol % crosslinking degree
whereas little change for those with lower crsslinking degrees. It is indicated that moisture
removal in polyHIPEs with 10 mol % crosslinking degree was slower, probably due to its
closed-pore morphology (Fig. 3.13). Compared to that of polyHIPE specimen degassed for 4
h, the adsorption-desorption isotherm of polyHIPEs degassed for 12 h clearly moved upwards
(Fig. 3.39), although both showed a type II adsorption isotherm together with a H3 hysteresis
loop in the ITUPAC classification.’'” This type of adsorption indicated the macroporous nature
of the polyHIPE materials and a lack of mesopores. The drop in adsorption quantity observed
in the middle section of the isotherms was probably due to release of moisture from
polyHIPEs in the process of pressure increase. With 12 h as the degassing time (Table 3.5),

the surface area of polyHIPEs increased with crosslinking degree, in agreement with the
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trend obtained under 4 h degassing. Moreover, the surface area decreased when ¢, increased
from 80% (1.68 m?/g) to 89% (1.32 m?*/g). Similarly, Barbetta et al.>** reported a decrease in
surface area with increasing ¢i,; in DVB based polyHIPEs prepared in the presence of a polar

diluent. In contrast, Youssef et al.'®

reported the opposite for 1-vinyl-5-aminotetrazole/BIS
based polyHIPEs when ¢iy. was increased from 76% to 88%. Apparently, this is a
complicated matter since some diluents can contribute to the surface area whereas others do
not. For the latter case, the surface area does increase if more water-oil interfaces are formed
in the emulsions upon increasing ¢, In addition, with an extra degassing cycle of up to 24 h,
the BET surface areas of poly(KAA) Pickering-HIPEs prepared using ¢i,. of 80% and 89%
were 1.81 m*/g and 1.17 m?/g, respectively. These values were more or less at the same level
as the previous results, indicating maximum surface areas were likely reached. This was also

verified by the fact that the adsorption-desorption isotherm of polyHIPEs was almost
unchanged when elongating the degassing duration from 12 h to 24 h (Fig. 3.39).

7 4

] —— 4 h degassing-adsorption
6 | —— 4 h degassing-desorption
5 12 h degassing-adsorption

] —— 12 h degassing-desorption
4 - 24 h degassing-adsorption
—— 24 h degassing-desorption

Quantity Adsorbed, cm’/g STP

0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure, p/p°

Fig. 3.39 N, adsorption-desorption isotherms of poly(KAA) Pickering HIPEs measured after
various degassing durations from 4 h to 12 h and 24 h. The polyHIPEs were prepared using
10 mol % BIS and 80 vol % internal phase.
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Table 3.5 Surface areas of poly(KAA) HIPEs measured after degassing for 12 h at 60 °C

Morphology Composition BET surface area,
KAA, mmol BIS, mol % Oint. , Vol % m?/g

Fig. 3.13 4.27 10 80 1.68

Fig. 3.21 (c)(d) 4.27 10 89 1.32

Fig. 3.22 (e)(f) 4.27 4.0 80 0.25

Fig. 3.25 (a) 4.81 2.5 80 0.45

Secondly, surface area measurements were carried out using three degas-test cycles, i.e.,

the same samples were degassed again at 60 °C and tested after a previous degas-test cycle.

The reason for doing so is to check whether more surface area can be created, since

poly(KAA) is hydroscopic.520 As a result, the adsorption-desorpiton isotherms were observed

move upwards in later cycles (Fig. 3.40) and surface areas of all tested samples presented a

significant increase in subsequentcycles in comparison to the results obtained in the first

cycle (Fig. 3.41). This indicated that a complete moisture removal from poly(KAA)
Pickering-HIPEs was difficult. For the third test (Table 3.6), polyHIPEs No.1 showed a

relatively higher surface area (1.37 mz/g) than others, likely due to its higher BIS content. It

is worth noting that polyHIPEs No.6 samples were shrunken pieces prior to the degassing

process, which was probably responsible for the extremely low surface areas.

Table 3.6 Surface areas results of poly(KAA) Pickering-HIPEs obtained in the third tests

No. | Morphology Composition BET surface area,
KAA, mmol | BIS, mol % | ¢, vol % | mY/g

3 Fig. 3.25(b) 3.74 5 (28.8 mg) 80 0.57

4 Fig. 3.25(c) 4.27 5(32.9 mg) 85 0.64

5 Fig. 3.25(d) 4.81 2.5(18.5mg) | 85 0.28

1 Fig. 3.21(a)(b) | 4.27 10 85 1.32

2 Fig. 3.22(a) 4.27 7.5 80 0.31

6 Fig. 3.25(e) 4.81 16.5 mg 80 0.08
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Fig. 3.40 Representative adsorption-desorption isotherms of poly(KAA) Pickering HIPEs
that underwent three degas-test cycles. The isotherms of polyHIPEs No.1 (closed porous) and
No.5 (open porous) were both showed to move upwards in subsequent tests in comparison to
the previous tests. The compositions of these polyHIPEs are listed in Table 3.6.
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Fig. 3.41 Three cycles of BET surface area tests on poly(KAA) Pickering-HIPEs. The
compositions of these polyHIPEs are listed in Table 3.6.

To sum up, poly(KAA) Pickering-HIPEs exhibit surface areas below 2 m%/ g, indicating
that removal of water did not produce mesopores in polyHIPEs. On the other hand, it has
been found that the degassing process and the sample state prior to test does influence the
results. Measures such as elongating the degassing duration or applying multiple freeze/thaw
cycles can lead to an increase in surface area due to further removal of moisture. It has also

been shown that higher crosslinking degree tends to produce higher surface areas.
3.5.2 Porosity of poly(KAA) Pickering-HIPEs

To measure the porosities of poly(KAA) foams, the method used for styrene-based
polyHIPEs (Section 2.3), i.e. Geopyc1360 plus Accupyc1330, is practically not suitable due
to the soft and hydroscopic nature of the foams. Attempts have been made using other
methods, including liquid displacement, mercury intrusion porosimetry and a designed

indirect method.
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3.5.2.1 Porosity from liquid displacement measurements

Liquid displacement (Section 7.3 and Section 7.4.3.5.1) is a method to measure porosity
and density of polymer foams,”****!*** in which a nonsolvent of the polymer is chosen as the
displacement liquid. To carry out the evacuation-repressurization cycles, a self-designed
device (Fig. 7.9) was used for the measurements. Initially, the effectiveness of the device has
been shown by two facts: a large number of air bubbles come out of the specimen during
evacuation; the created vacuum is kept above the standard vapour pressure of p-xylene (the
displacement liquid) at RT. With this method, porosities of two series of poly(KAA)
Pickering-HIPEs (Table 3.7, for details see Table 7.13) were measured: (1) ¢y, as the

variable at BIS content of 10 mol %; (2) BIS content as the variable at ¢, of 80%.

Table 3.7 Densities and porosities of polyKAA foams measured from liquid displacement

Morphology Composition P Foam P Skeleton Porosity
KAA BIS Dint. /g.cm™ /g.cm™ 1%
/mmol /mol % | /vol %

Fig. 3.13 4.27 10.0 80 0.024+0.002 | 0.1084+0.042 | 76.1+6.7

Fig. 3.21 (a) 4.27 10.0 85 0.033+£0.002 | 0.31340.234 | 85.8+10.2

Fig. 3.21 (b) 4.27 10.0 89 0.050+£0.040 | 0.116%0.087 | 57.248.6

Fig. 3.22 (e)(f) | 4.27 4.0 80 0.031+0.008 | 0.157+0.049 | 79.7£1.8

Fig. 3.22 (o)(p) | 4.27 2.5 80 0.100 0.502 80.0

* The numbers of tested specimens were 3, 2, 3, 3 and 1, respectively.

For the series taking ¢, as the variable, the reported inverse rela‘tionship220 between
foam density of polyHIPEs and ¢in,. was not present. Instead, a slight increase from 0.024
gem™ to 0.031 gem™ was observed when ¢ was increased from 80% to 85%. One
important reason was that KAA/BIS in the aqueous solution did not fully turn into the matrix
of polyHIPEs due to creaming during photo-polymerisation (Section 3.4.2.1). This loss of
materials occurring to polyHIPEs prepared using 80 vol % internal phase rather than those
prepared using 85 vol % internal phase, decreased its foam density. In addition, the densities
of polyHIPEs prepared using 85 vol % or 89 vol % internal phase exhibited larger deviations
than those of polyHIPEs prepared using 80 vol % internal phase, indicating that the pore

structures of the foam might become less uniform upon increasing ¢i,.. For the series of
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various BIS contents, foam densities and skeleton densities of polyHIPEs with 10 mol % and
4 mol % crosslinking degrees were similar but smaller than those of polyHIPEs with 2.5
mol % crosslinking degree. This was probably determined by whether the BIS content of
polyHIPEs was above or below the critical BIS content (3.2 mol%, Section 3.4.2.2) for open
porous morphology. The open porous morphology of polyHIPEs with 2.5 mol % crosslinking
degree could help attain an easier penetration of p-xylene into the specimen interior and a
more complete removal of air. Thus, the density results measured with liquid displacement
were morphology dependent. The porosities of this series (Table 3.7) were all around 80%,
their nominal ¢jye.

Meanwhile, it is worth noting that the measured skeleton densities (Table 3.7) were all
below 0.6 g.cm™, much lower than the reported densities of dehydrated PAA or PAA salts
(1.4~1.7 g.cm™).*>* This issue was not mentioned in the reported cases where liquid
displacement was applied. To stress this issue, control tests were carried out on a more rigid
polymer foam, a styrene-based polyHIPE (Section 2.3), using p-xylene or water as the
displacement liquid (Table 3.8). It can be seen that porosities from liquid displacement were
in good agreement with those from Geopyc1360 plus Accupycl1330 whereas densities were
approximately 20% lower. This indicated according to Equation (7.3) that occupation of the
pores by liquids was incomplete despite an open porous morphology (Fig. 2.8) and that the
matrix volume assessed by applying helium to sample powders, i.e., via Accupycl1330, was
more accurate. Thus, it can be deduced that not only open porous morphologies but also
sufficiently large pores and interconnections (or pore throats) of the foams are necessary in
order for more precise density measurements. On the other hand, the identical porosity results
(Table 3.8) suggested that porosity measured with liquid displacement could still be reliable

to some extent.

Table 3.8 Densities and porosities of poly(styrene) HIPEs measured with various methods

Testing methods P Foam/ g.CM™ D Skeleton/ g.cm™ | Porosity / %
Geopycl1360 & Accupycl330 0.162 1.13 85.7
Liquid p-Xylene 0.134 0.873 84.6
displacement® | Water 0.119 0.835 85.7

* One specimen was tested for either displacement liquid.
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Therefore, liquid displacement is suitable for density and porosity measurement of soft
and hydroscopic polymer foams only when they possess open porous morphologies and
sufficiently large pore throats to facilitate liquid penetration. The shortcomings of the method

include low efficiency and manual evacuation.

3.5.2.2 Porosities by mercury intrusion porosimetry and a designed indirect method

Mercury intrusion porosimetry (MIP) is also a method for porosity measurement of
polyHIPEs.'#020192852% 1y the cases where a solvent coexisted with the monomers in the
continuous phase of HIPEs, it was reported that porosities of the resultant polyHIPEs were
close to the volume ratios of the internal phase (¢ int), 1.€., the solvent in the continuous phase
did not generate a secondary porosity.'****® However, the porosities of poly(KAA) Pickering-
HIPEs (Table 3.9) were about 6~15% higher than their nominal ¢y, 80%. This significant
difference suggested that the removal of water did contribute to the porosities of the foams in
our case. This was consistent with the fact that poly(KAA) Pickering-HIPEs exhibited little
shrinkage as a whole during water removal (Fig. 3.30). On the other hand, most skeleton
densities measured by MIP were still below 1.0 g.cm™ except two specimens of polyHIPEs
with 3.2 mol % crosslinking degree (1.1 and 1.3 g.cm™). The lowest skeleton densities were
only 0.3~0.4 g.cm™, obtained from polyHIPEs with 10 mol % crosslinking degree, which
could be attributed to the presence of closed pores or a less dense polymer network.”!
Nonetheless, the relatively low skeleton densities of the open porous polyHIPEs with 2.5
mol % crosslinking degree remind us that measurements by MIP may become erroneous for
flexible materials with porosity higher than 90% because the high pressure (228 MPa) can
rupture the pore structures.’*’

Since liquid displacement and MIP were both prone to give skeleton densities of
poly(KAA) Pickering-HIPEs that were lower than 1.0 g.cm™, their accuracy in porosity
measurements should be compromised to some extent. In order to assess the skeleton
densities and porosities more precisely, an indirect method was designed (Fig. 3.42) using the
density of a polymer block (PB) as the skeleton density of the polyHIPEs. The polymer
blocks were prepared by solely polymerising the aqueous solutions that had identical
compositions to the aqueous phases of HIPEs. The photographs of a polymer block (Fig. 3.43)
showed that the poly(KAA) gel shrank dramatically into polymer block (data see Table 7.16).
Since poly(KAA) Pickering-HIPEs itself exhibited little or minor shrinkage (Fig. 3.30), this
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dramatic shrinkage of the polymer network again suggested that the removal of water

together with the internal phase contributed to the porosity of poly(KAA) Pickering-HIPEs,

in agreement with the conclusion drawn from MIP.

Table 3.9 Porosities of poly(KAA) HIPEs measured by MIP and a designed indirect method

BIS Porosity by MIP Porosity by an indirect method
content P Bulk P Skeleton Porosity  p foam P Skeleton  POTOSIty
fmol % /g.cm™ /g.cm™ % /g.cm™ /g.cm™ /%

10.0 0.034+£0.006 0.351+0.081 89.9+4.2 0.020+0.002 1.346 98.5+0.2
5.0 0.086 0.629 86.3 0.039+0.008 1.294 97.0+0.6
4.0 0.063+£0.002 0.790+£0.118 92.0+1.0 0.027+£0.002 1.193 97.7+0.2
3.2 0.080+0.005 0.980+0.382 90.9£3.6 0.034+0.009 1.325 97.5+0.6
2.5 0.053+0.011 0.659+0.167 91.8+0.3 0.026+0.002 1.248 97.9+0.2

* The above poly(KAA) Pickering-HIPEs were prepared by polymerisation of HIPEs containing 0.82 M KAA,
various BIS content and 80 vol % toluene. During emulsification a two-speed stirring protocol was used. For
morphologies, see Fig. 3.28.

Polymerised
HIPEs HIPEs PolyHIPEs
Removal of
HZO and
----- UV light internal phase )
_____ — ——————V— | =
A% v Vv’
Aqueous Polymer
solution Gel block
. Removal of
UV light H,0
_____  — —— @
Vl Vl Vz

Fig. 3.42 Scheme of porosity measurement by a designed indirect method. A polymer block
was prepared using identical composition to the continuous phase of HIPEs, whose density
was measured by Accupyc1330 and taken as the skeleton density of the polyHIPEs. Foam
density of polyHIPEs was determined by measuring the weights and dimensions of cuboids
that were cut out of the polyHIPEs. Porosity was then calculated using Equation (7.1).
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(b) (©)

Fig. 3.43 Photographs showing the production of a polymer block. (a) A piece of gel
obtained by photo-polymerising the aqueous solution having identical composition to the
continuous phase of HIPEs; (b) after Soxhlet extraction; (c) after drying.

Obviously, measurement with the designed indirect method avoided going inside the
porous structures of polyHIPEs and generating errors that were caused by destruction of the
pore structures, such as the high pressure used in MIP. The skeleton densities measured with
Accupyc1330 (Table 3.9) were 1.19~1.35 g.cm™, close to the reported densities of
dehydrated PAA and its salts (1.4~1.7 g.cm™).”*>%" These results were reasonably reliable
since the presence of water as well as protonation during washing would bring about a
density reduction.’*”*® Foam densities of poly(KAA) Pickering-HIPEs measured using
weights and dimensions of the polyHIPE cuboids (Table 7.15) were in the range of
0.02~0.04 g.cm’3, lower than the bulk densities obtained from MIP (Table 3.9). As a result,
the calculated porosities according to Equation (7.1) were higher than those obtained from
MIP and reached 97~98% irrespective of BIS content. This strongly indicated that porosity of
poly(KAA) Pickering-HIPEs was contributed by both oil and water. Meanwhile, it is worth
noting that these high porosity results reflected the porosity of the interior of polyHIPEs,
where the tested cuboids were sourced. As to the outer layer, the porosity was likely to be
lower (not measured) since this layer of UV-polymerised samples was normally denser. Thus,
the poly(KAA) Pickering-HIPEs (Fig. 3.30) were made of an interior of extremely high
porosity and a surface layer of lower porosity, which helped resist shrinkage of the whole
polyHIPEs.

In addition, the volume ratios of removed liquids (¢removal) from poly(KAA) Pickering-

HIPEs were estimated using Equation (3.5) and compared with their porosity results.

VDry
s L — (3.5)
Wet
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where Vpyy is the volume of dry polymer block measured using Accupycl1330, V. is the
volume of poly(KAA) gel obtained by measuring its diameter and height prior to Soxhlet
extraction and Vpy, / Vwe stands for the shrinkage ratio of poly(KAA) gel to dry solid.

Table 3.10 The volume ratios of removed liquids from poly(KAA) Pickering-HIPEs

BIS Pint Dint. Volumes of polymer blocks dRemoval
content (theo.) (actual) Viry Vet Vry/ Viwet 1%

mol % /% /% Jem’ Jom®

10.0 80 79.7 0.438+0.001  7.238 0.0605 98.8
5.0 80 79.3 0.448+0.001  2.799 0.1601 96.7
4.0 80 79.3 0.952+0.001  9.764 0.0975 98.0
3.2 80 79.5 0.778+0.001 10.179 0.0764 98.4
2.5 80 79.2 0.835+0.001 9.141 0.0913 98.1

* The above poly(KAA) Pickering-HIPEs were prepared by polymerisation of HIPEs containing 0.82 M KAA,
various BIS content and 80 vol % toluene. During emulsification a two-speed stirring protocol was used. For
morphologies, see Fig. 3.28.

The actual ¢in, was slightly smaller than the theoretical ¢in, because a small amount of
toluene was expelled out of the HIPE template during polymerisation. Meanwhile, the
shrinkage ratio of polymer blocks (Vpr/Vwe) was assumedly taken as that of the poly(KAA)
gel in the fabrication of polyHIPEs. Thus, Equation (3.5) would not be suited to those parts of
the polyHIPEs that exhibited little or minor shrinkage. Since the calculated ¢removar (Table
3.10) was in good agreement with the interior porosity of poly(KAA) Pickering-HIPEs
assessed by the designed indirect method, it was deduced that polymer networks in the
interiors of polyHIPEs dramatically shrank as the polymer blocks. In other words, the internal
porosity of polyHIPEs was equivalent to the volume ratio sum of oil and water. Nevertheless,
when overall shrinkage of polyHIPEs was not negligible, especially at very low BIS content
(Table 7.17), the use of Qremoval fOr internal porosity assessment could become vulnerable,
since it was unknown whether ¢;,. fully contributed to porosity.

To sum up Section 3.5.2.2, removal of water in the continuous phase also contributed to
the porosity of poly(KAA) Pickering-HIPEs. Skeleton densities measured by MIP were
mostly below 1.0 g.cm™ and were even lower for polyHIPEs with closed-pore morphology.

However, measurements by a designed indirect method effectively resulted in skeleton
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densities of 1.19~1.35 g.cm™, close to that of the reported PAA or poly(KAA). Meanwhile,
the method revealed that the porosity of the interior of polyHIPEs was as high as 97~98%, in

agreement with the calculated volume ratio sum of removed oil and water.

3.6 Preparation and characterisation of KAA based polyHIPE composites

To improve the properties of polymer materials for certain applications, the composite
approach is usually taken.>'* For the fabrication of 3-D porous scaffolds for tissue
engineering, it is also common to use polymer composites instead of neat polymers in order

537,538 9

to enhance cell attachment,® protein adsorption, mechanical properties,”

. ... 4254
bioactivity**>*

, etc. As a unique method to produce highly porous polymers, polyHIPE has
recently been absorbing the concept of polymer composites for the purpose of improved
properties and practical applications, leading to polyHIPE composites.'***>**! More
interestingly, polyHIPEs itself can become composite when a Pickering HIPE template is
used, i.e., poly(Pickering HIPEs). However, microgel particles as employed here in
poly(KAA) Pickering-HIPEs were expected to introduce controlled drug-delivery functions
to the composite (Chapter 4). Considering mechanical properties or bioactivity of
polyHIPEs, it is essential to use other particle species than microgels. Thus, it is our aim to

prepare poly(Pickering HIPE) composites for potential applications as multifunctional

scaffolds, which has not been reported to our best knowledge.

3.6.1 Hydrophilic silica filled poly(KAA) Pickering-HIPE composites

2 and has

102,142

Silica is a widely used particulate reinforcement in polymer composites,”*
recently been used after modification as filler in conventional polyHIPE composites and
as Pickering HIPE stabiliser in poly(Pickering HIPEs)."”>'** The modification rendered silica
particles less hydrophilic and improved their interaction with the hydrophobic matrices.
However, since silica here is designed to disperse within the aqueous phase containing KAA
in an o/w HIPE template, the hydrophilic particles were used without modification and
expected to have good affinity to the resultant hydrophilic polymer matrix. The dispersion of

silica, the morphology and swelling properties of polyHIPE composites are of concern in this

preliminary investigation.
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A control experiment replacing microgel particles with an identical amount of silica in
KAA-toluene system phase separated during emulsification. This indicated that silica
particles were too hydrophilic to serve as a Pickering emulsifier, in agreement with others’
findings.'”'** On the other hand, incorporation of silica into microgel-stabilised HIPEs —
containing 0.15 wt % microgels, 0.82 M KAA, 3.2 mol % BIS, 2 mol % 12959 and 80 vol %
toluene — was carried out using either the one-speed (400 rpm) or the two speed (400—1000
rpm) stirring protocol. As a result, stable HIPEs were obtained in either case. The choice of
this composition was because it had a critical BIS content for open porous poly(Pickering

HIPEs) (Section 3.4.2.2). The dispersion of various amounts of silica into the polyHIPE

composites was investigated using these two stirring protocols.

8

. - Ta
R { >

Imperial 15.0kV 26.8mm x250 ESED 60Pa 200um

(b) 1 wt % silica

.";:
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200um | Imperial 15.0kV 27.8mm x250 ESED 60Pa '

(e) 15 wt % silica () 15 wt % silica

Fig. 3.44 SEM images of poly(KAA) Pickering-HIPEs and its silica composites prepared
using the one-speed stirring protocol (400 rpm). The silica amounts used were 0, 1, 5, 10 and
15 wt %, respectively, relative to the total weight of KAA and BIS.

Using the one-speed stirring protocol (400 rpm), silica particles were visible in polyHIPE
composites in contrast to the neat polyHIPEs [Fig. 3.44 (a)]. At the loading of 5 wt % or
above, the clusters of larger than 30 um seen in the composites indicated that the dispersion
and the distribution of silica was poor. However, using 1000 rpm in the two-speed stirring
protocol (400—1000 rpm) resulted in more homogeneous open-porous structures [Fig. 3.28
(d)] and obviously better dispersion and distribution of silica (Fig. 3.45). Particle clusters
larger than 10 um in diameter were hardly visible in the composites even at the highest
loading of 15 wt %. Thus, increasing stirring speed prior to polymerisation proved effective

in reducing silica aggregation.

Imperial 15.0kV 25.5mm x500 ESED60Pa ' 100um

(a) 1 wt % silica (b) 5 wt % silica

100um
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o i ()C;umI

(c) 10 wt % silica (d) 15 wt % silica

Fig. 3.45 SEM images of poly(KAA)/silica Pickering-HIPE composites prepared using the
two-speed stirring protocol (400—1000 rpm). Silica loadings were 1, 5, 10 and 15 wt %,
respectively, relative to the total weight of KAA and BIS.

Since poly(Pickering HIPE) composites should be used as tissue engineering scaffolds,
their wet-state properties are of practical importance. Firstly, taking poly(KAA)/silica
Pickering-HIPE composites prepared using a two-speed stirring protocol and 10 wt %
loading [Fig. 3.45 (c)] as an example, a preliminary swelling test of the composite was
carried out in simulated body fluid (SBF). Photographs of the specimen at different stages
(Fig. 3.46) together with tracing measurements of its size and weight (Table 3.11) showed a
swelling ratio of more than 6000 wt % and a volume expansion of 3~5 times. Besides a very
high hydrophilicity and a low crosslinking degree (3.2 mol %) of the polyHIPE composite,
the aqueous medium for swelling test also significantly affected the swelling ratio. Of all the
ions present in the medium, the concentration of Ca’' played a significant role.>*® For
example, simple tests showed that a sample piece of the polyHIPE composite lost its
mechanical stability in distilled water but hardly swell in a saturated CaCl, solution.
Secondly, assessment of the mechanical properties of these polyHIPE composite hydrogels
was desirable. Unfortunately, the composite hydrogel in SBF (Fig. 3.46) was so pliable that
no forces were detected during compression conducted with a micro-deformation
apparatus.”** Apparently, a reduction of the swelling ratio would make the hydrogel
mechanically stronger. There are options that only involve composition tuning but hardly
affect the open porous morphology, such as increasing the crosslinking degree to 5 mol % or
more (Section 3.4.3). Other options that involve introducing new components will be

discussed in the following sections of the chapter.
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Table 3.11 Swelling of poly(KAA)/silica Pickering-HIPE composite in SBF at 36 °C

Time Size (D x h) Volume Weight Swelling ratio
/mm /em’ /g /wt %

to (dry state) 170+ 0.1 x 7.0+ 1.0 | 1.59+0.23 0.0884 -

t;=25h20min | 32.0+0.1 x83+2.5 |6.67+2.01 5.442 6056

t,=117h45min | 30.5+0.5x8.0+2.0 | 5.84+1.47 5.956 6638

(@) to bt (©)t

Fig. 3.46 Photographs of poly(KAA)/silica Pickering-HIPE composite during a swelling test
using simulated body fluid as the medium. A slice was cut out of the dry sample for the test.

To sum up this preliminary study, it was revealed that the dispersion of unmodified silica
in poly(KAA)/silica Pickering-HIPE composites was dependent on the stirring speed.
PolyHIPE composite with 15 wt % silica were obtained without particle clusters larger than
10 pm using a higher stirring speed (1000 rpm). A porous composite with 10 wt % nominal
loading exhibited a swelling ratio in SBF up to over 6000 wt %. Further investigations into
the composition-morphology-property relationship of the composites are necessary in order

to exploit this approach for cell growth or bone repair.

3.6.2 4585 Bioglass® filled poly(KAA) Pickering-HIPE composites

Bioactive glasses have attracted much attention in biomedical applications due to their
high bioactivity, i.e., the capability of reacting with physiological fluids and forming
chemical bonds to bone (or soft) tissues.”* In this family, 45S5 Bioglass® (or Bioglass®),
possessing a composition of 45% Si0,, 24.5% Na,0, 24.5% CaO, and 6% P,0s5 (wt %), was

d>*® and most frequently investigated bioactive glass species.”®’ For tissue

the first reporte
engineering applications, Bioglass® has been recently incorporated into porous polymer

scaffolds aiming for bioactive composite scaffolds.”**>>* In principle, apart from improving
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the interfacial bonding of composites to surrounding bone tissue, Bioglass® is also expected

to manifest in the scaffolds its stimulating effect on gene expression,” angiogenesis,”> >’

mineralization,558

etc. On the other hand, there are two extra motivations to prepare Bioglass®
filled poly(KAA) Pickering-HIPE composites. Firstly, it is attractive to fabricate bioactive
scaffolds using polyHIPEs, especially poly(Pickering HIPEs), as a template. Secondly, it is
also interesting to use poly(KAA) instead of the commonly reported hydrophobic polymers5 >
as the matrix, since the resultant poly(KAA) hydrogel not only enables larger water

% as well as to interact with

absorption but also has the possibility to undergo calcification®®
Bioglass® and the surrounding tissue. In this preliminary study, poly(KAA)/Bioglass®
Pickering-HIPE composites with various loadings were prepared using the two-speed stirring
protocol (400—1000 rpm) for HIPE preparation and characterized with SEM and TGA.
Particulate Bioglass® was only sporadically visible in poly(KAA) Pickering-HIPE
composites even at 20 wt % loading (Fig. 3.47), in contrast to silica in poly(KAA) Picking-
HIPE composites (Section 3.6.1) or Bioglass® in other polymer composite foams.”>*”>> One
probable cause could be the high reactivity of Bioglass” in the aqueous medium, evidenced
by some “paste” covered pore throats [Fig. 3.47 (d), (f) and (i)]. The “paste” on the polymer
surface was not observed in neat poly(KAA) Pickering-HIPEs [Fig. 3.28 (d)] and was likely
formed due to the dissolution®' of Bioglass” in the aqueous phase. It was also possible that
the original particles turned into smaller ones during dissolution. Nevertheless, Roether et
al.>*® reported the use of a Bioglass® aqueous slurry for poly(p -lactide) foam coating and

found the composite scaffolds still to be bioactive. Apart from those “paste” covered throats,

interconnected pore structures were exhibited, similar to the neat poly(KAA) Pickering-

HIPEs [Fig. 3.28 (d)].
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Fig. 3.47 SEM images of poly(KAA)/Bioglass” Pickering-HIPE composites prepared using
the two-speed stirring protocol for emulsification. The HIPEs containing 0.15 wt %
microgels, 0.85 M KAA, 3.2 mol % BIS, 2 mol % 12959 and 80 vol % toluene for all but
containing 2, 5, 10, 15 and 20 wt % Bioglass®, respectively.

The content and distribution of Bioglass® in the composites was investigated with TGA.
More than 50% weight remained when specimens were heated up to 600 °C in either N, or
air (Fig. 3.48). This high percentage of residual weight is similar to reported TGA data of
poly(KAA)** rather than PAA,*** which resulted in 20 wt % residue when heated in TGA up
to 500 °C in N,.>® Thus, it is again confirmed that poly(KAA) is the major component of the
polyHIPE matrix despite extraction with HCl in MeOH used during purification. On the other
hand, the weight loss between 250 °C and 500 °C was attributed to two processes: an initial
dehydration followed by decomposition, which was responsible for the sharp weight loss.
The decomposition of the polyHIPE composites in N, occurred in the range of 450~500 °C
whereas a sharper weight loss in air occurred at ~400 °C. As a result, the residue in the
plateau between 500~600 °C was mainly a mixture of potassium carbonate’®* and Bioglass®.
Therefore, a TGA up to 600 °C is not sufficient to probe Bioglass® contents in polyHIPE

composites.
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Fig. 3.48 TGA of poly(KAA)/Bioglass® Pickering-HIPE composites in N, and air (heating
rate: 10 °C/ min).

A further increase of temperature up to 900 °C resulted in a dramatic weight loss. About
21.4% weight was detected for polyHIPE composite with 2 wt % nominal loading, which
was isothermally heated at 900 °C for 10 min after a ramp from RT to 900 °C at 10 °C/min.
Moreover, it was observed from polyHIPE composite with 10 wt % nominal loading (Fig.
3.49) that the isothermal duration at 900 °C also had an effect on the residual weight. A
consistent loss of weight was shown when the polyHIPE composite was isothermally heated
at 900 °C, especially during the first 30 min (22% loss). This was attributed to the
decomposition of potassium carbonate®®* starting from 900 °C since Bioglass® alone did not

show any weight loss during this process® (Fig. 3.50).
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Fig. 3.49 TGA of poly(KAA)/Bioglass® Pickering-HIPE composite ranging from 900 °C to
1000 °C. The composite was prepared using a nominal loading of 10 wt % Bioglass®, relative

to the weight sum of KAA and BIS.
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Fig. 3.50 TGA of Bioglass” in air using a heating rate of 10 °C/ min
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Fig. 3.51 Residual weights of poly(KAA)/Bioglass”™ Pickering-HIPE composites after TGA
tests in air. A procedure consisting of a ramp from RT to 900 °C at 10 °C/min and an
isothermal duration of 40 min at 900 °C was used. The weight percentages showing on the
horizontal axis were the mixing ratios of Bioglass® to the weight sum of KAA and BIS. The
theoretical ratio of Bioglass® was a calculated ratio of Bioglass® in the polyHIPE composite,
i.e., the weight of Bioglass® divided by the total weight of Bioglass”, KAA and BIS.

The residual weights of poly(KAA)/Bioglass® Pickering-HIPE composites were hence
measured using an isothermal duration of 40 min at 900 °C and compared with the theoretical
ratios of Bioglass” in the composites (Fig. 3.51). As a result, the experimental ratios of
residuals were higher than the theoretical ratios of Bioglass” in tested composites with 2~10
wt % nominal loadings. This was reasonably attributed to the presence of K,O in the residues,
the decomposition product of K,CO; but the distribution of Bioglass® might not be uniform.
Therefore, determination of Bioglass® contents in poly(KAA) Pickering-HIPE composites
via TGA was influenced by the formation and decomposition of K,COs.

To sum up, Bioglass® can be incorporated into microgels stabilised HIPEs without
compromising emulsion stability. However, Bioglass” resulted in “paste”-covered pores in
the resultant polyHIPE composites likely due to its reactivity in the aqueous phase. TGA
became ineffective in determining Bioglass” content and distribution in the composites due

to formation and decomposition of K,CO;. Whether the resultant polyHIPE composites are
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bioactive and whether Bioglass® also brings about reinforcing effect to the composites are of

interest for investigation in the future.

3.7 Preparation of poly(potassium methacrylate) Pickering-HIPEs

As deduced in Section 3.6.1, the poor mechanical properties exhibited by poly(KAA)
Pickering-HIPE hydrogels were largely related to the superabsorbent nature of poly(KAA).
In order to obtain poly(Pickering HIPE) hydrogels with better mechanical properties to
support cell growth, it is worth trying to reduce the swelling degree of the polymer matrices.
A simple approach based on microgels stabilised HIPE template is to introduce hydrophobic
groups into poly(KAA) networks, e.g., to use potassium methacrylate (KMAA) instead of
KAA as monomer. The influence of changing KAA for KMAA on HIPE stability as well as
the polyHIPE morphology is the topic of this short section.

6000 4
5000
4000 -
3000 4
2000 4 S
1000 4

-~
1

350 - -
300 -
250 -
200
150 - -
100 -

50

\\

Particle size, nm

— T - T - T T T T T T~ T T~ T "~ T "
18 20 22 24 26 28 30 32 34 36

Temperature, °C

Fig. 3.52 Average particle size of poly(NIPAAm-co-AA) microgels in KMAA solution as a
function of temperature. Identical to the microgel suspension in KAA solution, the
concentrations of microgels and KMAA were 1.6 mg/ml and 0.85 M, respectively.
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The size-temperature relationship of poly(NIPAAm-co-AA) microgel particles in KMAA
(Fig. 3.52) was similar to that in KAA solution (Fig. 3.14). Particles reached the minimum
size of ca. 110 nm at 28 °C and began to aggregate upon further increasing the temperature.
Thus, RT was chosen for HIPE preparation. With identical concentrations of monomer (0.85
M) and microgels (1.6 mg/ml) to those in the KAA system, stable o/w HIPEs containing
KMAA and various BIS contents were obtained. This indicated that changing KAA for
KMAA had no obvious effect on HIPE stability. The effect of BIS content on morphology of
the resultant poly(KMAA) Pickering-HIPEs was also investigated (Fig. 3.53). A reduction of
BIS content from 15 mol % [Fig. 3.53 (a) and (b)] to 3.2 mol % [Fig. 3.53 (e) and (f)] led to a
clear transition of the polyHIPE morphology from closed to open pores. This morphological
effect of BIS content on poly(KMAA) Pickering-HIPEs was consistent with that on
poly(KAA) Pickering-HIPEs (Section 3.4.3.1); only that 5.0 mol % BIS resulted in less open
porous structures in poly(KMAA) Pickering-HIPEs [Fig. 3.53 (c) and (d)] than in poly(KAA)
Pickering-HIPEs [Fig. 3.28 (b)]. In addition, the gradual transition of “potential pore throats”
into pore throats indicated that shrinkage of polymer films starts from thinner centres and

propagates outwards. Due to a lower swelling degree of poly(MAA) in aqueous media®**>%’,

poly(KMAA) Pickering-HIPE hydrogels are expected to have better mechanical properties
than poly(KAA) Pickering-HIPE hydrogels.
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Fig. 3.53 SEM images of poly(KMAA) Pickering-HIPEs prepared by polymerisation of
microgel-stabilised o/w HIPEs containing 15, 5.0 and 3.2 mol % BIS, respectively.

3.8 Summary

PolyHIPEs with hydrophilic surfaces and pore sizes of a few hundred micrometers were
obtained by photo-polymerisation of poly(NIPAAm-co-AA) microgel particles stabilised o/w
HIPEs. Stability of the HIPEs containing KAA, the selected water-soluble monomer, was
investigated prior to the polymerisation. It was found that emulsifying ability of microgel
particles and HIPE stability to coalescence were dependent on KAA concentration and
temperature while HIPE stability to creaming was obviously affected by the stirring speed
used to produce the HIPEs. Polymerisation using BIS as the crosslinker and using an

optimized UV-initiation protocol proved efficient and convenient.
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Pore structures of poly(KAA) Pickering-HIPEs were investigated by varying the duration
of solvent extraction, drying rate, internal phase volume ratio (¢in), BIS content (BIS/AA,
mol %), KAA concentration, stirring speed and microgel concentration. It was found that BIS
content played a crucial role in the formation of pore throats (or interconnections). As
revealed by cryo-SEM, non-solvent induced phase separation during solvent extraction was
the driving force for pore throat formation. This explained why BIS content mattered to the
formation of the pore throats, since the phase separation process occurred more easily at
lower BIS content.

The measured BET surface areas of poly(KAA) Pickering-HIPEs were below 2 m%/g,
although increased by deep removal of moisture. Densities and porosities of the polyHIPEs
were measured using liquid displacement, mercury intrusion porosimetry and a designed
indirect method. Skeleton densities obtained from the indirect method were 1.19~1.35 g.cm™,
close to that of PAA or poly(KAA), while porosities of the interior of polyHIPEs were as
high as 97~98%.

Poly(KAA)/silica and poly(KAA)/Bioglass® Pickering-HIPE composites as well as
poly(KMAA) Pickering-HIPEs were prepared. It was found that the dispersion of silica in the
composites was obviously improved when using an increased stirring speed (1000 rpm)
during emulsification. A preliminary test was carried out on polyHIPEs in the wet state, i.e.,
macroporous hydrogels. Poly(KAA)/silica polyHIPE composites showed a swelling ratio up
to over 6000 wt % in SBF. It would be very important to test and tune the mechanical

properties of macroporous hydrogels for cell growth purpose.
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Chapter 4 High internal phase emulsions stabilised with dye- and

drug-loaded microgel particles

4.1 Overview

This chapter describes the preparation of poly(NIPAAm-co-AA) microgel particles
loaded with dye and drug molecules and their application as the emulsifiers for HIPEs aiming
to produce poly(Pickering HIPEs). This could combine the emulsifier function of microgel

228368571 of active ingredients (A.1.) and provide an

particles in HIPEs with controlled release
attractive and novel means of introducing cell signaling molecules within tissue engineering
scaffolds.’”*"® Moreover, although drug molecules can be released from polymer scaffolds,
delivery through microgels may be more efficient when drugs have weak interactions with
the scaffolds, e.g., hydrophobic drugs can be encapsulated into microgels in the case of

hydrophilic matrices.”’**"

- HCI H 0
P N (@] ~N \f
" ~
HO
(a) Rhodamine 6G (R6G) (b) Paracetamol

Fig. 4.1 Chemical structures of model active ingredients to be loaded into microgel particles

576,577 water-

On the basis of their reported uptake into poly(NIPAAm-co-AA) microgels,
soluble dye Rhodamine 6G (R6G) and drug paracetamol (also known as acetaminophen) (Fig.
4.1) were used as active ingredients (i.e., A.L.) to investigate the potential of A.L. loaded
microgel particles as emulsifiers. The established o/w HIPE template (Chapter 3) containing
KAA was used with modification. 3.2 mol % crosslinker (BIS/KAA) was used because it
represented the critical amount for open-porous polyHIPEs produced using the one-speed
stirring protocol (Section 3.4.2.2). After photo-polymerisation, the internal phase was

removed via freeze-drying rather than via Soxhlet extraction to avoid removing A.l. during
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solvent extraction. p-Xylene (mp, 12-13 °C) was used instead of toluene (mp, -93 °C) as the
internal phase (80 vol %) of HIPEs because its higher melting point means that it is more
easily freeze-dried. Thus, we aimed to prepare open-porous poly(KAA) Pickering-HIPEs

with the potential of controlled drug release.

4.2 Mixing dye molecules with microgel particles for HIPE preparation

The model dye molecules (R6G, Fig. 4.1) were mixed with poly(NIPAAm-co-AA)
microgel suspension prior to mixing with other components (KAA, BIS and 12959) to allow
dye molecules to diffuse into microgel particles. A series of aqueous solutions or suspensions
ranging from S(1) to S(10) (see Table 7.20 for details) were used for this study. Prior to
mixing with KAA stock solution (2.54 M), the background electrolytes of these solutions or
suspensions were 1 mM KCI for S(1)-S(5) and 10 mM phosphate buffer (pH 6.5) for S(6)-
S(10), respectively. Centrifugation was used to quantify the loading of dye into the microgels.
Effects of centrifugation, dye amount and the background electrolyte on emulsion stability

were investigated. Attention was also paid to morphologies of the obtained polyHIPEs.

4.2.1 Effect of centrifugation of the aqueous mixtures on emulsion stability

4.2.1.1 Mixing of R6G into aqueous suspensions prior to emulsification

The mixing process prior to emulsification was carried out in three steps: (a) mixing 2.32
ml R6G solution (192 pg solute) with 1.00 ml microgel suspension (8 mg/ml in 1 mM KCl
solution) to obtain S(3); (b) adding 1.68 ml KAA stock solution into S(3) to obtain 5 ml S(4)
and (c) adding crosslinker BIS and photo-initiator 12959 into S(4) to obtain S(5). S(5)
represented an aqueous mixture of R6G dye with the aqueous phase of the selected HIPE
template. The reason for this procedure was to introduce R6G without varying the established
aqueous composition for HIPE preparation and to evaluate the effect of adding R6G. The
microgel-dye interaction was indicated by a colour change from orange in S(2) (R6G solution
without micogels) to pink in S(3) before centrifugation [Fig. 4.2 (a)] as well as a 9 nm red
shift of the peak wavelength in fluorescence spectra of dye solutions without and with
microgel particles (Fig. 4.3). The also observed decrease of fluorescence intensity at peak

wavelength was attributed to dilution of the dye solution by adding microgel suspension.
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(b) After centrifugation

Fig. 4.2 Photographs of aqueous solutions/suspensions of S(2)-S(5) before and after
centrifugation at 5000 rpm for 1 h (Sample volumes used for centrifugation were 3ml, 3 ml, 7
ml and 7 ml, respectively.) Briefly, S(2) and S(3) were dye solutions without and with
microgels, respectively; S(4) was S(3) with KAA; S(5) was S(4) with BIS and 12959.

Fluorescence intensity, a.u.

700 -
600 -
500 -
400 -
300
200

100

| —c— R6G dye
—— R6G dye + microgels

T T 1
760

T
540

660 680 700 720 740

— T T T T T T
560 580 600 620 640

Wavelenght, nm

Fig. 4.3 Fluorescence spectra of R6G dye solutions without and with microgels. The dye
solution tested was prepared by mixing 2.32 ml dye solution (196 pg dye) with 1 ml KCl
solution (I mM), i.e., S(2); the dye solution with microgels was prepared by mixing 1.5 ml
S(2) with 0.5 ml microgel suspension (8 mg/ml in 1 mM KCI solution). The excited

wavelength was 528 nm.
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Centrifugation was used to remove excess dye molecules from the aqueous mixture
according to the reported uptake procedure.’’® In our case, this was also carried out prior to
HIPE preparation. As a result, the centrifugation (5000 rpm, 1 h) applied to S(2)-S(5) resulted
in obvious precipitates in S(4) and S(5) rather than in S(3) [Fig. 4.2 (b)]. Although the
volume of S(3) used was smaller than those of S(4) and S(5), these results suggested that the
degree of precipitation of dye-loaded particles was not sufficient in S(3) under current
conditions but was enhanced by addition of KAA and BIS. Meanwhile, the colour differences
among the original S(4) & S(5) [Fig. 4.2 (a)] and their supernatants after centrifugation [Fig.
4.2 (b)] indicated that addition of BIS and 12959 might affect the dye-microgel interactions.

4.2.1.2 Efficiency of dye-loaded microgel particles as emulsifiers

The ability of blank microgel suspension S(1) to result in poly(Pickering HIPEs) has
already been shown (Chapter 3) after KAA, BIS and 12959 were all added. Here the
preparation of poly(Pickering HIPEs) using dye-loaded microgel particles was attempted.
Initially, emulsification was carried out using either un-centrifuged S(5) or supernatant of S(5)

as the aqueous phase. Photos of the resultant emulsions are shown in Fig. 4.4 (a)-(d).

(2) (b) ©-1 (02 (@1 (-2

Fig. 4.4 Photographs of emulsions prepared using either un-centrifuged S(5) or supernatant
of centrifuged S(5): (a) sample prepared using supernatant of centrifuged S(5) as the aqueous
phase and the two-speed stirring protocol (400—1000 rpm); (b) unpolymerised HIPEs,
prepared using un-centrifuged S(5) and the one-speed stirring protocol (400 rpm); (¢)-1 &
(c)-2 photo-polymerised HIPEs (b); (d)-1 & (d)-2, prepared using supernatant of centrifuged
S(5) and the one-speed stirring protocol. Photograph (d)-2 was taken 4 min after (d)-1.
Emulsification was all carried out using 2.5 ml aqueous suspension and 10 ml p-xylene.

Fig. 4.4 (a) and (d) show that supernatant of centrifuged S(5) did not result in a stable

HIPEs no matter whether the one-speed (400 rpm) or two-speed stirring protocol (400—1000
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rpm) was used for its preparation. In contrast, when un-centrifuged S(5) was emulsified with
p-xylene under the one-speed stirring protocol, a pink HIPE sample was obtained with visible
large droplets. The HIPEs creamed with time [Fig. 4.4 (b)]. Moreover, the photo-
polymerisation procedure did efficiently solidify the HIPE sample [Fig. 4.4 (c)-1 and (c¢)-2].
Together with the images of S(5) (Fig. 4.2), it can be deduced that there were insufficient
particles left in the supernatant of centrifuged S(5) and dye-loaded microgel particles were in

the pink precipitates [Fig. 4.2 (b)].

4.2.1.3 Microgel-dye interactions revealed by particle size measurements

The preliminary study described in Section 4.2.1.1 and 4.2.1.2 demonstrated the
capability of A.IL. loaded microgel particles to act as emulsifiers. Although the mechanism is
not fully understood, the interaction between microgels and R6G dye might play a role in the
formation of large droplets [Fig. 4.4 (b)]. Since the stability of Pickering emulsions is

determined by the performance of particles at the water-oil interface,'*>"

particle size
measurement was carried out (Table 4.1) to characterise the microgel-dye interaction and to

reveal the effects of mixing process and centrifugation on particle emulsifying ability.

Table 4.1 Particle size measurements on aqueous solutions/suspensions of S(1)-S(5) at 22 °C

Entry | Sample Mean Std. error | Average count rate
/nm /nm /kilo counts per second (kcps)

1 S(1) 286.0 7.6 443 .4

2 Uncentrifuged S(2) 3615.8 155.9 51.2

3 Supernatant of S(2) 2094.4 162.6 19.5

4 Uncentrifuged S(3) 360.0 13.9 189.4

5 Supernatant of S(3) 456.5 25.2 235.2

6 Uncentrifuged S(4) 784.5 77.9 446.4

7 Supernatant of S(5) 43663.8 6170.8 10.7

Entry 1 (Table 4.1) shows the size of microgel particles prior to mixing with R6G and
serves as a control. Size values in Entry 2, 3 and 7 appeared too high while the count rates
were too low, an indication of too diluted suspensions. Since S(2) was a microgel-free

solution of R6G, the erroneous results (Entry 2 and Entry 3) were not surprising. Likewise, it
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was probable that S(5) supernatant (Entry 7) was microgel-free. This was also supported by
the orange colour of the supernatant [Fig. 4.2 (b)], since a trace of carboxyl groups would
result in pink colour.”” Thus, it was likely that polymerisation occurred to the monomers
(KAA and BIS) in S(5) during centrifugation at RT and the resultant polymers together with
microgels went to the precipitates. On the other hand, it is interesting to notice that particle
size increased slightly from ~300 nm (Entry 1) to ~350 nm (Entry 4) upon adding R6G but
jumped to 700-800 nm (doubled) after further adding KAA solution (Entry 6). This suggested
that the attractive interactions among dye-loaded microgels were increased upon addition of

579
L

KAA, resulting in the formation of dimers. Sivakumaran et a reported a similar

phenomenon of limited aggregation of poly(NIPAAm-co-AA) microgels in the presence of a

high concentration of bupivacaine (pK,= 8.2°***!

), a cationic drug. The cause of aggregation
in their case was attributed to neutralization of -COO™ by the cationic drug.’”” In our case, the
cationic nature of R6G dye (pK,= 7.5°%%) contributed to its interaction with -COO™ of
microgels but were not sufficient to result in the formation of dimmers, since the particle size
doubled (entry 6) only when KAA (0.85 M) was added. Meanwhile, microgels without dye
were capable of maintaining their colloidal stability in the presence of KAA below 28 °C
(Fig. 3.14, Section 3.3.2.1). Therefore, the screening effect of KAA on the -COO™ of
microgels reduced the repulsive interactions among dye-loaded microgels and contributed to
the limited aggregation together with dye-microgel interaction. Due to this larger size of dye-
loaded particles, it was not surprising to observe large droplets in the resultant HIPEs [Fig.
4.4 (b)]. In addition, it was deduced from Entry 5 that dye-loaded microgel particles did not
precipitate out of S(3) (suspension without KAA) after centrifugation, although expected in
order to quantify dye loading into microgels. This was also in agreement with the observation
that S(3) supernatant remained pink [Fig. 4.2 (b)] — an indication of the existence of carboxyl
groups (from microgels) in the suspension.’”

In summary, it was revealed that the dye-microgel interaction together with the screening
effect of KAA caused a limited aggregation (dimmer formation) of dye-loaded microgel

particles. These large particles could stabilise KAA-containing HIPEs of large drop sizes,
from which poly(KAA) Pickering-HIPEs were obtained upon photo-polymerisation.
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4.2.2. Effect of dye concentration in the aqueous suspension on HIPE stability

For HIPE preparation using A.I. loaded microgel particles as emulsifiers [Fig. 4.4 (b)], a
recipe of 0.19 mg R6G dye and 8 mg microgels (per 5 ml aqueous phase) was used, of which
the microgel amount was the same as for microgel-stabilised HIPEs [Fig. 3.22 (m)(n)] while
the R6G/microgel ratio followed a reported one”’®. However, the poly(NIPAAm-co-AA)

microgels in the reported case”’®

were synthesised using different NIPAAm/AA molar ratio
(9:1) and crosslinking degree (4 mol %) from our microgels (NIPAAmM/AA/BIS= 94:5:1,
mol). Although the dye loading was not yet quantified under current centrifugation conditions
(5000 rpm for 1 h at RT), we focused on whether HIPEs could be stabilised in the presence of
more dye molecules. Thus, another R6G/microgel ratio of 8 mg/ 0.39 mg (per 5 ml aqueous
phase) was investigated for HIPE preparation. As a result, the effect of doubling the dye
concentration on HIPE stability was negligible, since stable HIPEs were obtained using an
un-centrifuged aqueous suspension and using the one-speed stirring protocol (400 rpm). Also,
the subsequent photo-polymerisation successfully solidified the HIPE template (Fig. 4.5).
Nevertheless, HIPEs phase-separated upon increasing the stirring speed from 400 rpm to
1000 rpm. Thus, the two-speed stirring protocol (400—1000 rpm) was not successful for dye-
loaded microgel particles stabilised HIPEs, although it proved efficient in microgel-stablised
HIPEs (Section 3.4.3). It was indicated that aggregated R6G-loaded microgel particles (e.g.,

700-800 nm, Table 4.1) were not efficient stabilisers for smaller emulsion droplets.

Fig. 4.5 Photograph of photo-polymerised HIPEs, stabilised with dye-loaded microgel
particles. The microgel particles and R6G dye were mixed at a ratio of 8 mg/ 0.39 mg (per 5
ml aqueous phase) in the loading process but the loading percentage was not yet quantified.
Subsequently, the polymerised sample was frozen in LN, and freeze-dried, leading to
poly(KAA) Pickering-HIPEs.
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4.2.3 Effect of using buffer in the aqueous phase on HIPE stability

Although the use of a buffered aqueous solution is not necessary for HIPE preparation, it
is very common in A.I. uptake/release investigations.”’’ In order to facilitate the tests of A.L
uptake before emulsification and its release from the resultant polyHIPEs, this section

investigated HIPE preparation using a phosphate buffer (10 mM, pH 6.5)°"

as the dispersion
medium for microgel particles and R6G dye instead of the established KCI solution (1 mM).
As a result, stable HIPEs were obtained either using an R6G-containing aqueous suspension
(Fig. 4.6) or using an R6G-free aqueous suspension (not shown), suggesting that replacement
of KCl by this phosphate buffer had no obvious effect on HIPE stability. This was reasonable

because the major component in the aqueous phase was KAA (0.85 M).

Fig. 4.6 Photograph of p-xylene-in-water HIPEs stabilised by dye-loaded microgel particles.
The aqueous phase was prepared by mixing a phosphate-buffered solution (10 mM, pH 6.5)
of microgel particles and R6G dye (8 mg/0.39 mg per 3.32 ml) with the KAA stock solution
(2.54 M, 1.68 ml). The volume ratio of p-xylene was 80%.

To quantify the dye loading into microgel particles, further effort was made using higher-
speed centrifugation on phosphate buffered R6G-microgel mixture solutions (see Table 7.20)
prior to emulsification. It was encouraging that pink precipitates were observed after S(7)
was centrifuged at 12 k rpm for 0.5 h and at 15 k rpm for 1 h in sequence (at 4 °C). However,
emulsification using a dispersion of these precipitates together with KAA, BIS and 12959
[S(9)] failed to result in stable HIPEs. This was likely due to a lack of sufficient particles in
S(9). This similarity of inefficient precipitation to S(3) (KCI as the background electrolyte,
Fig. 4.2) might suggest that it was difficult to precipitate R6G-loaded microgel particles in
the absence of KAA. Further investigation using more powerful centrifugation is essential in
order to precipitate R6G-loaded microgel particles and to quantify the R6G loading. However,

it is still of practical importance to use un-centrifuged aqueous mixture for polyHIPE
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preparation, since any excessive A.l. molecules will probably attach to the porous matrices
after freeze-drying.°*>*** Due to a distinct profile of drug release from microgel,”®>" it
will be possible to evaluate the release from microgels and that from the surrounding

matrices.

4.2.4 Effect of using dye-loaded microgels as emulsifiers on the polyHIPE morphology

The above section showed the capability of R6G-loaded microgel particles to stabilise
HIPEs. Subsequently, it is important to evaluate their effect on the polyHIPE morphology,
since we aim to obtain macroporous materials with controlled-release properties as tissue
engineering scaffolds. Thus, the morphologies of poly(KAA) Pickering-HIPEs prepared
using dye-loaded microgel particles as emulsifiers at microgel/R6G mixing ratios of 8
mg/0.19 mg (Fig. 4.7) and 8 mg/0.39 mg (Fig. 4.8) were compared with those of the
polyHIPEs prepared using unmixed microgels as emulsifiers (Section 3.4.2.2).

An obvious difference was that polyHIPEs prepared using dye-loaded microgels as
emulsifiers (3.2 mol % BIS used) exhibited thin films rather than struts as observed in those
prepared using unmixed microgels as emulsifiers [Fig. 3.22 (m)(n), 3.2 mol % BIS]. It should
be noticed that freezing in LN, and freeze-drying were used for solvent removal after
polymerisation here in comparison with the Soxhlet extraction and vacuum drying procedures
for polyHIPEs prepared using unmixed microgels as emulsifiers. However, the freezing and
freeze-drying procedures did result in struts as shown either in another case of poly(KAA)
Pickering-HIPEs [Fig. 3.24 (c)(d), 2.5 mol % BIS] or in a reported case.”” The formation of
an open porous morphology [Fig. 3.24 (c)(d)] was related to the liquid-liquid phase
separation’’® occurring in the poly(KAA) gel layers during freeze-drying. It was probable that
pore walls and pore throats were developed from the polymer-rich and polymer-poor
domains, respectively. In contrast to the predominance of pore throats of more than 50 um
[Fig. 3.24 (c)(d)], the polymer films observed here in Fig. 4.7 and Fig. 4.8 might suggest an
insufficient phase separation. Further evidence for this came from the small holes of less than
2 pum within the films [Fig. 4.8 (d)]. Since R6G incorporation into microgels caused an
increase in particle size (Section 4.2.1.3), larger emulsion droplets should result,””"'> as
confirmed by the large pores of 200-700 um [Fig. 4.8 (a) and (b)]. Thus, the resultant
poly(KAA) gel layers would be thicker and hence have higher resistance to phase separation

during freeze-dying.
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Fig. 4.7 SEM images of poly(KAA) Pickering-HIPEs prepared by polymerising o/w HIPEs
that were stabilised with dye-loaded microgels. The mixing ratio of microgels to R6G dye
was 8 mg to 0.19 mg in 5 ml aqueous phase. After polymerisation, solvents were removed via
freezing in LN, and freeze-drying.
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Fig. 4.8 SEM images of poly(KAA) Pickering-HIPEs prepared by polymerising o/w HIPEs
that were stabilised with dye-loaded microgels. The mixing ratio of microgels to R6G dye
was 8 mg to 0.39 mg in 5 ml aqueous phase. After polymerisation, solvents were removed via
freezing in LN; and freeze-drying.

To sum up, the dye-microgel interaction caused dye-loaded microgel particles to
aggregate to a limited extent (e.g., dimer) in KAA containing suspensions. As a result,
although HIPEs could be prepared using these particles, HIPE stability and the resultant
polyHIPE morphology were obviously affected.

4.3 HIPE:s stabilised with drug-loaded microgel particles

It was preliminarily shown when using dye-loaded microgel particles as emulsifiers that
the microgel-dye interaction played a significant role in emulsion stability and polyHIPE
morphology. To prepare polyHIPEs using other A.IL. loaded microgel particles as emulsifiers,
such as drugs, the microgel-drug interaction should be emphasized. Since the interactions of
drugs with polyNIPAAm-based hydrogels®® or microgels’’’ are closely related to the
physicochemical properties of drugs, such as pK,, octanol/water partition coefficient (logKoy),
etc., we also aimed to further evaluate the effect of these properties on the emulsifying ability
of A.I. loaded micogel particles. Moreover, since the crosslinking degree of microgels may

277,586

affect drug uptake, effort was made to investigate the emulsifying ability of drug-loaded

microgel particles with 1 mol % and 2 mol % crosslinking degrees, respectively.
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4.3.1 Investigation into the microgel-drug interactions

Based on a reported study on the interactions of drugs and polyNIPAAm-based

micrigels,””’

we selected paracetamol (also known as acetaminophen) as another A.IL. to mix
with our poly(NIPAAm-co-AA) microgel particles and used a ratio of 90 umol drug : 3.32 ml
buffer : 8§ mg microgels : 1.68 ml KAA. Before and after mixing KAA (2.54 M, pH 7.0) into
the microgel/paracetamol aqueous suspension (10 mM phosphate buffer, pH 6.5), the
suspension was shaken on a shaker at 70 osc./min overnight to allow drug molecules to reach
an equilibrium of diffusion into microgel particles. Nevertheless, the loading percentage was
not yet characterised because precipitate was hardly obtained under the current centrifugation
conditions (15,000 rpm). This was probably due to an insufficient centrifugation speed in use,

577

in comparison with the reported ultracentrifugation (45,000 rpm),”"" since the density of

swollen microgels was unlikely to differ much from that of water (ppoynpaam = 1.07
glem’)’s.

The effect of paracetamol incorporation on the particle size of microgels with 1 mol %
crosslinking degree (Fig. 4.9) was investigated in aqueous solutions containg KAA (0.85 M).
Over the temperature range of 10~28 °C, the drug-loaded microgel particles reached a
maximum size at 18 °C as the unmixed microgels did. Unlike the unmixed microgels
however, the drug-loaded micrgels exhibited a greater temperature sensitivity before the
maximum. In addition to this, the drug-loaded microgels reached their minimum size of 110
nm at 28 °C and started to aggregate upon further increasing the temperature. In contrast, the
unmixed microgels reached 110 nm at 30 °C. This aggregation of drug-loaded microgel
particles at a slightly lower temperature was similar to the effect of adding BIS into microgels
(Fig. 3.14). It is worth noting that aggregation of R6G-loaded microgel particles into dimers
was observed even at 22 °C (Table 4.1). This was attributed to the properties of these small
molecules. The cationic dye R6G, possessing a pK, of 7.5°** and a logKo of 2.37, should be
expected to interact with —COO™ of microgels upon mixing and reduce the surface charge
density of microgels. In contrast, paracetamol, possessing a pK, of 9.4 and a logK,, of 0.46,
was neutral at pH 6.5.>”” Thus, R6G not only had a stronger interaction with the hydrophobic
segments of microgels due to a higher logK,,, but also rendered micrgels prone to aggregation

1.°% calculated the contact angles of poly(NIPAAm-co-

via electrostatic interaction. Huo et a
AA) microgels on a glass plate (dried from solutions of pH 5 under ambient temperature) and

found an increase from 22.9° to 45.4° after binding with bovine serum albumin (BSA).
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Clearly, the interaction between microgels and A.l. could change the wettablity of microgels

and hence affect their emulsifying efficiency or even the resultant emulsion type.
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Fig. 4.9 Average particle size of unmixed microgels and paracetamol-loaded microgels as a
function of temperature measured in solutions containing 0.85 M KAA

4.3.2 Drug-loaded microgels with 1 mol % crosslinking degree as HIPE stabilisers

The solution containing drug-loaded microgels and KAA (and possibly with free drugs)
was used for HIPE preparation at 22 °C after BIS (3.2 mol %) and 12959 (2 mol %) were
added. Despite the effect of paracetamol on microgel particle size (Fig. 4.9), we expected that
its effect on the emulsifying ability would be only significant at 30 °C or above but negligible
at 22 °C. Consistent with our expectation, stable HIPEs were obtained using the one-speed
[Fig. 4.10 (a)-1] and two-speed stirring protocol [Fig. 4.10 (b)-1], similar to those prepared
using unmixed microgels. This confirmed that the emulsifying ability of microgels was not
obviously affected by incorporation of paracetamol at 22 °C in contrast to the incorporation
of R6G. Meanwhile, it was clearly seen that creaming was less significant in the polymerised
HIPEs that were prepared using the two-speed stirring protocol, due to smaller emulsion

drops obtained at 1000 rpm (Section 3.4.3).

190



Chapter 4

The effect of stirring protocol on the morphology of resultant poly(KAA) Pickering-
HIPEs was evaluated (Fig. 4.11 and Fig. 4.12). The polyHIPEs prepared using the one-speed
protocol during emulsification exhibited a multi-layer structure and pores ranging from tens
microns to a few hundred microns [Fig. 4.11 (a) and (b)]. In contrast, the polyHIPEs prepared
using the two-speed stirring protocol during emulsification showed layers that were closer or
even overlapped [Fig. 4.12 (a) and (b)], indicating lower pore volume. This was likely
because the bigger emulsion drops obtained at lower stirring speed (400 rpm) left more space

after removal.
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Fig. 4.10 Photographs of HIPEs stabilised by paracetamol-loaded microgel particles and their
polymerisated products. The microgel particles used had a crosslinking degree of 1 mol %.
KAA, BIS and 12959 were mixed into the aqueous suspension prior to emulsification. (a),
HIPEs prepared with the one-speed stirring protocol (400 rpm); (b), HIPEs prepared with the
two-speed stirring protocol (400—1000 rpm); 1, before polymerisation; 2 and 2°, after
polymerisation (2’ vial on its head showing HIPEs were polymerised); 3, after freeze-dried.

(2) (b)
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Imperial 20.0kV 6.2mm x2.50k ESED 70Pa '

Fig. 4.11 Morphologies of poly(KAA) Pickering HIPEs prepared using paracetamol-loaded
microgels with 1 mol % crosslinking degree as emulsifiers and using the one-speed stirring
protocol (400 rpm) during emulsification.
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Fig. 4.12 Morphologies of poly(KAA) Pickering-HIPEs prepared using paracetamol-loaded
microgels with 1 mol % crosslinking degree as emulsifiers and using the two-speed stirring
protocol (400 rpm—>1000 rpm) during emulsification.
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Particles were clearly visible on the surfaces of poly(KAA) films [Fig. 4.11 (c¢) and Fig.
4.12 (d)], although it was not yet determined whether they were microgels, drug crystals or a
mixture of both. It can be safely said that those with a diameter between a few hundred
nanometers to 1-1.5 pm [Fig. 4.12 (d)] were likely to be drug crystals,”®® since the excessive
drugs were not separated from the aqueous phase prior to emulsification. In addition, it is
worth noting that the bead-like structures [Fig. 4.11 (d)] were assumed to be poly(KAA),
which probably formed alongside the interconnected porous structures during freeze-drying
through a nucleation and growth mechanism and a spinodal decomposition mechanism,

- 478,589,590
respectively.” "

4.3.3 Drug-loaded microgels with 2 mol % crosslinking degree as HIPE stabilisers

In the same manner as microgels with 1 mol % crosslinking degree, microgels with 2
mol % crosslinking degree were mixed with paracetamol, KAA and BIS & 12959 in sequence
prior to emulsification. Stable HIPEs were obtained using the one-speed [Fig. 4.13 (a)-1] and
two-speed stirring protocol [Fig. 4.13 (b)-1]. Also, the creaming extent was obviously
reduced [Fig. 4.13 (b)-2] in the case where the two speed stirring protocol (400—1000 rpm)

was used during emulsification.

@-1 (@2 (@27 (a3 (b-1 (b2 (b)-2" (b)3

Fig. 4.13 Photographs of HIPEs stabilised by paracetamol-loaded microgel particles and their
polymerisated products. The microgel particles used had a crosslinking degree of 2 mol %.
KAA, BIS and 12959 were mixed into the aqueous suspension prior to emulsification. (a)
HIPEs prepared with the one-speed stirring protocol; (b), HIPEs prepared with the two-speed
stirring protocol; 1, before polymerisation; 2 and 2’, after polymerisation (2’ vial on its head
showing HIPEs were polymerised); 3, after freeze-dried.
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Fig. 4.14 Morphologies of poly(KAA) Pickering-HIPEs prepared using paracetamol-loaded
microgels with 2 mol % crosslinking degree as emulsifiers and using the one-speed stirring
protocol (400 rpm) during emulsification.
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Fig. 4.15 Morphologies of poly(KAA) Pickering-HIPEs prepared using paracetamol-loaded
microgels with 2 mol % crosslinking degree as emulsifiers and using the two-speed stirring
protocol (400 rpm—>1000 rpm) during emulsification

The morphologies of poly(KAA) Pickering-HIPEs prepared using microgels with 2
mol % crosslinking degree as emulsifiers (Fig. 4.14 and Fig. 4.15) showed a series of similar
features to those of polyHIPEs prepared using microgels with 1 mol % crosslinking degree as
emulsifiers (Fig. 4.11 and Fig. 4.12). The pore structures with either larger pore size or
smaller pore size were tunable by the stirring speed [Fig. 4.14 (b) and Fig. 4.15 (a)]. Also in
this case, bead-like structures [Fig. 4.14 (c)] were visible together with interconnected
structures. Furthermore, microgels or crystals of unseparated drugs were clearly seen [Fig.
4.14 (d) and Fig. 4.15 (b)]. Interestingly, they were on both sides of the polymer films [Fig.
4.15 (c)] and were either spherical [Fig. 4.15 (b) and (c)] or needle-shaped [Fig. 4.15 (d)]. In
summary, no obvious differences were visible in the HIPEs stabilised by paracetamol-loaded
microgels with 1 mol % or 2 mol % crosslinking degree or in the morphologies of the

resultant polyHIPEs.

4.4 Summary

The emulsifying ability of A.L. loaded poly(NIPAAm-co-AA) microgel particles was
obviously affected by R6G dye rather than by paracetamol drug due to the electrostatic
interaction between swollen microgels and R6G dye. Similar to unmixed microgel particles,
paracetamol loaded microgel particles resulted in stable HIPEs at either low or high stirring

speed and hence poly(KAA) Pickering-HIPEs of tunable morphologies. Further efforts are
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required to separate the excessive A.l. molecules from the aqueous suspension prior to
emulsification so that the loading percentage of A.l into microgels can be quantified. The

release of A.L. from microgel particles and from the resultant polyHIPEs should also be
followed.
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Chapter 5 Microgel-stabilised o/w HIPEs for the preparation of

macroporous materials containing dextran and its derivative

5.1 Overview

Dextran is a natural biopolymer consisting of an a-(1—6) linked D-glucose main chain
and other branched linkages. This structural feature not only gives it water-solubility and
biodegradability™' but also renders it readily modifiable for various new functional
polymers.””> Consequently, dextrans and modified dextrans have been investigated widely for

219,524,594-600
D24, Th

controlled drug delivery’” and recently for tissue engineering scaffolds. e

fabrication of macroporous dextran-based scaffolds by emulsion templating was reported in a

219.324.600.601 54 showed interconnected structures of high porosity. Nevertheless,

few cases
surfactants were used as the emulsifiers in all these cases. Considering the biocompatibility
of scaffolds, we stress the need of using particulate emulsifiers as an attractive alternative to
surfactants. For example, Zhou er al.’”* investigated hydroxyapatite nanoparticles as the
emulsifiers of o/w HIPEs to fabricate scaffolds containing dextran modified by glycidyl
methacrylate (GMA). In this chapter, microgels as the particulate emulsifiers of o/w HIPEs
for the preparation of macroporous materials containing dextran and modified dextran will be
discussed. In contrast to the chemical crosslinking method used in the formation of
poly(KAA) Pickering-HIPEs (Chapter 3 and Chapter 4) and in the study by Zhou er al.,®**
this work aims to prepare macroporous structures using physical crosslinking method, i.e.,
polymer molecules of the building materials are expected to form networks via non-covalent
interactions, such as hydrogen bonding and hydrophobic interactions. For this aim, dextran

600

and polyNIPA Am-modified dextran (synthesised and characterised by Zhou™") were selected

as the building materials.

5.2 Dextran macroporous structures from microgels stabilised o/w HIPEs

Due to the water solubility of dextran,”' we aim to put dextran in the continuous phase of

a microgel-stabilised o/w HIPE template. In order to understand whether macroporous
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structures can be formed with this template, we use a freeze-drying method after
emulsification. Besides removing the internal phase (the oil phase, p-xylene), freeze-drying is
also expected to fabricate dextrans via thermal induced phase separation*’*® (TIPS) in the
aqueous phase. The factors that may influence the HIPE stability and the resultant porous
structures have been investigated, including pH, temperature, molecular weight of dextran

and polymer concentration.

5.2.1 Effect of pH on stability of the template and the resultant porous structures

Since environmental stimuli (pH, temperature and ionic strength) do affect the particle
sizes of poly(NIPAAm-co-AA) microgels (Section 2.2.1), they can affect the swelling/
deswelling behaviour of microgels and their emulsifying ability. Thus, the effect of pH on the
stability of dextran containing HIPEs was investigated using microgel suspensions (0.4 wt %
in 1 mM KCI) with a pH 3.7, 4.7, 5.5 and 6.8, respectively. Other conditions were kept
constant for this study, including dextran moleculear weight (Mr, 40, 000), dextran
concentration (20 w/v %), volume ratio of the oil phase (p-xylene, 80%) and the
emulsification temperature (room temperature, 22 °C).

Firstly, the effect of pH on HIPE stability was observed during preparation. More than
half of the oil phase was expelled from the emulsion template using the aqueous phase with a
pH of 3.7. At pH 4.7, more oil was emulsified but coalescence was visible after stirring
stopped. More stable HIPEs were produced at pH 5.5 with more than 90% oil emulsified. At
pH 6.8, stable and viscous HIPEs were obtained with no free oil visible (Fig. 5.1, inset).
Clearly, HIPE stability was improved by increasing the pH of microgel suspension from 3.7
to 6.8, which was attributed to pH-induced variation in the emulsifying ability of microgels.
As characterised by particle size measurements (Fig. 5.1), a gradual diameter increase from
100 nm to 350 nm — an over 40-fold expansion in volume — was observed by increasing pH
from 3.7 to 6.8, due to an increased dissociation of carboxylic acid groups.’® Thus, it can be
deduced that microgels reached an optimal emulsifying ability at pH 6.8 for dextran

containing o/w HIPEs.
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Fig. 5.1 Particle size dependence of microgels on pH in the aqueous suspension (0.4 wt % in
1 mM KCl) at 22 °C (from left to right: 3.7, 4.7, 5.5, and 6.8; inset: image of dextran-
containing HIPEs prepared using microgel suspension with a pH of 6.8.)

Secondly, the effect of pH on the morphologies of freeze-dried emulsions/HIPEs was
studied (Fig. 5.2~Fig. 5.4). Typically, the morphology consisted of both macropores and
microstructures, which originated from the removal of oil droplets and the water in the
dextran solution, respectively. Since the same stirring protocol and composition were used
during emulsification, pore size of the macropores reflected the effect of pH on HIPE
stability prior to freeze-drying. A statistical comparison on the pore sizes (Fig. 5.5) clearly
showed that nearly 90% pores of the solid HIPEs prepared using pH 6.8 were within the
range of 20-60 um; this was a much narrower pore size distribution than those prepared using
either pH 4.7 or pH 5.5. The large pores of up to 200 um in diameter observed in solid HIPEs
prepared using lower pH (4.7 or 5.5) indicated the occurrence of coalescence prior to freeze-
drying; this was in agreement with what was observed during emulsification as discussed
above. Therefore, microgel suspensions of pH 6.8 led to stable HIPE as well as macropores
with narrower pore size distribution after freeze-drying. Furthermore, the microstructures on
the pore walls need to be considered in order to understand the formation of solid HIPEs.
They were likely formed through a process of solid-liquid phase separation® consisting of

liquid-liquid demixing®”® upon quenching in LN, and freeze-drying. Liquid-liquid demixing
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resulted in dextran-rich and dextran-lean domains. The formation and removal of ice crystals
during freeze-drying further compacted the dextran-rich domains and generated grooves in
the pore walls. Since no chemical crosslinking was used, physical crosslinking of dextran
chains via hydrogen bonding was believed to be responsible for the structural integrity of
solid HIPEs after freeze-drying. Meanwhile, dextran-lean domains turned into thin films
[marked with arrows in Fig. 5.2 (d)] or submicrometer-sized holes [Fig. 5.2 (d) and Fig.5.3
(d)] after ice removal, indicating that the extent of phase separation affected the formation of
pore throats. Thus, the freeze-drying process (duration, control over temperature and pressure)
and the polymer concentration (studied in Section 5.2.3) may also play a role in determining
the microstructures of solid HIPEs. In addition, the orientations of the grooves were either
aligned or unalined [Fig. 5.2 (c) and Fig. 5.4 (b) (c)], which was likely determined by the

pathway of water vapors during sublimation, i.e., the freeze-drying direction.

(a) (b)
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(c) (d)

Fig. 5.2 Morphologies of solid HIPEs of dextran prepared using microgel suspension of pH
4.7 showing both the macropores (a), (b) and the microstructures on the pore wall (c), (d).

200



Chapter 5

o,

Imperial 15.

0kV 6.0mm x500 ESED 60Pa

Imperial 15.0kV 6.0mm x10.0k ESED 60Pa

Fig. 5.3 Morphologies of solid HIPEs of dextran prepared using microgel suspension of pH
5.5 showing both the macropores (a), (b) and the microstructures on the pore wall (c), (d).
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Fig. 5.4 Morphologies of solid HIPEs of dextran prepared using microgel suspension of pH
6.8 showing both the macropores (a) and the microstructures on the pore wall (b)-(d).
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Fig. 5.5 Pore size distributions of solid emulsions/HIPEs of dextran prepared using microgel
suspensions with a pH of 4.7, 5.5 and 6.8, respectively. The emulsions/HIPEs containing
dextran were frozen by liquid N, and then freeze-dried, resulting in solid emulsions/HIPEs.

5.2.2. Effects of temperature on the morphology of dextran macroporous structures

Since poly(NIPAAm-co-AA) microgels are also thermo-sensitive (Section 2.2.1), it is

natural to assume that temperature may have an effect on the morphology of dextran

202



Chapter 5

macroporous structures. Particle size measurements on one particular microgel suspension
(0.4 wt % in 1 mM KCI, pH 6.8) showed a minor size change from 340 nm at 22 °C to 300
nm at 45 °C and a sharp decreasing trend upon further heating to 70 °C (Fig. 5.6). Thus, it is
expected that this temperature-induced shrinkage of microgels may affect HIPE stability and
thereby the pore morphology. To study this, a thermostating step was added after
emulsification at RT but before quenching with liquid N,. HIPEs containing dextran were
prepared using identical composition (pH 6.8) and were then heated at 45 °C, 50 °C, 55 °C,

and 60 °C, respectively for 1 h prior to freeze-drying.
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Fig. 5.6 Average particle size of poly(NIPAAm-co-AA) microgels as a function of
temperature measured using a microgel suspension (0.4 wt % in 1 mM KCI) of pH 6.8
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Fig. 5.7 Morphologies of solid HIPEs of dextran prepared by using a thermostating step at 45
°C for 1 h after emulsification but prior to freeze-drying. Circles mark the fusion of pores.
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Fig. 5.8 Morphologies of solid HIPEs of dextran prepared by using a thermostating step at 50
°C for 1 h after emulsification but prior to freeze-drying. Circles mark the fusion of pores.
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Fig. 5.9 Morphologies of solid HIPEs of dextran prepared by using a thermostating step at 55
°C for 1 h after emulsification but prior to freeze-drying. Circles mark the fusion of pores.
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Fig. 5.10 Morphologies of solid HIPEs of dextran prepared by using a thermostating step at
60 °C for 1 h after emulsification but prior to freeze-drying. Circles mark the fusion of pores.

The resultant morphologies of freeze-dried HIPEs (Fig. 5.7~Fig. 5.10) showed that the
pore walls between neighboring pores partially disappeared as marked by circles, indicating
ongoing coalescence of oil droplets upon temperature increase.**** Analysis (Fig. 5.11) of
the pore sizes of one of the solid HIPEs, which was prepared using 50 °C in the heating step
after emulsification (Fig. 5.8), showed that pores with clear boundaries still had a similar size
distribution to those of the solid HIPEs prepared without using a heating step (Fig. 5.4). This
suggested that the extent of coalescence remained low at 50 °C. This continued stability
against coalescence was attributed to the viscous nature of the aqueous phase®® arising from a
high dextran concentration (20 w/v %). In contrast to thermostating the HIPEs at 50 °C (Fig.
5.8), thermostating at 60 °C resulted in a thin layer of oil on the top prior to freeze-drying as
well as intensive pore fusion and distorted pore shapes after freeze-drying (Fig. 5.10). This
indicated that the extent of droplet coalescence was significantly increased at 60 °C over 50
°C. However, this effect of temperature increase on HIPE stability and pore structures could
not solely be an effect of microgel shrinkage. More importantly, heating the emulsions could

130

increase the contact frequency of droplets ™ as well as reduce the viscosity of the dextran

solution®”, which in turn facilitated the rupture of interfacial films and droplet coalescence.

Meanwhile, coarsening®*®*%

of the textures or microstructures of the pore walls were
observed in comparison with solid HIPEs prepared without using a heating step (Fig. 5.4),
especially in solid HIPEs prepared using higher thermostating temperatures (55 °C and 60 °C).
This was because the thermostating temperatures used were above the theta temperature of
dextran®® (43 °C) and could possibly cause phase separation of dextran in the aqueous phase

prior to freezing with LN,.

205



Chapter 5

60 -
---O--- without thermostating

50 —=a— thermostating at 50 °C for 1 h
=S
o
g 40
[
©
[ 5
£ 30 4
=
=
3
@ 20
S
o \
m \\\

10

0 . \9 o ]
I T I T I T I T I T 1

0 20 40 60 80 100 120

Pore diameter, microns

Fig. 5.11 Pore size distribution for solid HIPEs of dextran prepared either by freezing the
HIPEs directly after emulsification or by using a thermostating step at 50 °C for 1 h after
emulsification but prior to freezing.

Therefore, thermostating the dextran-containing HIPEs above the theta temperature of
dextran affected both the pore morphology and the microstructures of the pore walls. These
were attributed to thermostating temperature-induced coalescence of emulsion droplets and
phase separation of dextran solution, respectively. Thus, temperature can be used to tune the

pore interconnectivity and the microstructures of the pore walls in solid HIPEs of dextran.
5.2.3 Effect of dextran concentration and molecular weight on the pore structures

Since polymer concentration (C,) and polymer molecular weight will influence the
viscosity of the continuous phase®®*****! and therefore the HIPE stability, it is possible that
the morphology of solid HIPEs of dextran may be tuned by varying polymer concentration
and polymer molecular weight. Investigations were carried out using an identical stirring
protocol (400 rpm), volume ratio of p-xylene (80%) and microgel suspension (0.4 wt % in 1
mM KCIl, pH 6.8). Since the o/w HIPEs containing dextran (Mr, 40,000; 20 w/v %) as

discussed above (Fig. 5.4) was already very viscous, lower molecular weight dextran (Mr,
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6,000) and lower dextran concentration (8 w/v %) were selected for the study (Fig. 5.12~Fig.
5.14).

s

T 1 T
100um

Imperial 15.0kV 5.3mm x500 ESED 60Pa 100um Jimperial 15.0kV 5.3mm x1.00k ESED60Pa ' 50.0um

Fig. 5.12 Morphologies of solid HIPEs of dextran prepared using a molecular weight (Mr) of
40, 000 and a polymer concentration (C,) of 8 w/v %. Arrows mark polymer beads.

“—*‘¢ i . -- z

+ ¥ 3 b il 3 .
Imperial 15.0kV 5.8mm x100 ESED 60Pa 500um [l imperial 15.0kV 5.8mm x500 ESED6OPa ' ' ' {ooum

Fig. 5.13 Morphologies of solid HIPEs of dextran prepared using a molecular weight (Mr) of
6, 000 and a polymer concentration (Cp) of 20 w/v %. The circle marks pore fusion.
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Fig. 5.14 Morphologies of solid HIPEs of dextran prepared using a molecular weight (Mr) of
6, 000 and a polymer concentration (Cp) 8 w/v %. Arrows mark polymer beads.

The effects of dextran concentration on the pore structure of solid HIPEs are clearly seen
in the cases where a molecular weight of 40, 000 was used [Fig. 5.4 and Fig. 5.12]. Firstly, a
more interconnected pore structure resulted when using a lower dextran concentration (8
w/v %, Fig. 5.12) indicating a larger extent of phase separation. Secondly, solid HIPEs
prepared using a C, of 8 w/v % (85.3 + 32.1 um) exhibited a clear shift towards larger pore
sizes (Fig. 5.15), in comparison with those prepared using a C, of 20 w/v % (41.5 £ 14.5 um).
This was likely because a higher viscosity of the aqueous phase at 20 w/v % dextran led to a
higher energy input into emulsions during emulsification and therefore smaller emulsion
droplets. Thirdly, polymer beads were sporadically visible within solid HIPEs prepared at
lower C, (Fig. 5.12, marked with arrows), likely due to a nucleation and growth
mechanism*’*~***" during phase separation of dextran solution. These bead-like structures
were also observed in solid HIPEs prepared using 8 w/v % of low Mr (6,000) Dextran (Fig.
5.14, marked with arrows). Nam ez al.>° reported the appearance of bead-like, ladder-like
and tube-like structures at C, of 4, 6 and 9 w/v %, respectively, when PLGA/dioxane was

quenched into LN». Thus, bead-like structures were more likely produced at low C, and it
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was not surprising that they were visible in solid HIPEs prepared using 8 w/v % (Fig. 5.12
and Fig. 5.14) rather than in those prepared using 20 w/v % dextran of either molecule
weight (Fig. 5.4 and Fig. 5.13).

The effect of dextran molecular weight on the pore structure was not straightforward. For
solid HIPEs prepared using a Cp of 8 w/v % (Fig. 5.12 and Fig. 5.14), a nearly identical pore
size distribution was resulted (Fig. 5.15), irrespective of the molecular weight, indicating that
molecular weight had no obvious effect on HIPE stability at this polymer concentration. In
contrast, solid HIPEs prepared using 20 w/v % lower molecular weight dextran (Mr, 6,000)
exhibited a much broader pore size range than all the other three solid HIPEs (Fig. 5.15).

Stenekes et al.®”

reported that the dissolution of dextran with a molecular weight of 6, 000 in
concentrated aqueous solution was surprisingly more difficult than dextran with a molecular
weight of 40, 000. We believe that this lower solubility of dextran with a molecular weight of
6,000 was responsible for a reduced HIPE stability and therefore a broader pore size range
observed in solid HIPEs here. It was evidenced by the fusion of pores (Fig. 5.13, marked by

circle) that coalescence of emulsion droplets did occur.
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Fig. 5.15 Pore size distributions for solid HIPEs of dextran prepared using dextran with a
molecular weight (Mr) of 40 k and 6 k, respectively, and a polymer concentration (C,) of 20
w/v % and 8 w/v %, respectively.
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To sum up section 5.2, microgels showed obviously better emulsifying ability at pH 6.8
for o/w HIPEs containing dextran than at other pH including 3.7, 4.7 and 5.5, and resulted in
solid HIPEs of dextran with narrower pore size distribution after freeze-drying.
Thermostating the o/w HIPEs above the theta temperature of dextran could be used to tune
the pore interconnectivity and the microstructures of pore walls within the resultant solid
HIPEs. A reduction in the concentration of dextran with a molecule weight of 40 k led to
more interconnected pore structures and larger pore sizes. At a concentration of 8 w/v %,
varying the molecular weight of dextran from 40 k to 6 k had no obvious effect on the pore

structures of solid HIPEs.

5.3 Dextran-co-polyNIPAAm macroporous structures from microgels

stabilised o/w HIPEs

Stimuli-responsive polymers can adapt to an environmental change via a sharp variation

of their properties and have vast potential for biomedical®"

and many other emerging
applications,”' such as self-healing coatings, micro- and nanoacutation and sensors to name a
few. Modification of dextran via the incorporation of polyNIPAAm has been used to make

612,613 .
’ Here, we aim to use

dextran thermoresponsive for drug delivery applications.
polyNIPAAm-modified dextran (dextran-co-polyNIPAAm, synthesised and characterised by
Zhou®”) instead of dextran as the building material for macroporous structures. This
modification would be especially useful for application in the physiological environment,

since the cloud point of dextran-co-polyNIPAAm (34 °C as measured by Zhou®”

) does allow
the material to be solidified at 37 °C without using chemical crosslinking. Moreover, due to
the use of poly(NIPAAm-co-AA) microgels as emulsifiers, their stimuli-responsiveness and
drug-delivery capability would potentially render the resultant macroporous structures multi-

responsive and multi-functional.

5.3.1 Morphologies and thermal properties of dextran-co-polyNIPAAm macroporous

structures

When dextran was replaced by dextran-co-polyNIPAAm in the preparation of microgels

stabilised o/w HIPEs under identical conditions (pH 6.8), the resultant Pickering HIPE was
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also stable and viscous. To obtain macroporous structures, the HIPEs were either frozen
directly in LN, (Fig. 5.16) or thermostatted at 38 °C for 30 min prior to the freezing and
freeze-drying process (Fig. 5.17). Since 38 °C was above the cloud point of dextran-co-

polyNIPAAm (34 °C%), it was expected that coarsening effects®****®

may impact on the
microstructures of pore walls due to phase separation of polyNIPAAm during thermostating

and offer us possibility to control cell behaviour’® in the case of application as tissue

engineering scaffolds.
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Fig. 5.16 Morphologies of dextran-co-polyNIPAAm macroporous structures prepared by
directly freezing the HIPEs in LN, after emulsification and then freeze-drying.
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Fig. 5.17 Morphologies of dextran-co-polyNIPAAm macroporous structures prepared by
thermostating the HIPEs at 38 °C for 30 min prior to the freezing and freeze-drying process.

The average pore size of dextran-co-polyNIPAAm macroporous structures (Fig. 5.16)
was 44.6 £ 13.9 um, similar to that of dextran solid HIPEs (41.5 = 14.5 um, Fig. 5.4),
indicating that replacement of dextran by dextran-co-polyNIPAAm had little effect on the

pore structures. Meanwhile, dextran-co-polyNIPAAm macroporous structures prepared using
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a thermostating step (Fig. 5.17) had an average pore size of 38.7 = 14.2 um and exhibited a
similar pore size distribution to its counterpart prepared without using the thermostating step
(Fig. 5.18), suggesting that the thermostating process had no obvious effect on the pore
structures. Meanwhile, the microstructures of pore walls in the above two dextran-co-
polyNIPAAm macroporous structures did not show very obvious differences. This indicated
that the thermostating conditions (38 °C for 30 min) might have not yet induced sufficiently

high extent of phase separation in polyNIPAAm prior to the freezing step.
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Fig. 5.18 Pore size distribution for dextran-co-polyNIPAAm macroporous structures
prepared either by using a thermostating step (38 °C for 30 min) after emulsification but prior
to the freezing and freeze-drying step or by freezing the HIPEs in LN, directly after
emulsification and then freeze-drying.

Since the two dextran-co-polyNIPAAm macroporous structures maintained their
structural integrity without using chemical crosslinking, the physical interactions among the
polymer chains were expected to manifest and were investigated with DSC (Fig. 5.19 and
Table 5.1). As controls, dextran macroporous structures and microgel particles (GP_pH6.8)
were also characterised using heating rates of 20 °C/min and 5 °C/min. As a result, a single
glass transition temperature (T,) of 221 °C was observed in the 2" heating cycle of dextran

macroporous structures. Zhang et al.®* reported a similar T, value (223°C) using a heating
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rate of 20 °C/min and attributed this high value to strong hydrogen bonding among dextran
molecules. This verified our early speculation that hydrogen bonding was responsible for the
structural integrity of dextran solid HIPEs (Section 5.2.1). Meanwhile, the effect of
microgels on the glass transition of the macroporous structures was not visible and therefore
negligible, due to a relatively low content (2 wt %) in the matrix. For dextran-co-
polyNIPAAm macroporous structures, two glass transitions were observed only when 20
°C/min was applied as the heating rate (Fig. 5.19). The steep transition at ~220 °C was
similar to T, of dextran solid HIPEs and therefore represented the glass transition of dextran
segments. The other transition belonging to polyNIPAAm occurred in a range of 128~154 °C
for dextran-co-polyNIPAAm macroporous structures and 133~146 °C for its counterpart
prepared using the thermostating step, respectively. This phenomenon of two glass transitions
indicated that dextran-co-polyNIPAAm phase separated and the resultant polyNIPAAm
aggregates formed a second type of physical crosslinking as expected. Also, a narrower
polyNIPAAm glass transition range for the latter sample suggested that the thermostating
process used indeed resulted in a further phase separation of polyNIPAAm.
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Fig. 5.19 Partial DSC curves for dextran-co-polyNIPAAm macroporous structures prepared
either using or without using a thermostating step. The curves were obtained from the ond
heating cycle at a heating rate of 20 °C/min and the rest of curves ranging from -50 °C to 100
°C were linear lines.
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Table 5.1 A summary of glass transition temperatures (T,) determined by DSC

Dextran Dextran-co- Dextran-co- GP_pH6.8
solid HIPEs | polyNIPAAm polyNIPAAm
1 2 (thermostating step) 1 2
T,, °C 206 | 221 138 and 221 139 and 223 152 | 157
Heating rate, °C/min | 5 20 20 20 5 20

Therefore, dextran-co-polyNIPAAm was successfully used as the building materials of
macroporous structures prepared from microgels stabilised o/w HIPEs. DSC revealed that
phase separation of the copolymer provided a second physical crosslinking besides hydrogen

bonding of dextran segments.

5.3.2 Morphologies of dextran-co-polyNIPAAm macroprous structures after durability

tests in water

In order to evaluate the effects of aqueous environment on dextan-co-polyNIPAAm
macroporous structures for implantation purpose, a preliminary durability test was carried out
on the above two samples in 38 + 2 °C water for 14 d. Although the scaffolds floated on top
in water, the intermolecular hydrogen bonding of dextran segments was probably disrupted
due to the good water-solubility of dextran. Thus, the structural integrity in water was mainly
attributed to polyNIPAAm aggregates. After being frozen in LN, and freeze-dried, the tested
samples exhibited various cellular morphologies (Fig. 5.20 and Fig. 5.21).
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Fig. 5.20 Morphologies of dextran-co-polyNIPAAm macroporous structures frozen in LN,
and freeze-dried after a 14 d durability test in water. The original emulsion-templated
macroporous structures transformed into various new structures after freeze-drying.
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Fig. 5.21 Morphologies of dextran-co-polyNIPAAm macroporous structures frozen in LN,
and freeze-dried after a 14 d durability test in water. A thermostating step was used when
preparing the original emulsion-templated macroporous structures prior to the test.
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It was noticed that the emulsion-templated macroporous structures (Fig. 5.16 and Fig.
5.17) disappeared and simply transformed into structures including pearl necklace-like [Fig.
5.20 (d) and Fig. 5.21 (c¢)], honeycomb-like [Fig. 5.20 (b)], ladder-like [Fig. 5.21 (a)],
lamellae [Fig. 5.20 (c)], etc. The sizes of pores were 2-10 um in diameter, much smaller than
those of emulsion-templated pores. Meanwhile, the polymer beads in the pearl necklace-like
structures, formed due to a nucleation and growth mechanism®****-*° during freeze-drying,
were a few hundred nanometers [Fig. 5.20 (d)] or 1~2 pm [Fig. 5.21 (c)] in diameter. The
formation of various morphologies during phase separation was reported to be concentration

66,590,603,604,615 . . . . ..
SIEPEPTERY We believe this can also explain the various morphologies in our

dependent.
case, since dextran-co-polyNIPAAm floated in water during the test and the polymer

concentration (C,) was indeed spatially inhomogeneous prior to phase separation (freezing).

5.4 Summary

Poly(NIPAAm-co-AA) microgel particles stabilised o/w HIPEs were successfully used to
fabricate macroporous dextran and dextran-co-polyNIPAAm. The pH of the aqueous phase
was found crucial to the HIPE stability and pH 6.8 resulted in stable HIPEs without
coalescence and pore structures with narrow pore size distribution after the freezing and
freeze-drying process. Using dextran as the building material of macroporous structures, it
was further found that thermostating HIPEs above the theta temperature of dextran prior to
freezing did affect the pore interconnectivity of the resultant solid HIPEs as well as
microstructures of the pore walls. Also, the pore interconnectivity was found to be increased
upon reducing the dextran concentration from 20 w/v % to 8 w/v %. In the case of
macroporous dextran-co-polyNIPAAm, phase-separated polyNIPAAm segments were found
capable of keeping the material from dissolving in water at physiological temperatures.
Combining the stimuli-responsiveness of microgel particles, macroporous dextran-co-

polyNIPAAm could potentially be used as a multiply responsive scaffold.
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Chapter 6 Conclusions and perspectives for future work

6.1 Conclusions

In the field of tissue engineering scaffolds, there is growing interest in the manufacture of
complex multifunctional scaffolds designed to mimic the native extracellular matrix (ECM).
By using emulsion templating to fabricate scaffolds, the work described in this thesis has
gone some way towards this goal. We demonstrated the advantages of using poly(NIPAAm-
co-AA) microgel particles as emulsifiers instead of the surfactants used for the preparation of
conventional polyHIPEs.

By using dynamic light scattering, the sensitivity of poly(NIPAAm-co-AA) microgel
particles to pH, temperature and KCIl concentration was characterised. With this stimuli-
responsive emulsifier, polyHIPEs with hydrophobic surfaces and polyHIPEs with hydrophilic
surfaces have been both obtained by polymerisation of w/o HIPEs (DVB as the monomer)
and o/w HIPEs (KAA as the monomer), respectively. Moreover, both polyHIPEs exhibited
pore sizes of a few hundred micrometers, within the required range of pore size for bone
tissue engineering scaffolds.

When using DVB as the oil phase, microgel suspensions of different pH were
investigated in order to obtain w/o HIPEs. At pH 5, swollen-state microgel particles were so
hydrophilic that only o/w emulsions were produced regardless of phase volume ratio or
particle concentration. It was found that shrunken microgel particles at this pH were not
suitable to stabilise emulsions. At pH 2.5 or pH 3, o/w emulsions were obtained below 32 °C
while phase separation occurred above 32 °C due to particle aggregation. At pH 4, however,
microgel particles in the shrunken state (>VPTT) resulted in the desired w/o emulsions (60
vol % internal phase) and HIPEs (80 vol % internal phase). Using photo-polymerisation at 40
°C, poly(DVB) Pickering-HIPEs with closed-pore morphology were then obtained.
Investigation into the stabilisation mechanism suggested that the charges of microgel
particles were crucial for the formation of stable particle layers at the water-oil interface.

For microgel particles stabilised o/w HIPEs with KAA dissolved in the aqueous phase,
the HIPE stability against coalescence was found to be dependent on the KAA concentration

and temperature while the stability against creaming was closely related to the stirring speed
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used to produce the HIPEs since increasing the stirring speed reduced the size of emulsion
droplets. To polymerise the o/w HIPEs, a crosslinker of high water solubility and reactivity,
e.g. N, N’-methylenebisacrylamide (BIS), was preferred and photo initiation was found to be
more convenient and efficient than initiation using the redox pair of APS/TMEDA. Although
closed-pore morphologies were reported for most poly(Pickering HIPEs) in the literature, a
systematic investigation into poly(KAA) Pickering-HIPEs here showed that open porous
morphologies were attainable and that reducing the crosslinker content (BIS/KAA, mol/mol)
strongly promoted the formation of pore throats. The critical BIS content was found to be 3.2
mol % for poly(KAA) Pickering-HIPEs prepared at a low stirring speed (400 rpm). For any
BIS content lower than this, open pores became predominant. Other measures, such as
increasing the stirring speed or the internal phase volume ratio and reducing the KAA
concentration, would noticeably benefit the formation of pore throats only when the BIS
content was sufficiently low (< 10 mol %). This vital role that BIS content played in pore-
throat formation was also verified in poly(KMAA) Pickering-HIPEs. Via cryo-SEM, the
driving force for pore throat formation was found to be non-solvent induced phase separation.

BET surface areas of poly(KAA) Pickering-HIPEs were below 2 m”/g, although an
increase was observed upon further removal of moisture. Skeleton densities of poly(KAA)
Pickering-HIPEs measured by mercury intrusion porosimetry (MIP) were mostly below 1.0
g.cm™ and were even lower for those with closed-pore morphology. Alternatively, polymer
blocks prepared by polymerising aqueous solutions with identical compositions to the
aqueous phase of the corresponding o/w HIPEs and purifying in the same way as polyHIPEs
were used in an indirect method. The measured densities of these polymer blocks, 1.19~1.35
g.cm”, were taken as the skeleton densities of poly(KAA) Pickering-HIPEs and were close to
that of the reported PAA or poly(KAA). This indirect method also revealed that the porosity
of the interior of poly(KAA) Pickering-HIPEs were as high as 97~98%.

By dispersing silica or Bioglass® into the aqueous phase of o/w HIPEs, poly(KAA)
Pickering-HIPE composites were prepared without compromising the emulsion stability. The
dispersion of silica within the composites was obviously improved when using a higher
stirring speed (1000 rpm) during emulsification. A composite with 10 wt % nominal loading
of silica exhibited a swelling ratio in SBF up to over 6000 wt %. In contrast to an unaffected
polyHIPE morphology by silica, covered pore throats were sporadically observed within the
poly(KAA)/Bioglass® Pickering-HIPE composites, probably due to dissolution of Bioglass®

into the aqueous phase during emulsification.
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Macroporous scaffolds loaded with active ingredients (A.l.) were also developed. This
was achieved by using R6G dye- or paracetamol drug-loaded microgels as the emulsifiers of
o/w HIPEs. It was found that the emulsifying ability of A.l. loaded microgels was closely
related to the microgel-A.lL. interaction. With an equivalent emulsifying ability to microgels,
paracetamol-loaded microgel particles resulted in stable HIPEs at either low or high stirring
speed and hence polyHIPEs of tunable morphologies.

Finally, microgels stabilised o/w HIPEs were successfully used to fabricate macroporous
dextran and dextran-co-polyNIPAAm. The pH of the aqueous phase was found crucial to the
HIPE stability and pH 6.8 resulted in stable HIPEs without coalescence and pore structures
with narrow pore size distribution after the freezing and freeze-drying process. By
thermostating HIPEs prior to freezing or by varying the dextran concentration, the pore
structures of macroporous dextran were tunable. Macroporous dextran-co-polyNIPAAm
could be potentially used as a multiply responsive scaffold. Besides the stimuli-
responsiveness provided by microgel particles, polyNIPAAm segments of the copolymers

enabled scaffold integrity in water due to phase separation at physiological temperature.

6.2 Perspectives for future work

Based on the investigation of poly(DVB) Pickering-HIPEs, there are two aspects in
particular into which further research could be worthwhile. One possibility is to map out the
charge density range of shrunken poly(NIPAAm-co-AA) microgel particles, at which stable
microgel particle layers form at the interface and hence allow w/o HIPEs to be obtained. This
study can start with pH 4, 1 mM KCI and 40 °C. Another area is to prepare open porous
poly(Pickering HIPEs) by tuning the crosslinking density, the diluent and the solvents for
extraction. DVB should be replaced by oil-soluble monomers that can turn into a rigid,
biocompatible and biodegradable matrix for bone tissue engineering. A good example is the
macromer of poly(propylene fumarate) (PPF), which has been investigated in conventional
polyHIPEs.®%*18

For microgel-stabilised o/w HIPE templates, further efforts are required in order to make
use of the resultant polyHIPEs for bone cell growth: (i) to characterise and tune the
mechanical properties of polyHIPEs in the wet state, i.e. macroporous hydrogels; (ii) to
create biodegradable scaffolds; (iii) to carry out cell tests. Since poly(KAA) Pickering-HIPEs

prepared using 80 vol % internal phase could have a porosity of up to 97%, reducing the
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internal phase volume ratio would be a sensible measure to obtain higher mechanical strength.
Meanwhile, copolymerising with another monomer is a feasible way to modify the
hydrophobicity and mechanical properties of polyHIPEs. Alternatively, it is worth trying
water-soluble monomers that may lead to rigid polyHIPEs. Poly(KAA) and poly(KMAA) are
not biodegradable but using a biodegradable crosslinker, such as 2-hydroxyethyl

616

methacrylate modified poly(L-glutamic acid),” > would enable the scaffolds to biodegrade.

Consideration of the osteoblast-polyHIPE scaffold interactions as investigated by Akay et
al."**" would be important during cell tests on macroporous hydrogels.
Fluorescence microscopy would be very useful to characterise dye-loaded microgel

. . . . 576 s 381,617
particles either in the aqueous solution™"” or at the water-oil interface.™ "

The drug delivery
functionality of poly(Pickering HIPEs) needs to be further quantified. Specifically, drug
uptake/release measurements need to be made on both the microgel particles and the polymer
matrix of polyHIPEs. Currently, the drug-microgel interactions are of a physical nature.
However, the interactions could be extended to covalent ones, depending on the need of
delivery. Moreover, bioactive molecules such as bone morphogenetic proteins (BMPs) and
vascular endothelial growth factor (VEGF) are candidate molecules to deliver in any future
study. In addition, since photo-initiation was used for both the w/o and the o/w templates, an

attractive study could be to fabricate scaffolds in an injectable manner, especially for non-

load-bearing bone sites.
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Chapter 7 Experimental

7.1 Materials

Reagents and solvents were obtained from commercial sources and used as received,
unless otherwise stated.

N-isopropylacrylamide (NIPAAm, 97%), acrylic acid (AA, >99.0%), N, N'-
methylenebisacrylamide (BIS, >99.5%), ammonium persulphate (APS, >98%), Sodium
dodecylbenzene sulfonate (NaDBS, technical grade), Amberlyst 15, sodium sulphide,
divinylbenzene (DVB, 80%), styrene (>99%), «, o’-azoisobutyronitrile (AIBN, >98.0%),
CaCl,.2H,0 (=99%), di(ethyleneglycol) divinyl ether (DEGDVE, 99%), 1,5-hexadiene-3.4-
diol (97%), Irgacure 2959 (98%), HCIl in methanol solution (~1.25 M), N, N, N’, N’-
tetramethylethylenediamine (TMEDA, 99%), p-xylene (=99%), dextran (Mr, 6,000), dextran
(Mr, 40,000), Rhodamine 6G, dopamine. HCI, acetaminophen (or paracetamol) (>99.0%),
naproxen (98%), Tris (>99.9%), potassium phosphate monobasic ((>99.0%), and potassium
phosphate dibasic (K,HPO4) were purchased from Sigma-Aldrich Co. Ltd. (Gillingham, UK).
K,oHPO4 (>99%) from Fisher Scientific (Loughborough, UK) was also used.

Sodium dodecylbenzene sulfonate (NaDBS, 80% active constituent with sodium sulphate
as the remainder), hydrochloric acid (35.4% or 37%, 1.18 g/cm3), sulfuric acid (98%, 1.84
g/em’), nitric acid (69%, 1.42 g/em?®), NaH,PO4.H,0 (99.0%-102.0%), sodium hydroxide
(>99.0%), potassium hydroxide (86.0%), NaCl (99.5%), NaHCO; (99.9%), MgCl,.6H,O
(100.7%), CaCl, (95.3%), NaySO4 (101%), and potassium chloride (>99.5%) were all
obtained from BDH Laboratory Supplies. Methacrylic acid (99.0%) was from Avocado
Research Chemicals Ltd. (Lancashire, UK). Cerium (IV) ammonium nitrate (>99%) was
purchased from Acros (Thermo Fisher Scientific Ltd., Loughborough, UK). Deuterium oxide
(>99.92% D) was obtained from Apollo Scientific Ltd. (Stockport, UK).

Silica particles were kindly provided by Ortwin Rave Produkte and Dienstleistungen
(Koblenz, Germany); Bioglass® (4585, mean particle size < 5 um) was a kind gift from
Schott Glass (Mainz, Germany) and has a composition of 45% SiO,, 24.5% Na,O, 24.5%
Ca0, and 6% P,0s (wt %), as the same as that of the first bioactive glass reported in 1971°*,
Hypermer 2296 was kindly supplied by UNIQEMA (Wirral, UK).
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Distilled water was obtained from a Merit Water Still W4000 & W4000/Euro (Bibby
Sterlin Ltd., Bargoed, UK). Amberlyst 15 was activated by using an aqueous HCI solution
[5% (w/v)] at a volume ratio of 555 ml HCI solution/100 ml moist resin and was rinsed with
distilled water in a column to neutral pH before use. DVB and styrene were purified through
an aluminum oxide (active neutral, Merck, Germany) column to remove the inhibitors before

use.

7.2 Synthesis and purification of poly(NIPAAm-co-AA) microgel particles

NIPAAmM AA

H
/W N\( /\[(OH
o o)
+ __APS L oly(NIPAAM-co-AA)

H H NaDBS, N,
/WNVNY\

(@] (0]
BIS

Fig. 7.1 Synthesis of poly(NIPAAm-co-AA) microgel particles

Poly(NIPAAm-co-AA) microgel particles (GP) were synthesised using a slightly

modified protocol as described in the literature.”’**’

The free radical polymerisation was
carried out in aqueous medium containing surfactant NaDBS (Fig. 7.1) and two feed ratios
(molar) of NIPAAm, BIS and AA were used in this thesis, 94:1:5 (GP1) and 93:2:5 (GP2).
To synthesise GP1 (batch 1 of GP), NIPAAm (6.38 g, 54.7 mmol) and BIS (0.093 g, 0.60
mmol) were mixed with 150 ml of an aqueous NaDBS solution (0.01 M) in a 250 ml three-
necked round-bottom flask equipped with a condenser and a stirrer bar. AA (0.21 ml, 3.0
mmol) was then injected into the mixture. The monomer solution was made oxygen free by
bubbling nitrogen at a speed of 2-3 bubbles per second through the reaction mixture for 30
min, and then above the solution surface for another 1 h. The polymerization was initiated by
adding 0.5 ml of APS solution [7.5% (w/w)], which had been purged by bubbling N, in the
same way as applied to the reaction mixture. The reaction lasted for 2 h at 60 °C with a
stirring speed of 200 rpm, and then was terminated by introducing air into the flask. The gel
particle suspension was purified by using dialysis (MWCO 12,000-14,000, Medicell
International Ltd., UK) and an ionic exchange process and finally lyophilized for 2-3 days
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using a Christ Alpha 1-2 LD Freeze drier. In synthesis of GP2, same procedures were
followed except that NIPAAm (6.31 g, 54.1 mmol), BIS (0.185 g, 1.19 mmol) and AA (0.21
ml, 3.0 mmol) were used.

Six batches of GP1 were prepared and employed in this thesis labeled as GP1-1 to GP1-6.
Particle size measurements were used to characterise microgel particles (Section 7.3).

The purification procedures of microgel particles were compared among GP1-1, GP1-2,
GP1-3 and GP1-4. Four factors involved in the procedure are coded as follows: (1) treatment
of dialysis tubing, either simply washing with water (D) or following a three-step
procedure™® involving treatment with sodium sulfide and sulfuric acid (DT); (2) dialysis
temperature, room temperature (20) or 60 °C (60); (3) dialysis type, either alkaline dialysis
(OH) or acidic dialysis (H); (4) exchange resin, whether apply (EX) or not. For example,
GP1-1 was purified with procedure D20-OH-EX.

GP1-5, GP1-6 and GP2 were purified with simplified procedures. The dialysis tubing
was only washed with running water and distilled water before use and dialysis was carried
out at 60 °C against distilled water. Also, conductivity of the aqueous media was measured
with a Hanna portable conductivity meter (HI 8733N, Fisher, UK). Dialysis was stopped
once conductivity of the dialysis media showed no significant difference from that of distilled

water at 60 °C (3-5 uS).

7.3 Analytical techniques and characterisation methods

NMR Spectroscopy 'H NMR (400 MHz, D,0) spectra were recorded on a Bruker
DRX400 spectrometer at RT and processed with MestRe-C software (version 4.7.0.0.) using
reference peak of HDO at 4.79 ppm.

Particle size measurement Hydrodynamic diameters (D) or particle sizes of the gel
particles were measured in suspensions with predetermined concentrations of KCI
(background electrolyte), particle concentrations and pH values based on dynamic light
scattering (DLS). Gel particles were first weighed in a 50 ml plastic tube (Bibby Sterilin Ltd.,
UK). Then the required volume of KCI solution was calculated according to the target
composition, measured from a stock solution with a 10 ml glass pipette (= 0.1 ml) and
transferred to the tube, which was then sealed with screw cap and manually shaken at a
frequency of 3-5 per second for about 1 min. The volume of gel suspension in one tube was

normally controlled below 25 ml. Overnight or at least a few hours’ rest was necessary before
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the air bubbles produced in the tube gradually disappeared. The pH value was adjusted
subsequently by using HCI solutions (pH 1 and pH 3) and KOH solutions (pH 12 and pH 13)
and measured at RT with a Jenway Model 4330 Conductivity/ pH meter (Dunmow, UK) or
an Euteck CyberScan PH11 pH/mV/C meter (Fisher, UK). Microgel suspensions prepared in
other electrolyte solutions are specified elsewhere (Section 7.4.6). About 4 ml of the gel
suspensions were pipetted or syringed into a disposable plastic cuvette, capped with a plastic
lid and used for the particle size measurements, which were carried out using a Zeta PALS
Zeta Potential Analyzer (Brookhaven Instruments Corporation, Worcestershire, UK) with a
35 mW diode laser at a scattering angle of 90° and using a Brookhaven Instruments Particle
Sizing Software (9kpsdw32. exe ver. 3.81). The temperature of a tested gel suspension
ranging from 10 °C to 70 °C was varied in situ via the instrument control. Each measurement
result was obtained by using at least 5 runs and expressed in the form of mean + standard
error.

Optical microscopy Analysis was carried out on an optical microscope (BXS5IM
microscope, Olympus UK LTD, Watford) equipped with an Olympus DP70 Digital
Microscope Camera (12.5 mega pixels). For emulsion samples, a few emulsion drops were
pipetted and placed on a cavity slide (76x26x1.35 mm, 1 cavity, ¢ 15-18mm, depth 0.6-0.8
mm, VWR, UK) and then sealed with a piece of cover glass before observation.

Photographs Four cameras were employed to take photographic images in this thesis: (1)
a Nokia 6300 cell phone camera (2 mega pixels); (2) a Nokia N86 cell phone camera (8 mega
pixels) (3) a Canon PowerShot A570 IS camera (7 mega pixels); (4) a Nikon D60 camera (10
mega pixels).

Scanning Electron Microscopy (SEM) Morphologies of polymerised products after
purification and drying were characterised with three different instruments at RT in this thesis:
(1) a JEOL JSM-5300 Scanning Electron Microscope (SEM) together with an Agar Auto
Sputter Coater; (2) a JEOL JSM 5000 SEM together with an EMITECK K550 Sputter Coater;
(3) a Hitachi S-3400N SEM performed either under variable pressure mode using an
environmental secondary electron detector (ESED) for uncoated specimens or under normal
SEM mode for specimens coated by an Agar Auto Sputter Coater. Porous structures were
analyzed using Image-Pro® Plus (version 6.00.260, Media Cybernetics Inc.) where necessary.

Energy-dispersive X-ray spectroscopy (EDX) was carried out using a Hitachi S-3400N
SEM fitted with an Oxford Instruments INCA 350 with X-act liquid nitrogen free detector
and using software INCA suite version 4.11 (Oxford Instruments Analytical Limited, UK).
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Cryo-SEM was carried out using a Hitachi S-3400N SEM equipped with an Alto 2100
Prep-Chamber (Gatan UK) as shown in Fig. 7.2. Detailed descriptions of the instrument and

operations can be referred to the handbook.’®

A brief introduction of the process is given
here (Fig. 7.3). In specimen mounting, a small sample piece was cut out of the bulk sample
using a surgical scalpel (Swann-Moiton®, UK) and bound onto a copper stage with grove
using glue named as Tissue-Tek® O.C.T™ compound (Sakuara Finetek Europe). The copper
stage was subsequently connected to the transfer rod of vacuum transfer device (VTC) before
slushing with LN,. Sublimation of specimen after fracturing was to remove surface solvent
and achieved by increasing the temperature of Gatan SEM Cold Stage Module in the SEM
chamber. The vapors were condensed onto an Anti-contaminator, which was set at a
temperature 10 °C lower than the cold stage. Keypad [Fig. 7.2 (B)] was the control panel for
cryo-preparation. SEM chamber was maintained at low temperature via cold N, gas supplied
by (D) while the preparation chamber was cooled via LN, filled from (A)-4. Sublimation
conditions used in the investigations of pore throat formation in poly(KAA) Pickering-HIPEs
were varied (Table 7.10).

Fig. 7.2 Set-up for cyro-SEM: (A) Preparation chamber (1-Vacuum transfer device (VTD), 2-
Pump assembly box, 3-Optical microscope, 4-Liquid N, filling port, 5-Sputter coater, 6-
Fracture knife, 7-Ball valve assembly); (B) Keypad; (C) Slushing station; (D) Liquid N,
bucket; (E) SEM chamber.
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Specimen .| Slushing | | Loading into Fracturi _ | Sublimation in
mounting | inLN, "| Prep-chamber racturing ™ SEM chamber

A 4

Imaging in | Specimen
| SEM chamber | | removal

—| Sputtering

Fig. 7.3 Schematic process of a cryo-SEM experiment

Porosities of rigid polyHIPEs139’142 Skeleton densities (Pskeleton) Were measured with an
AccuPyc1330 helium pycnometer (Micrometrics Ltd, Danstable, UK) using sample powders
that can cover about half of the cell volume (12.0 ml). Envelope densities (penvelope) Were
measured on a GeoPyc1360 Envelope Density Analyzer (Micrometrics Ltd, Danstable, UK)
using Micromeritics DryFlo™ as the displacement medium. And porosity can be calculated

according to Equation (7.1)

Porosity= (1= 000 S 100% ..o (7.1)

skeleton

Surface areas by gas adsorption®'® The nitrogen adsorption-desorption isotherms were
obtained with a Micromeritics Tristar Surface Area and Porosity Analyzer at 77 K and using
software Tristar 3000 v6.07. Prior to test, sample pieces of polyHIPEs were placed in a 3/8-
inch bulb sample cell and degassed using a Micromeritics FlowPrep 060 Sample Degas
System with helium flow at a rate of about 2 ml/min. Samples of poly(St/DVB) HIPEs
(0.2018 g) was degassed at 100 °C for 12 h while poly(KAA) Pickering-HIPEs (20-100 mg)
were degassed at 60 °C for various durations (Table 7.11). Surface areas were determined
according to the Brunauer-Emmett-Teller (BET) method.®'"62

Mercury Intrusion Porosimetry (MIP)°'®

Porosity measurements of poly(KAA)
Pickering-HIPEs were performed using a Micromeritics AutoPore IV 9500 mercury intrusion
porosimeter at both low pressure (0-345 kPa) and high pressure (up to 228 MPa) and using
software Autopore IV9500 v. 1.09. The penetrometer used has a capillary stem volume of
1.10 ml and a total volume of 3.99 ml. Calculations were based on the Washburn Equation®*’
applying the physical properties of mercury: surface tension of 485.00 dyn/cm; density of
13.53 g/ml; contact angle of 130°. Sample pieces of size less than 0.5 mm in either dimension

were cut out of the bulk piece in an inflatable glove chamber (Glove Bag™, Glas-Col®,

Model X17-17, Indiana, US) filled with dry N, gas.
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Liquid displacement Porosities of poly(KAA) Pickering-HIPEs were also assessed using

220,521-524 220,524

liquid displacement with hexane or p-xylene®® as the displacement liquid. A
sample piece of known weight (Wqry) was first immersed into the liquid and then removed
when the volume of liquid became stable. 3 volumes, Vi, V, and V3 were recorded and used
for the calculation of foam density, skeleton density and porosity with Equation (7.2), (7.3)
and (7.4). V; is the volume of liquid without sample; V; is the stable volume recorded after
sample is immersed into the liquid for long enough; V3 is the volume of remaining liquid
recorded after the wet sample is taken out. Sample pieces of suitable size were cut out of the

bulk materials in acetone and dried under vacuum before test.

dry
e, 7.2
pfoam V2 _ I/3 ( )
_ War (7.3)
Pseleton P
Porosity=—1—2X100%.......c.eeveiriririiiianainnnnns, (7.4)
27 "3

Thermal Analysis Thermal gravimetric analysis (TGA) was carried out using a Q500
Thermalgravimetric Analyzer and software TGA Q500 v6.7 Build 203 (TA Instruments).
Sample pieces were placed in a platinum sample pan and tested in either air or N, atmosphere.
Differential scanning calorimetry (DSC) was performed with a DSC Q2000 Differential
Scanning Calorimeter and software DSC Q2000 v24.4 Build 116 (TA Instruments) using pan
(Tzero Pan 901683.901) and pan lid (Tzero Hermetic Lid 901684.901). TGA and DSC data
were analyzed using Universal V4.7A (TA Instruments).

UV-vis spectroscopy All spectra were collected using a Perkin-Elmer Lamda 25 UV/Vis
spectrophotometer over the range of 200-500 nm with 1 nm resolution at 20+£2 °C. 1 cm path
length quartz cuvettes were re-used during the tests by washing with distilled water and
acetone in sequence and drying with N, flow. Background correction was performed using
phosphate buffer (10 mM, pH 6.5) at both positions. Five tests were performed for each

sample.
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7.4 Preparation and characterisation of emulsions, HIPEs and polyHIPEs

7.4.1 Preparation of poly(styrene/DVB) HIPEs using surfactants as the emulsifier

HIPEs were prepared using an assembled mechanical stirrer [Fig. 7.4 (a)], which consists
of a mechanical overhead stirrer (IKA, RW 20 Digital), a reaction vessel (Soham Scientific,
Fordham, UK), an anchor-shaped glass paddle (Soham Scientific, Fordham, UK), a stirrer
bearing (Sigma-Aldrich, UK) and a dropping funnel. The oil phase (20 vol %) containing
styrene (4 ml, 34.9 mmol), DVB (4 ml, 22.5 mmol), AIBN (0.105 g, 0.636 mmol) and
Hypermer2296 (2 ml) was first added into the vessel. KCI1 aqueous solution (40 ml, 0.068 M)
was then added dropwise into the oil mixture through a dropping funnel. Stirring speed was
kept at 400 rpm during the addition at RT. And finally the mixture was stirred at 2000 rpm
for another 5 min. HIPEs were obtained and transferred into a 50 ml plastic tube, sealed with
a screw cap and placed into an oven at 70 °C for 1 d.

Afterwards, the polymerised products were removed from the tube and purified at RT by
soaking in distilled water for 25 h and methanol for 39 h sequentially. Drying was carried out
at 70 °C first in a convection oven for 6-7 h and then under vacuum until constant weight.
The morphology of resultant polyHIPEs was characterised by SEM (1). Surface area was
determined using a Micromeritics Tristar Surface Area and Porosity Analyzer. Densities and
porosities were determined using an AccuPyc1330 helium pycnometer and a GeoPyc1360

Envelope Density Analyzer.

(d)
Fig. 7.4 Apparatus used in emulsion preparation: (a) assembled mechanical stirrer; (b) flask
shaker; (c) ultrasonic nozzle; (d) rotor-stator homogenizer.
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7.4.2 Microgel particles stabilised emulsions using DVB as the oil phase

7.4.2.1 Emulsions prepared using microgel suspensions at pH 5

Chapter 7

A POLYTRON PT 1600 E homogenizer with 1 cm head [Fig. 7.4 (d)] was used for

emulsification. Microgel suspension and DVB with determined volumes (Table 7.1) were put

into a 50 ml plastic tube in sequence without mixing. For RT as the preparation temperature,

homogenisation was carried out at 15, 000 rpm for 150 s with an interval of 1-2 min every 30

s. In the case where an elevated preparation temperature was used, the plastic tube containing

microgel suspension and DVB was thermostatted to the temperature using an oil bath prior to

homogenisation. For comparison, No.1~No.5 were also prepared by manually shaking the

plastic tube at a frequency of 3-5 per second for about 30 s at RT. Photos of the samples were

taken with camera (1).

Table 7.1 Preparation of emulsions using DVB and microgel aqueous suspension of pH 5

No. | Preparation Microgel suspension DVB volume
temperature Composition pH Volume /ml | /ml
1 RT 0.2 wt % in 1 mM KCl solution | 5 2 8
2 RT 0.2 wt % in 1 mM KCl solution | 5 4 6
3 RT 0.2 wt % in 1 mM KCl solution | 5 5 5
4 RT 0.2 wt % in 1 mM KCl solution | 5 6 4
5 RT 0.2 wt % in 1 mM KCl solution | 5 8 2
6 RT 0.02 wt % in 1 mM KCl solution | 5 6 4
7 RT 0.1 wt % in 1 mM KCl solution | 5 6 4
8 RT 0.4 wt % in 1 mM KCl solution | 5 6 4
9 40 °C 0.2 wt % in 1 mM KCl solution | 5 8 2
10 | 50°C 0.2 wt % in 1 mM KCl solution | 5 8 2
11 | 65°C 0.2 wt % in 1 mM KCl solution | 5 8 2

For No.1~No.8, emulsion type and stability were recorded at t; = 20 min and t,= 20 h

after preparation and optical microscopic analysis were carried out after the emulsion

volumes became constant. Afterwards, AIBN (1.25 mol % relative to DVB) was mixed into

No.2~No.8 through homogenizing for 1 min at RT. Then the plastic tubes were sealed and

229




Chapter 7

placed into an oven at 70 °C for 24-40 h. Polymerized products were removed from the
plastic tubes, purified at RT with water and methanol and finally dried before characterized
with SEM (1). The stability of emulsions prepared at 40 °C, 50 °C and 65 °C (No.9~No.11)

was observed at RT after they were transferred into volumetric cylinders (10+£0.1 ml).

7.4.2.2 Emulsions prepared using microgel suspensions at pH 2.5, 3 and 4

Using the established homogenising conditions (Section 7.4.2.1), different preparation
temperatures were investigated for the emulsification of microgel suspensions of pH 3 and 40
vol % DVB (Table 7.2). AIBN (46.1 mg, 28.1 mmol) was dissolved into DVB (4 ml, 22.5
mmol) in a 50 ml plastic tube before 6 ml microgel suspension was added. The temperatures
before and after homogenising and the sample states were recorded. Samples were then
sealed and put into a 70 °C oven for 24 h. The polymerised products were purified and dried

using the same procedures as described in Section 7.4.2.1 and finally characterised with SEM

2).

Table 7.2 Emulsification of DVB and microgel suspension of pH 3 at different temperatures

No. | Tpreparation /°C Microgel suspension DVB volume
* | Start | End Composition pH | Volume /ml | /ml

1 185 |22 0.4 wt % in 1 mM KCl solution | 3 6 4

2 22 34 0.4 wt % in 1 mM KCl solution | 3 6 4

3 34 34 0.4 wt % in 1 mM KCl solution | 3 6 4

*Water baths of 18.5 °C and 34 °C were used in No.l and No.3, respectively; no temperature control measure
was used in No.2.

Particle sizes were measured using microgel suspensions (0.4 wt % and 0.6 wt) in 1 mM
KClI solutions of pH 2.5, 3 and 4. Emulsions were prepared using DVB and microgel
suspension of pH 2.5, 3 and 4 at different preparation temperatures (Tpreparation). The obtained
emulsions were transferred into graduated glass tubes (20 ml), sealed and placed in water
baths with controlled temperatures (Tageing) for stability observation (Table 7.3). Stability was
recorded by observing the volume change of the emulsions over time. Optical microscopic

samples were prepared using cavity slides at different time points during the ageing process.
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Table 7.3 Stability study on microgel particles stabilised emulsions containing DVB

No. Emulsion composition Temperatures”
Microgel suspension™ DVB | Tpreparation | Temulsions Tageing
Concentration | pH Volume /ml | /ml /°C /°C /°C
1 0.4 wt % 3 6 4 16 22.5 24-26
2 0.4 wt % 3 6 4 15 21 31.5-32.0
3 0.4 wt % 3 6 4 15 21.5 37
4 0.4 wt % 2.5 6 4 15 21 25.0-25.5
5 0.4 wt % 2.5 6 4 16 24 31-32
6 0.4 wt % 4 6 4 50 - 50
7 0.4 wt % 4 6 4 37-38 - 50
8 0.4 wt % 4 6 4 15 21 50
9 0.4 wt % 4 6 4 16 22 25
10 | 0.8 wt% 4 6 4 15 21 25-25.5
11 | 0.8 wt% 4 6 4 15 24 50

*Microgel suspensions were all prepared in 1 mM KCI solution. #Tprepmmn: temperature of the water bath before
homogenising; Temusions: temperature of the emulsions after homogenisation; Tygeing: temperature of the water
bath used for stability (ageing) study.

7.4.2.3 Polymerisation of microgel particles stabilised water-in-DVB HIPEs

The preparation of microgel particles stabilised water-in-DVB HIPEs and poly(DVB)
Pickering-HIPEs was carried out using 80 vol % DVB and microgel suspensions (0.4 wt % in
1 mM KCI solution) of pH 4. Initially, emulsification was carried out using a rotor-stator
homoginizer at the speed of 15,000 rpm for 2.5 min. After microgel suspension (8 ml) and
DVB (2 ml, 11.2 mmol) containing AIBN (23.1 mg, 0.141 mmol) were put into a plastic tube
(50 ml) and thermostatted at 37 °C water for 6 min, homogenising was applied using a
procedure of (1.5 min on— 2 min off— 0.5 min on— 2 min off— 0.5 min on— 2 min ofY).
The sample was then sealed and placed in an oven at 70 °C for polymerisation. The
polymerised product was purified at RT by soaking into water and methanol for 1 d,
respectively, and finally dried at 60 °C.

Alternatively, HIPEs were prepared using assembled mechanical stirrer [Fig. 7.2 (a)].
DVB (5 ml, 28.1 mmol) containing AIBN (57.6 mg, 0.351 mmol) was put into the reaction

vessel and thermostatted using a 45 °C water bath. Microgel suspension (20 ml) was added
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either through a dropping funnel in one route or through a modified column in condenser (Fig.
7.5) in another route. The difference between the two apparatuses was that temperature of the
microgel suspension could be controlled in the latter case. When dropping funnel was used
for addition of the microgel suspension into DVB (1 drop/ 3 s), stirring speed was kept at 400
rpm. The resultant emulsions were divided into two parts, which were polymerised either at
70 °C for 24 h or at 50 °C for 3 d. The polymerised products were purified at RT by soaking
into water and methanol for 1 d, respectively, and finally dried at 60 °C. When using the
modified column in condenser for addition of microgel suspension, water (40 °C) was
circulated through the condenser to warm up the suspension inside the column. Microgel
suspension (20 ml) was added (1 drop/ 3 s) into the reaction vessel (thermostatted at 40 °C)
while stirring was kept at 400 rpm. After the addition was finished, stirring was continued at
400 rpm for extra 30 min before increased to a higher speed, such as 600, 800 and 1000 rpm
for 10 min. The obtained emulsions were quickly transferred into a glass vial (ext. diameter,
25 mm), capped and placed into a water bath (40 °C) in front of a UV lamp (365 nm, 100W,
UVP B-100 AP, Blak—Ray®, UK) with the centre distance of 15.5 cm. The UV exposure was
stopped every 30 min to facilitate a 120° rotation of the glass vial. In total, UV light was used
about 1.5 h. Samples were left in the bath (40 °C) for 24 h in total. Polymerised samples were
purified through Soxhlet extraction with water for 24 h and with methanol for another 24 h
and finally dried at 60 °C under vacuum. Morphologies of all the resultant polymers were
characterized with SEM (2). Densities and porosities were determined using an AccuPyc1330

helium pycnometer and a GeoPyc1360 Envelope Density Analyzer.

Fig. 7.5 A modified column in condenser for the addition of microgel suspensions. The
apparatus was connected to the neck of the vessel lid. Microgel suspension in the column was
warmed up by circulated water in the condenser and added through the needle into the vessel
containing DVB.
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7.4.3 Poly(KAA) Pickering-HIPEs prepared from microgels stabilised o/w HIPEs
7.4.3.1 Selecting aqueous suspensions and organic solvents for HIPE preparation
Potassium acrylate (KAA) stock solution was prepared by neutralizing acrylic acid with

KOH solution (3.0 M). The concentration of leading KAA solution was calculated using the

following equation:

10004 ,V,,
MAA (VAA + VKOH)

KAA4

where daa is the density of AA, 1.051 g.cm'3; Maa is the molecular weight of AA, 72.06
g.mol'l; Vaa and Vion are the volumes of AA and KOH in ml. KAA concentration of
different batches is 2.56 + 0.07 M.

This stock solution was mix with distilled water at different volume ratios to make up a
series of 4 ml KAA solutions of different concentrations. Microgel suspensions (0.8 wt % in
1 mM KCI solution, 1 ml) were then mixed with the KAA solutions to make up the aqueous
mixtures (5.0 ml) for HIPE preparation. Photos of microgel particles in these solutions were
taken both at 25 °C and at 32 °C.

Above aqueous mixtures (5 ml) and selected oils (20 ml) were used for emulsion
preparation (Table 7.4). The emulsification was carried out using assembled mechanical
stirrer. In the cases where the one-speed stirring protocol was used, emulsion was stirred at
400 rpm for 30 min after addition of the oil was finished. For the two-speed stirring protocol,
addition of the oil was carried out at the low speed; stirring was continued at this low speed
for another 25~40 min after addition of oil; stirring at the high speed (1000 or 2000 rpm) was
then uses for 5~10 min. The obtained emulsions were then transferred into a glass tube,
sealed with a PE cap and left either at RT or at the selected temperature (e.g., 30 °C) for
stability observation. Images of the samples were taken by camera (1). Particle size
measurements were carried out using microgel suspensions (1.6 mg/ml and 3.2 mg/ml) in
KAA solutions (0.82 M). Optical microscopic analysis was carried out on hexane-in-water

HIPEs (No.9 and 10 in Table 7.4) after the emulsion volumes became constant.
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Table 7.4 Emulsification of microgel suspension in KAA solutions with various oils

No. Microgel suspensions Oil Stirring Preparation
[KAA] | [Microgel] | Crosslinking degree protocol temperature
M /mgml” | of microgels /mol % /rpm oC

1 1.33 1.6 1 Toluene 400 RT

2 1.12 1.6 1 Toluene 400 RT

3 1.02 1.6 1 Toluene 400 RT

4 0.92 1.6 1 Toluene 400 RT

5 0.82 1.6 1 Toluene 400 RT

6 0.82 1.6 1 Toluene 400—1000 | RT

7 0.82 1.6 1 Toluene 400—2000 | RT

8 0.82 3.2 1 Toluene 400—1000 | RT

9 0.82 1.6 1 Hexane 426—1000 | RT

10 |0.82 1.6 1 Hexane 420—2000 | RT

11 |0.82 1.6 1 Hexane 430—1000 | 31~32

12 | 0.82 4.0 1 Hexane 420—1000 | RT

13 |0.82 1.6 2 Hexane 430—2000 | RT

14 |0.82 1.6 1 Cyclohexane | 415 RT

7.4.3.2 Selecting crosslinker and initiator for polymerisation of HIPEs containing KAA

Three crosslinkers including di(ethyleneglycol) divinyl ether (DEGDVE), N,N’-

isopropylacrylamide (BIS) and 1, 5-hexadiene-3, 4-diol as well as two initiating systems

including APS/TMEDA and photo-initiator Irgacure2959 (12959) were investigated. In the

study, 5 ml aqueous solutions containing KAA (0.85 M), microgels (1.6 mg/ml), crosslinker

and initiator were emulsified with 20 ml oil phase. The amount of crosslinker used was either

10 mol % or 20 mol % relative to KAA amount.

In the cases where APS and TMEDA were used for initiation, APS was mixed into the

aqueous phase (2 mol %, relative to the total amount of double bonds) prior to emulsification.

TMEDA was added during the stirring process, which was investigated together with the

crosslinkers and stirring protocol (Table 7.5).
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Table 7.5 Polymerisation of microgel-stabilised o/w HIPEs using redox initiation

No. Oil Crosslinker Stirring Adding After adding TMEDA
phase protocgl /rpm | TMEDA
%

1 Hexane | 20 mol % DEGDVE | 400—1000 0.05 ml, (Emulsification at 32 °C)
(10 min) -3 min Phase separated after adding.

2 Toluene | 20 mol % DEGDVE | 400—1000 (5 | 0.05 ml, ~12 ml oil out.
min) -3 min

3 Toluene | 20 mol % DEGDVE | 400—1000 (2 | 0.05 ml, 1.3 ml oil out; HIPEs can still flow
min) -5 min after left at 30 °C for >15 h.

4 Toluene | 10 mol % BIS 400 0.02 ml, Stable HIPEs obtained; polymerised

-3 min after left at 31 °C for 60 h (3.7 ml oil
out).

5 Hexane | 10 mol % BIS 400—1000 0.02 ml, Stable HIPEs obtained; phase separated
—400(3 min) | -3 min after left at 31 °C.

6 Toluene | 10 mol % BIS 400—1000 (8 | 0.02 ml, Phase separated, ~13.3 ml oil out.
min) -3 min

7 Toluene | 10 mol % BIS 400—1000— 0.02 ml, 0.55 ml oil out; HIPEs can flow after
245 (3 min) -3 min left at RT for 52 h; polymerised after

left at 31 °C, 3.7 ml more oil out.
8 Toluene | 10 mol % 1, 5-| 400 0.02 ml, Stable HIPEs obtained; still can flow
hexadiene-3, 4-diol -3 min after 40 h at 31 °C.
9 Toluene | 10 mol % 1, 5-| 400—1000— 0.02 ml, 0.8 ml oil out; phase separated after left
hexadiene-3, 4-diol | 240 (3 min) -3 min at 31 °C.

#Time in the bracket indicated duration of the stirring at that speed; * volume of TMEDA and the adding point calculated
from the end of stirring.

In the cases where photo-initiator 12959 was used, 12959 and BIS were dissolved into the
aqueous solution prior to emulsification with toluene using the one-speed stirring protocol
(400 rpm). The obtained HIPEs were transferred into a glass tube (external diameter: 25 mm),
sealed and put into a water bath in front of a UV lamp. The centre distance between UV lamp
and glass tube was fixed at 13.5 cm. The glass tube containing HIPEs was either manually or
continuously rotated during photo-polymerisation. For manual rotation, the glass tube was
rotated 120° every 10-15 min and the UV exposure hence followed a procedure of (15 min
on—15 min off>10 min on—15 min off>10 min on). For continuous rotation, the glass
tube was rotated at a speed of 50~70 rpm in the water bath using an overhead stirrer during
UV exposure (Fig. 7.6).

Polymerised samples were taken out of the glass tube by cracking the glass with a
diamond knife and purified using Soxhlet extraction with HCl in MeOH solution (0.8 M) for
1 d and extraction with acetone for 1 d in sequence. Finally, samples were dried under
vacuum. Morphologies of the obtained polyHIPEs were characterised using SEM (3). Particle
size measurements were carried out using microgel suspensions (1.6 mg/ml) in KAA

solutions (0.85 M) with and without BIS (10 mol %) and 12959 (2 mol %).
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Fig. 7.6 Set-up for UV-polymerisation of o/w HIPEs. The glass tube containing HIPEs was
rotated at a stirring speed of 50~70 rpm during UV exposure. A water bath was used to
maintain the sample temperature around room temperature.

For photo-polymerisation using the continuous rotation protocol, the UV exposure time

(tuv) and the standing duration before purification (ts.ng) Were investigated (Table 7.6). For

preparation of all the following polyHIPEs, argon was used to replace the air layer on top of

the HIPEs in the glass tube prior to UV exposure and an UV exposure time of 1 h was used.

Table 7.6 Preparation of poly(KAA) Pickering-HIPEs using various tyy and tsand

No. 1 2 3 4
RT, °C - 26 27 26.5
HIPE T water bath, °C - - 20 22.5
preparation Argon used X X X X
uv tuy, min 30 60 60 30
initiation T waterbath, °C | 25.5526.6 | 25.9528.0 | 21.85259 | 21.8—»23.4
tstand 3d 1d 5d 1d
Soxhlet HClin MeOH | 0.8 M,24h | 0.8 M,24h | 0.8 M,24h | 0.8 M, 24h
extraction Acetone 24 h 24 h 24 h 24 h
Vacuum drying 50 °C 50 °C 50 °C 50 °C
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The amount of 12959 necessary for photo-polymerisation of the o/w HIPEs was
investigated by using 2.0, 1.5, 1.0 and 0.5 mol % I12959. Photos were taken after
polymerisation. For preparation of all the following polyHIPEs, 2.0 mol % 12959 relative to

total amount of double bonds was used unless otherwise stated.

7.4.3.3 Tuning the morphologies of poly(KAA) Pickering-HIPEs

Effects of the Soxhlet extraction and drying process on morphologies of poly(KAA)
Pickering-HIPEs were investigated. The polyHIPEs were prepared using microgel suspension
(1.6 mg/ml) in KAA solution (0.85 M) containing 10 mol % BIS and 2 mol % 12959 together
with 80 vol % toluene. In contrast to the extraction and drying conditions stated in Table 7.6,
various other conditions (Table 7.7) were used. Besides the route of two-step extraction and
one-step drying sated in Table 7.6, three other routes were investigated (Fig. 7.7). In addition,
a hydrogel sample was made by mixing polyHIPE piece (26.6 mg, Table 7.6) with distilled
water (5.3103 g) in a round bottom flask and then frozen by LN, and freeze-dried.

Table 7.7 Various extraction and drying conditions for poly(KAA) Pickeirng-HIPEs

No. 1 2 3 4*
Soxhlet HClin MeOH | 0.15M,40h | 0.15M,40h | 0.15M,40h | 0.15M,26h
extraction Acetone 24 h 24 h 24 h 24 h
Drying 50 °C 70 °C 70 °C 60-70 °C

* A 1:1 (v/v) mixture of HCl in MeOH and distilled water was used instead of HCI in MeOH.

Vacuum oven | (a)

Eg(t:rla'ctiﬁ \g]‘flh COI:XZ;IUOH —>| Vacuumoven | (b)
in Me —

Vacuum oven (c)

Extraction —
with Acetone

Convection —
oven

Vacuum oven | (d)

Fig. 7.7 Four purification-drying routes for poly(KAA) Pickering-HIPEs (a) One-step
extraction and one-step drying; (b) one-step extraction and two-step drying; (c) two-step
extraction and one-step drying; (d) two-step extraction and two-step drying.

237



Chapter 7

For preparation of the following poly(KAA) Pickering-HIPEs, a purification-drying
procedure (Fig. 7.8) was used unless otherwise specified. Polymerised HIPEs were taken out
of the glass tube (Ext. diameter: 25 mm) by cracking the glass and then put into a thimble
(Ext. diameterxLength, 28mmx80mm) for the subsequent Soxhlet extraction. In some cases,
the polymerised HIPE sample was wrapped with a piece of toluene-wetted filter paper prior

to putting into the thimble.

Polymerized | | Soxhlet extraction with HCI | | Soxhlet extraction
HIPEs | in MeOH (0.15M) for 1d | | with acetone for 1 d

Vacuum drying
at 60-70 °C

Y

PolyHIPEs

Fig. 7.8 An established procedure for purification and drying of poly(KAA) Pickering-HIPEs

To tune the morphology of poly(KAA) Pickering-HIPEs, a series of parameters involved
in the preparation were varied (Table 7.8), including the internal phase volume ratio (i),
crosslinker content (relative to KAA amount), KAA amount, stirring speed and microgel
concentration. For HIPEs prepared using 2.5 mol % BIS (No.25 in Table 7.8), p-xylene was
used instead of toluene as the internal phase in some cases. The resultant HIPEs were photo-
polymerised and frozen in LN, and freeze-dried. When the one-speed stirring protocol was
used for HIPE preparation, stirring was kept at 400 rpm during addition of toluene and for
another 30 min after addition. For the two-speed stirring protocol, stirring was kept at 400
rpm during addition and for another 20 min after addition before finally increased to a higher
speed for 10 min. Energy-dispersive X-ray spectroscopy (EDX) was used for polyHIPE
elemental analysis during SEM observation.

To achieve a nominal ¢iy. of 92.5%, several attempts were made using 2.5 ml aqueous
solution and 31.5 ml toluene (Table 7.9). The aqueous solution contained 0.85 M KAA, 1.6
mg/ml microgels, 10 mol % BIS and 2 mol % 12959. The adding speed of toluene and the
stirring protocol were varied. The volume of expelled toluene was measured for calculation

of the actual djy..
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Table 7.8 Poly(KAA) HIPEs prepared using various compositions and stirring protocols

No. [KAA] [Microgel] | BIS content dint. Stirring protocol
M /mg.ml” /mol % /vol % | /rpm

1 0.85 1.6 10.0 80 One-speed (400)

2 0.85 1.6 10.0 85 One-speed (400)

3 0.85 1.6 10.0 90 One-speed (400)

4 0.85 1.6 7.5 80 One-speed (400)

5 0.85 1.6 5.0 80 One-speed (400)

6 0.85 1.6 4.0 80 One-speed (400)

7 0.85 1.6 3.8 80 One-speed (400)

8 0.85 1.6 3.6 80 One-speed (400)

9 0.85 1.6 34 80 One-speed (400)

10 0.85 1.6 3.2 80 One-speed (400)

11 0.85 1.6 2.5(16.5mg) |80 One-speed (400)

12 0.96 1.6 2.5(18.5mg) |80 One-speed (400)

13 0.75 1.6 5.0(28.8mg) | 80 One-speed (400)

14 0.85 1.6 50(329mg) |85 One-speed (400)

15 0.96 1.6 2.5(18.5mg) |85 One-speed (400)

16 0.96 1.6 16.5 mg 80 One-speed (400)

17 1.07 1.6 16.5 mg 80 One-speed (400)

18 0.85 1.6 10.0 80 Two-speed (400—600)
19 0.85 1.6 10.0 80 Two-speed (400—700)
20 0.85 1.6 10.0 80 Two-speed (400—800)
21 0.85 1.6 10.0 80 Two-speed (400—1000)
22 0.85 1.6 5.0 80 Two-speed (400—1000)
23 0.85 1.6 4.0 80 Two-speed (400—1000)
24 0.85 1.6 3.2 80 Two-speed (400—1000)
25 0.85 1.6 2.5 80 Two-speed (400—1000)
26 0.85 16.0 2.5 80 Two-speed (400—1000)
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Table 7.9 Preparation of o/w HIPEs for a nominal internal phase volume ratio of 92.5%

No. Adding speed Stirring at 400 rpm 1000 rpm Actual din.
1 1 drop/3-4 s 4 h 30 min N/A 90.6%
2 1 drop/ 3 s 2 h 15 min (adding) + 30 min N/A 90.3%
3 1 drop/ 3 s 2 h 15 min (adding) + 30 min N/A 88.6%
4 1 drop/ 1-2's 1 h 15 min (adding) + 30 min N/A 89.9%
5 1 drop/1-2 s 1 h (adding)+ 1 h 10 min | Phase separated

Cryo-SEM investigations were carried out on polymerised HIPEs at three stages: (1) after
photo-polymerization but before purification; (2) after Soxhlet extraction with MeOH; (3)
after extraction with acetone but before vacuum drying. The samples used for this
investigation were prepared following two of the compositions and stirring protocols (No.22
and No.25) listed in Table 7.8, i.e., either 5.0 mol % or 2.5 mol % BIS content (relative to

KAA) used. A series of sublimation conditions (Table 7.10) were used in the investigation.

Table 7.10 Conditions for cryo-SEM study on poly(KAA) Pickering-HIPEs

BIS content of Stage for Sublimation temperature | Sublimation time
the samples investigation /°C
Stage (1) -100 3min 10 s
5.0 mol % Stage (2) -110 3 min
-86 3.5 min
Stage (3) -110 3 min
-84 * 3 min
Stage (1) -120 3 min
-100 3min 10 s
2.5 mol % -100 45 min
Stage (2) -110 3 min
-86 3min
Stage (3) -84 3 min

* The sample used in this test was extracted with HCI in MeOH (0.15 M) for 1 d, followed with acetone for 3 d.
All other Stage (3) samples were prepared through extraction with MeOH for 1 d, followed with acetone for 1 d.
All Stage (2) samples were extracted with MeOH for 1 d.
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7.4.3.4 Surface area measurements of poly(KAA) Pickering-HIPEs

Thermal gravimetric analysis (TGA) of poly(KAA) Pickering-HIPEs (No.2 in Table 7.8,
7.797 mg) was carried out under a flow of N, gas, from 25 °C to 60 °C, at a heating rate of 10
°C/min. After maintained at 60 °C for 12 h, the sample was heated up to 150 °C at 10 °C/min
and maintained for 1 h. The small pieces (< 5 mm in size) of polyHIPEs used for surface area
measurements were prepared in two ways: (A) cut out of the bulk pieces in acetone and then
dried under vacuum at ~70 °C; (B) torn with tweezers. Various degassing durations at 60 °C

(Table 7.11) were used prior to the tests.

Table 7.11 Surface areas of poly(KAA) HIPEs measured using various degassing durations

Sample ID and | Sample mass Degassing duration BET surface area

cutting method | /g /h /m’.g"!

# 1 2 3 1 2 3 1 2 3
No.1 A 0.0322 - - 4 - - 0.598 - -
No.10 | A 0.0344 - - 4 - - 0.100 - -
No.11 | A 0.0563 - - 4 - - 0.266 - -
No.1 A 0.0430 0.0429 | - 12 24 - 1.678 1.812 -
No.3 A 0.0723 0.0736 | - 12 24 - 1.316 1.168 -
No.5 A* 0.0979 0.0966 | - 4 12 - 0.002 0.022 -
No.6 B 0.0560 0.0457 | - 4 12 - 0.368 0.452 -
No.12 | A 0.0547 0.0498 | - 4 12 - 0.282 0.250 -
No.13 | B 0.0341 0.0387 | 0.0399 12 12 24 0.080 0.369 0.569
No.14 | B 0.0233 0.0292 | 0.0273 12 12 24 0.002 0.273 0.644
No.15 | B 0.0448 0.0497 | 0.0481 12 12 24 0.023 0.109 0.278
No.2 B 0.0349 0.0342 | 0.0341 23 12 24 0.409 0.981 1.330
No.4 A 0.0260 0.0266 | 0.0251 21 12 24 0.132 0.272 0.314
No.16 | B 0.1043 0.1033 | 0.1035 20 12 24 0.017 0.082 0.083

# Sample IDs are the same as the numbers in Table 7.8; *shrank to hard balls.

7.4.3.5 Porosity measurements of poly(KAA) Pickering-HIPEs

7.4.3.5.1 Porosity measurements using liquid displacement

Two set-ups were used for porosity measurements using liquid displacement. Firstly, each

sample was immersed into a measuring cylinder (10 ml, £ 0.1 ml) containing hexane for
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15~30 min. To prevent sample from floating, a metal block wrapped with a piece of thin
coopet/steel wire (~10 cm) was put on top of the sample. The free end of the wire was curved
as a hook that could fix to the top edge of the measuring cylinder. The volume of this metal
block was included in V;, V, and V; (refer to Section 7.3 for what these volumes stand for).
Porosities of three poly(KAA) Pickering-HIPEs were measured with this set-up (Table 7.12)
and calculated using Equation (7.2)~(7.4).

Table 7.12 Porosity measurements using hexane as the displacement liquid

Sample |Way | Vi [ Va* [ Vi [ Way A(Va-V3) | Way/ (Vo-V)) | (Vi-V3)/(V2-V3)
# /mg |/ml |/ml |/ml |/g.cm? /g.cm™ 1%
1 [165 [6.45 [7.00 |6.25 |0.0220 0.0300 26.7
No.d [2 [21.8 [6.80 [7.60 |6.50 [0.0198 0.0273 27.3
3 1126 620 [6.68 [590 |0.0162 0.0263 38.5
1 [ 1126620 |6.40 |[6.09 |0.0363 0.0563 35.5
2 [17.4916.70 [7.05 |6.60 |0.0400 0.0514 22.2
No.2 [3 [10.15]7.30 [7.48 [7.10 |0.0267 0.0564 52.6
4 10751648 [6.55 [6.30 |0.0430 0.1536 72.0
5 [15.7817.00 [7.17 [6.90 |0.0584 0.0928 37.0
1 (222 |6.40 [690 [6.19 [0.0313 0.0444 29.6
2 (253 670 [7.25 [6.38 |0.0291 0.0460 36.8
No.6 |3 [19.2 [738 [7.70 |[7.18 |0.0369 0.0600 38.5
4 132 [7.30 |7.60 |7.10 |0.0264 0.0440 40.0
5 1240 |7.00 [7.49 |6.68 |0.0296 0.0490 39.5

# Sample IDs are the same as the numbers in Table 7.8; * after an immersing duration of 15-30 min.

Secondly, evacuation-repressurization cycles™>* were used to drive air bubbles out of the
polyHIPE sample through a self-designed device (Fig. 7.9). p-Xylene was used as the
displacement liquid. “Evacuation” was the process to create a low pressure in the tube by
exhausting air with a syringe and then quickly sealing the tube via a Young’s tap.
“Repressurization” was to open the tap when production of air bubbles became significantly
slow. The glass tube was gently shaken to free those air bubbles attached to the sample
surface. The cycle was repeated for a few times until no obvious production of air bubbles

(40 min-2 h) visible. Porosities of five poly(KAA) Pickeirng-HIPEs were measured with this
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set-up (Table 7.13) and calculated using Equation (7.2)~(7.4). Porosities of poly(St/DVB)
HIPEs were also measured with this set-up in comparison with the data obtained before using

an AccuPyc1330 helium pycnometer and a GeoPyc1360 Envelope Density Analyzer.

U

Fig. 7.9 Assembled device for density measurement using liquid displacement. The device
was made up with a plastic syringe (50 ml), a two-way Young’s tap, a graduated glass tube
(20 ml, £ 0.1 ml), a wire-wrapped metal block, rubber tubings and connectors.

Table 7.13 Porosity measurements using p-xylene as the displacement liquid

Sample ID | Wyy | Vi V, V; Wary /(V2-V3) | War/ (V2-V1) | (Vi-V3) /(V2-V3)
# /mg |/ml |/ml |/ml |/gcm® /g.cm™ 1%
1 [21.54 | 17.55 | 17.78 | 16.86 | 0.023 0.094 75.0
No.1 |2 | 1551 |17.40 |17.50 | 16.90 | 0.026 0.155 83.3
3 12280 [19.20 | 19.50 | 18.50 | 0.023 0.076 70.0
No.2 |1 |28.70 |17.59 |17.65 |16.80 | 0.034 0478 92.9
2 122,10 | 18.35 | 18.50 | 17.80 | 0.032 0.147 78.6
1 |17.56 | 18.10 | 18.30 | 17.70 | 0.029 0.088 66.7
No3 |2 |11.88 |17.55 |17.80 | 17.30 | 0.024 0.048 50.0
3 [38.44 | 17.80 | 1798 | 17.58 | 0.096 0.214 55.0
1 {37.18 | 18.00 | 18.20 | 17.20 | 0.037 0.186 80.0
No.6 |2 |2570 [16.81 |16.95 |16.20 | 0.034 0.184 81.3
3 (20.10 | 1790 | 18.10 | 17.20 | 0.022 0.101 77.8
No.11 |1 | 50.20 | 18.40 | 18.50 | 18.00 | 0.100 0.502 80.0
PS* 1 16985 | 17.59 | 17.67 | 17.15|0.134 0.873 84.6
2 18345 |16.80 |16.90 | 16.20 | 0.119 0.835 85.7

# Sample IDs are the same as the numbers in Table 7.8; * poly(St/DVB) HIPEs, 1 and 2 were measured using
p-xylene and distilled water as the displacement liquid, respectively.
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Porosities of five poly(KAA) Pickering-HIPEs with BIS content of 10, 5, 4, 3.2 and 2.5

mol % were measured using mercury intrusion porosimetry (MIP) (Table 7.14).

Table 7.14 Porosity measurements of poly(KAA) Pickering-HIPEs using MIP

Sample Mass Bulk density at | Apparent density | Porosity
# /g 0.22 psia /g.cm™ | /g.cm™ 1%
1 0.0295 0.029 0.408 92.9
No.21 2 0.0493 0.038 0.293 87.0
meantstd dev. - 0.034+0.006 0.351+0.081 | 89.9+4.2
No.22 1 0.0787 0.086 0.629 86.3
1 0.0573 0.062 0.707 91.3
No.23 2 0.0495 0.064 0.873 92.6
meantstd dev. - 0.063+0.002 0.790+0.118 | 92.0+1.0
1 0.0609 0.074 0.556 86.8
No.24 2 0.0580 0.082 1.086 92.5
3 0.0672 0.084 1.297 93.5
mean+tstd dev. - 0.080-+0.005 0.980+0.382 | 90.9+3.6
1 0.0503 0.044 0.518 91.6
No.25 2 0.0518 0.051 0.615 91.8
3 0.0507 0.066 0.843 92.2
mean+tstd dev. - 0.053+0.011 0.659+0.167 | 91.8+0.3

# Sample IDs are the same as the numbers in Table 7.8. The polyHIPEs were obtained by polymerising HIPEs
that were prepared using 10, 5, 4, 3.2 and 2.5 mol % BIS contents and using the two-speed stirring protocol.

7.4.3.5.3 Porosity measurements using a designed indirect method

Two or three small cuboid-shaped pieces were cut out of the bulk polyHIPE sample using

a surgical scalpel within an inflatable glove chamber filled with dry N». These small pieces of

polyHIPEs were weighed, followed by dimension measurements (length x width x height)

with a caliper in the glove chamber (Table 7.15). The foam densities of poly(KAA)

Pickering-HIPEs were then calculated using the weights and volumes.
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Table 7.15 Weights and dimensions of cuboid pieces of poly(KAA) Pickering-HIPEs

Sample # Weight Length Width Height Volumn
/g /mm /mm /mm /mm’®
1 0.01908 16.31+0.77 9.36+0.09 | 7.33+£0.86 1118.78+141.77
No.21 |2 | 0.02761 17.46+0.74 11.01+0.09 | 6.63+0.41 1274.51+£95.49
3 0.01636 12.49+1.13 8.98+0.34 | 7.2840.07 | 816.74+80.15
No.22 |1 0.02905 13.53+0.54 8.93+0.63 6.78+0.24 | 819.97+72.61
2 10.03225 15.77+1.41 7.28+1.09 | 6.64+£0.56 | 763.28+148.02
1 0.01881 14.28+0.32 8.57+0.22 5.40£0.30 | 660.824+43.46
No.23 |2 |0.02492 13.88+0.29 9.53+0.10 | 6.99+0.32 | 923.89+47.61
3 0.01756 14.37+0.43 7.12£0.19 | 6.47£0.38 | 661.31+46.90
1 0.02179 12.72+0.31 7.37£0.37 | 5.84+£0.45 | 548.00+£51.74
No.24 (2 | 0.01558 12.78+0.31 9.25+0.62 5.52+0.87 | 652.42+113.13
3 0.0235 13.54+0.29 8.24+0.83 5.69+£0.37 | 634.75+£77.31
1 0.02951 16.60+0.14 9.32+0.25 6.65+0.23 1028.53+45.57
No.25 |2 [0.02145 13.54+0.48 9.65+0.55 6.28+0.40 | 821.24476.13
3 0.02443 16.88+0.39 9.71£0.37 | 6.19+0.50 1014.69+£93.26

# Sample IDs are the same as the numbers in Table 7.8. The polyHIPEs were obtained by polymerising HIPEs
that were prepared using 10, 5, 4, 3.2 and 2.5 mol % BIS contents and using the two-speed stirring protocol.

The skeleton densities of poly(KAA) Pickering-HIPEs were measured using an indirect
method. Polymer blocks (PB1~ PBS) were prepared by polymerising aqueous solutions with
identical compositions to those of the aqueous phase of HIPEs (BIS content varied from 10,
to 5, 4, 3.2 and 2.5 mol %). The obtained hydrogels after polymerisation were purified and
dried in the same way as polymerised HIPEs. Before Soxhlet extraction, dimensions of the
hydrogels (wet state) were measured. After drying, densities and volumes of the PBs (dry
state) were measured with an Accupyc1330 helium pycnometer (Table 7.16). The obtained
densities of PBs were taken as the skeleton densities of the corresponding polyHIPEs.
Porosities of the polyHIPEs were then calculated using the obtained foam densities and
skeleton densities according to Equation (7.1). Photos of PBs in the wet state and in the dry
state were taken. The morphology of the surface of dried PB1 and PBS were characterised
with SEM (3).
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Table 7.16 Dimensional measurements of polymer blocks in both wet and dry states

PB1 PB2 PB3 PB4 PB5
BIS content 10.0 mol % | 5.0 mol % 4.0 mol % 3.2 mol % 2.5 mol %
D /mm 24 18 23 23 23
Wet | H/mm 16 11 23.5 24.5 22
V /em’ 7.238 2.799 9.764 10.179 9.141
Dry |V /em’ 0.438+0.001 | 0.448+0.001 | 0.952+0.001 | 0.778+0.001 | 0.835+0.001
* p/g.em™ | 1.346+0.002 | 1.294+0.004 | 1.193+0.001 | 1.325+0.001 | 1.248+0.002

* One sample of each PB was measured for 10 times in the test. Values are mean + standard deviation.

Dimensions of bulk poly(KAA) Pickering-HIPEs before Soxhlet extraction (wet) and
after drying (dry) were measured (Table 7.17). Yields of the polyHIPEs were also calculated.

Table 7.17 Dimensions of poly(KAA) Pickering-HIPEs in the wet and dry states

Sample # No.21 No.22 No.23 No.24 No.25
Lyet /mm 51.0 51.0 50.0 49.5 52.0
Dy, /mm 21.1+0.1 19.9+0.9 19.3+0.2 17.7+1.0 19.3+1.6
Lary /mm 54.4+1.4 48.1+0.7 44.5+¢1.0 | 41.9+1.2 42.7+0.4
Yield 89.0% 82.2% 85.2% 80.8% 79.3%

# Sample IDs are the same as the numbers in Table 7.8. The polyHIPEs were obtained by polymerising HIPEs
that were prepared using 10, 5, 4, 3.2 and 2.5 mol % BIS contents and using the two-speed stirring protocol.
Values are mean + standard deviation.

7.4.4 Preparation and characterisation of poly(KAA) Pickering-HIPE composites

In the preparation of poly(KAA)/silica Pickering-HIPE composites, BIS (3.2 mol %
relative to KAA) and 12959 (2 mol %) were first dissolved into the KAA solution (4 ml,
0.82~0.85 M) in a glass tube. Microgel suspension (1.0 ml, 8 mg/ml in I mM KCI solution)
and various amounts of silica (1, 5 10 and 15 wt %, relative the weight sum of BIS and KAA)
were then mixed with the aqueous solution in the vessel prior to the addition of toluene (20
ml, 80 vol %). Emulsification was carried out using either the one-speed stirring protocol
(400 rpm) or the two-speed stirring protocol (400—1000 rpm). As control (silica instead of
microgels), emulsification was carried out at the stirring speed of 400 rpm using toluene (20
ml) and an aqueous suspension made up with silica particles (8 mg), KAA solution (4 ml,

4.27 mmol) and KCI solution (1 ml, I mM). For the polyHIPE composite prepared using 10
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wt % silica and using the two-speed stirring protocol during emulsification, swelling tests
were carried out in a saturated CaCl, solution, distilled water and a simulated body fluid

1.2 For tests in SBF, a cylindrical piece of the

(SBF) prepared following the Kokubo protoco
polyHIPE composite was cut out of the bulk sample. Weights and dimensions (diameter x
height) of the piece were measured prior to soaking into SBF, after soaking into 36 °C SBF
for about 1 d and 5 d, respectively.

Poly(KAA)/Bioglass® Pickering-HIPE composites were prepared following the procedure
for preparation of poly(KAA)/silica Pickering-HIPE composites. Various amounts of
Bioglass® relative to the weight sum of KAA and BIS (2, 5, 10, 15 and 20 wt %) and the two-
speed stirring protocol were used. Instead of using glass tubes, the HIPEs obtained were
transferred into two plastic tubes (15 ml) for UV polymerization. During purification, the two
samples taken out of the plastic tubes were wrapped with filter paper and put into two

thimbles (Int. diameterxlength: 19 mmx90 mm) for Soxhlet extraction. TGA was carried out

on Bioglass® and the composites using a heating rate of 10 °C/min (Table 7.18).

Table 7.18 TGA of Bioglass”™ and poly(KAA)/Bioglass® Pickering-HIPE composites

Sample ID Wo Protocol

* /mg Gas /[Temperature (isothermal duration)]
2wt % (a) 20.60 N, 600 °C (1 min)

Swt% (a) 32.49 N, 600 °C (1 min)

10 wt % (a) 13.42 N, 600 °C (1 min)

2wt % (b) 11.54 Air 600 °C (10 min)

2wt% (c) 8.24 Air 900 °C (10 min)

2wt% (d) 3.96 Air 900 °C (40 min)

2 wt% (e) 2.20 Air 900 °C (60 min) — 1000 °C (5 min)
Bioglass® 9.42 Air 900 °C (60 min) — 1000 °C (5 min)
5wt % (b) 3.72 Air 900 °C (40 min)

10 wt % _(b) 1.40 Air 900 °C (40 min)

10 wt % (c) 4.37 Air 900 °C (60 min) — 1000 °C (5 min)
15wt % (a) 7.21 Air 900 °C (40 min)

20 wt % (a) 2.62 Air 900 °C (40 min)

* The ratios were the nominal ratios of Bioglass® to the weight sum of KAA and BIS.
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7.4.5 Microgel particles stabilised o/w HIPEs containing potassium methacrylate

To obtain a potassium methacrylate (KMAA) stock solution, KOH solutions of four
concentrations were prepared (0.5, 1.0, 1.5 and 3.0 M) and used to neutralize MAA. Lots of
salts precipitated at RT when 3.0 M KOH was used whereas KMAA solutions were obtained
for the other three. For HIPE preparation, the KMAA solution prepared from 1.5 M KOH
was hence used, whose concentration was 1.30 M calculated according to Equation (7.5).

In the preparation of poly(KMAA) Pickering-HIPEs, an aqueous solution made up with
KMAA solution (3.28 ml, 1.30 M, pH 7.05), distilled H,O (0.72 ml), microgel (GP1-6)
suspension (1.0 ml, 8 mg/ml in 1 mM KCI solution), various BIS contents and 12959 (2
mol %) was emulsified with toluene (20 ml, 80 vol %) using the two-speed stirring protocol.
BIS contents used were 15.0, 5.0 and 3.2 mol % relative to amount of KMAA. Morphologies
of the resultant polyHIPEs were characterised with SEM (3). Particle size measurements
were carried out in the temperature range of 20~34 °C using microgel suspension (1.6 mg/ml)

in KMAA solution (0.85 M).

7.4.6 Poly(KAA) HIPEs prepared using dye/drug loaded-microgels as the emulsifiers

The aqueous suspension selected for this study was made up with KAA stock solution
(1.68 ml, pH 7.0, 4.27 mmol), distilled water (2.32 ml), BIS (21.07 mg, 3.2 mol % relative to
KAA), 12959 (20.38 mg, 2 mol %) and microgel suspension (1.0 ml, 8 mg/ml). Introduction
of dye/drug into the aqueous suspension was investigated using dye/drug aqueous solutions
(2.32 ml) instead of distilled water (2.32 ml). For HIPE preparation, p-xylene (80 vol %) was
used as the internal phase. Photo-polymerised HIPEs were frozen in LN, and freeze-dried

using a HETO Power Dry LL1500 Freeze-drier (Thermo Scientific).

7.4.6.1 Poly(KAA) HIPEs prepared using dye-loaded microgels as the emulsifiers
Fluorescence emission spectra of rhodamine 6G (R6G) dye solutions with and without

microgels were obtained using a Varian Cary Eclipse Spectrometer over a range of 540~750

nm. The excited wavelength was 528 nm. The R6G solution without microgels was prepared

by mixing a dye solution (2.32 ml, 196 pg dye) with a KCl solution (1.0 ml, 1 mM) while the
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dye solution with microgels was prepared by mixing the above solution (1.5 ml) with a
microgel suspension (0.5 ml, 8 mg/ml in 1 mM KCI solution). The loading of R6G dye into
microgels (GP1-6) and HIPE preparation were investigated (Table 7.19). Centrifugation was
carried out using a Gallenhamp Angle Head Centrifuge at 5000 rpm for 1 h (RT, Ne.1 and
No.3) or using a Sigma 2-16K SciQuip centrifuge at 12 k rpm for 30 min and at 15 k rpm for
1 h (4 °C, No.6). The mixture of microgel and dye was shaken overnight using a Stuart SSM4
Mini See-saw Rocker at 70 osc./min (N0.4~No.6). Stable HIPEs obtained from No.2 and

No.4 were photo-polymerised.

Table 7.19 Emulsification using dye-loaded microgel particles as the emulsifiers

Solution background | Dye/microgel | Aqueous mixture used for HIPE |  Stirring
No.

Dye Microgel weight ratio preparation protocol #

Supernatant of (dye + microgels
1 H,O I mM KCIl | 0.196/8 Two-speed
+ KAA + BIS +12959)

Uncentrifuged mixture of (dye+
2 H,O I mMKCl | 0.196/8 ) One-speed
microgels+ KAA+ BIS+ 12959)

Supernatant of (dye + microgels
3 H,O I mM KCl | 0.196/8 One-speed
+ KAA + BIS +12959)

Uncentrifuged mixture of (dye+
4 H,O 1 mM KCl | 0.39/8 . One-speed
microgels+ KAA+ BIS+12959)

Uncentrifuged mixture of (dye+
5 H,O I mM KCl | 0.39/8 Two-speed
microgels+ KAA+ BIS+ 12959)

KAA+ BIS+ 12959+ solution of
6 Buffer | Buffer 0.39/8 the precipitate from centrifuged | One-speed

mixture of (dye+ microgels)

Uncentrifuged mixture of (dye+
7 Buffer | Buffer 0.39/8 . One-speed
microgels+ KAA)

8 - Buffer - KAA+ microgels One-speed

*Buffer refers to phosphate buffer (10 mM, pH 6.5); one-speed (400 rpm) and two-speed (400—1000 rpm).

For aqueous solutions/suspensions used in this study (Table 7.20), particle size
measurements were carried out at 22 °C on un-centrifuged S(1)~S(4), supernatants from
centrifuged S(2), S(3) and S(5) (5000 rpm for 1 h) and S(6)~S(10). S(9) was the same
solution as used in No.6 of Table 7.19.
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Table 7.20 Compositions of the aqueous solutions/suspensions used in dye loading study

No. Solution/suspension composition pH

S(1) | 2.32 ml H,O + 1 ml microgel suspension (8 mg/ml in 1 mM KCIl solution) -
S(2) | 2.32 ml R6G solution (192 pg) + 1 ml KCI solution (1 mM) 5.54

S(3) | 2.32 ml R6G solution (192 pg) + 1 ml microgel suspension (8 mg/ml in 1 mM | 6.77
KCl solution)

S@) | S(3) + 1.68 ml KAA stock solution 6.68

S(5) | S4) +BIS (21.07 mg) + 12959 (20.38 mg) 6.71

S(6) | Microgel suspension in buffer® (8 mg/ml) 5.28

S(7) | 1 ml microgel suspension in buffer (8 mg/ml) + 2.32 ml dye buffer solution | 6.53
(0.39 mg dye)

S(8) | S(7) +1.68 ml KAA 6.53

S(9) | Precipitate of centrifuged S(7) re-dissolved into 3.32 ml buffer + 1.68 ml KAA | 6.58
+ BIS (21.07 mg) + 12959 (20.38 mg)
S(10) | Supernatant of centrifuged S(7) 6.40
* Buffer used in S(6)~S(10) was phosphate buffer (10 mM, pH 6.5).

7.4.6.2 Poly(KAA) HIPEs prepared using drug-loaded microgels as the emulsifiers

Aqueous solutions were prepared by mixing drugs (dopamine.HCI or paracetamol),
microgel particles, KAA stock solutions (2.54 M, pH 7.0) in sequence into phosphate buffer
solution (pH 6.5, 10 mM) following a ratio of 90 pmol drug: 3.32 ml buffer: 8 mg microgels:
1.68 ml KAA. Before and after adding KAA stock solution, the mixture was shaken using a
shaker (Stuart SSM4 Mini See-saw Rocker, UK) at 70 osc./min overnight. The aqueous
solutions were stored at 4 °C before use. Particle size measurements were carried out using
the two solutions and a control solution without drug.

Prior to HIPE preparation, BIS (3.2 mol % relative to KAA) and 12959 (2 mol %) were
dissolved into aqueous solutions containing paracetamol. Emulsification of the aqueous
mixture and p-xylene (80 vol %) was carried out using either the one-speed (400 rpm) or the
two speed stirring protocol (400—1000 rpm) at 20-22 °C. Microgel species with 1 mol %
(GP1-6) and 2 mol % (GP2) crosslinking degree were both used in this study.

To test the loading and release of paracetamol, five aqueous solutions were used: (1)

paracetamol in phosphate buffer (90 pmol per 3.32 ml); (2) GP1-6 + paracetamol in
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phosphate buffer (8 mg: 90 umol: 3.32 ml); (3) GP1-6 + paracetamol in phosphate buffer +
KAA (8 mg: 90 umol: 3.32 ml: 1.68 ml); (4) GP2 + paracetamol in phosphate buffer (8 mg:
90 umol: 3.32 ml); (5) GP2 + paracetamol in phosphate buffer + KAA (8 mg: 90 pumol: 3.32
ml: 1.68 ml). UV-vis was performed using a mixture solution of solution (1) (7.5 ul) and
phosphate buffer (3 ml, 10 mM, pH 6.5). Centrifugation was carried out using a Sigma 2-16K
SciQuip centrifuge at 15 k rpm. Solution (2) was centrifuged for 30 min at 18 °C followed by
30 min at 4 °C while solution (4) was centrifuged for 30 min at 18 °C. UV-vis adsorption
spectrum with an adsorption peak wavelength at 243 nm (Fig. 7.10) was collected by using a
mixed solution of phosphate buffer (3 ml, 10 mM, pH 6.5) and the investigated solution (0.75
ul), including solution (1), solution (2), solution (4) and supernatants from centrifuged

solution (2) and (4) (Table 7.21).
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Fig. 7.10 Absorbance of paracetamol in phosphate buffer (peak wavelength at 243 nm)

Table 7.21 Absorbance of drug paracetamol and drug-loaded microgel particles at 243 nm

Solution | Solution Supernatant of | Solution Supernatant of
(1) 2) solution (2) 4 solution (4)
Average 0.64 0.65 0.65 0.68 0.69
Std deviation | 0.01 0.02 0.03 0.03 0.03
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7.4.7 Microgel particles stabilised o/w HIPEs containing dextran and its derivatives

(This part of work was in collaboration with Shengzhong Zhou)

7.4.7.1 Synthesis and characterisation of dextran-co-polyNIPAAm
(Done by Shengzhong Zhou)

Dextran-co-polyNIPAAm was prepared using ammonium cerium (IV) nitrate as a radical
redox initiator, as described by Wang ef al.®"> Dextran (5.00 g) was dissolved in distilled
water (50 ml) in a three necked flask, which was placed in an oil bath at 27 °C and purged
with nitrogen. The nitrogen atmosphere was maintained throughout the copolymerisation
reaction. Cerium (IV) ammonium nitrate (0.01 mol, 5.50 g), nitric acid (69 %, 6.10 g) and
NIPAAm (5.00 g) were added to the reaction system. After 4 h, the reaction was stopped by
addition of sodium hydroxide solution (1 N). The reaction mixture was transferred to a
dialysis tube (MWCO = 12,000 Da) and dialyzed against distilled water for 3 d (distilled
water was changed twice a day). A white fluffy product was obtained after freeze drying. The
yield is 44%, (this low yield is attributed to the removal of low molecular weight polymers
during dialysis). The ratio of dextran glucose units to NIPAAm units in the copolymer was
determined to be 1:0.67 by 'H NMR spectra (400 MHz, D,0). Aqueous gel permeation
chromatography (GPC) was carried out at Smithers Rapra Technology Ltd. (UK), where
pullulan polysaccharide was used for calibration. M, = 13,600, PDI= 2.06.

The LCST of dextran-co-polyNIPAAm was also measured. A glass test tube containing
an aqueous solution of dextran-co-polyNIPAAm (0.2 w/v%, 10 ml) was placed in a
thermostatted water bath. The cloud point of the solution was observed by increasing
temperature from 24 °C to 38 °C at 4 °C/h and then cooling down to room temperature. A
sudden change of the solution from transparent to cloudy was observed at 34 °C both during
increase of temperature and decrease of temperature. This temperature was used as the LCST

of dextran-co-polyNIPAAm.

7.4.7.2 Preparation of microgel particles stabilised o/w HIPEs containing dextran and

dextran-co-polyNIPAAm

HIPE preparation was carried out using the assembled mechanical stirrer [Fig. 7.2 (a)]. A
microgel suspension (2.5 ml, 0.4 wt % in 1 mM KCI solution) was measured with a syringe

and injected into the reaction vessel while dextran or dextran-co-polyNIPAAm (0.5 g) was
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weighed in a glass tube and then mixed with microgel suspension in the vessel. The aqueous
mixture was stirred at 400 rpm for 10-20 min until all the materials were dissolved. p-Xylene
(10 ml) was then added into the reaction vessel dropwise through a dropping funnel under
stirring at 400 rpm. Stirring was continued for 10-15 min after addition of p-xylene was
finished. The obtained emulsion sample was transferred into a round-bottom flask (50/100
ml), frozen in LN, and freeze-dried using a Christ Alpha 1-2 LD freeze-drier. In the cases
where a thermostating step was used, the round-bottom flask containing HIPEs was
thermostatted in a water bath prior to the freezing and freeze-drying steps. The variables
investigated include pH of the microgel suspension, the thermostating temperature, dextran
molecular weight and dextran concentration (Table 7.22). Particle size measurements were
carried out using microgel suspensions (0.4 wt % in 1 mM KCI solution) in two series: (1)

pH 3.7,4.7, 5.5 and 6.8 at 22 °C; (2) pH 6.8 over a temperature range of 20-70 °C.

Table 7.22 Variables in preparation of macroporous dextran and dextran-co-polyNIPAAm

No. Material Concentration of pH Thermostating
material, w/v % conditions

1 Dextran (40 k) 20 3.7 -
2 Dextran (40 k) 20 4.7 -
3 Dextran (40 k) 20 5.5 -
4 Dextran (40 k) 20 6.8 -
5 Dextran (40 k) 20 6.8 45°Cfor 1 h
6 Dextran (40 k) 20 6.8 50°Cforlh
7 Dextran (40 k) 20 6.8 55°Cforlh
8 Dextran (40 k) 20 6.8 60°Cfor 1 h
9 Dextran (40 k) 8 6.8 -

10 Dextran (6 k) 20 6.8 -

11 Dextran (6 k) 8 6.8 -

12 Dextran-co-polyNIPAAm 20 6.8 -

13 Dextran-co-polyNIPAAm 20 6.8 38°C for 0.5h
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7.4.7.3 Characterisation of macroprous dextran and dextran-co-polyNIPAAm

Morphologies of macroporous dextran and dextran-co-polyNIPAAm were characterised

with SEM (3). Pore sizes were analysed using the SEM images (Table 7.23).

Table 7.23 Pore structure analysis of macroporous dextran and dextran-co-polyNIPAAm

No.* 2 3 4 6 9 10 11 12 13
Mean /pum 99.0 |81.2 |41.5 36.0 | 853 153.6 | 79.2 | 44.6 |38.7
Std dev. /um 553 359 | 145 142 | 321 712 1259 (139 |14.2

Min. size /um 232 | 254 |19.0 112 [29.0 |51.6 [234 |12.6 |84
Max. size /um 276.0 |200.6 | 120.0 | 84.6 | 236.0 |415.6 |178.8 |74.0 | 84.2
Number of pores | 201 209 | 210 237 201 94 235 | 239 | 300

* Samples numbers were the same as those in Table 7.22.

TGA was carried out under a flow of N, gas, from 30 °C to 600 °C, at a heating rate of 20
°C/min (Fig. 7.12). Tested samples include microgels (2.87 mg) obtained by freezing a
suspension (0.4 wt % in 1 mM KCI solution, pH 6.8) in LN, and freeze-drying, abbreviated
as GP_pHe6.8, commercial dextran (27.12 mg, M, 40 k), macroporous dextran (No.4 in Table
7.22, 4.03 mg), macroporous dextran-co-polyNIPAAm (No.12 in Table 7.22, 2.20 mg) and
macroporous dextran-co-polyNIPAAm prepared using a thermostating step (No.13 in Table
7.22, 3.74 mg).

GP_pH6.8, macroporous dextran (No.4 in Table 7.22), macroporous dextran-co-
polyNIPAAm (No.12 in Table 7.22) and macroporous dextran-co-polyNIPAAm prepared
using a thermostating step (No.13 in Table 7.22) were then analysed using DSC. For all four
samples, three cycles of heating and cooling were recorded between -50 °C and 250 °C after
an initial quenching from RT to -50 °C. Tests were carried out using 5 °C/min and 20 °C/min
as the ramp rate, respectively. For macroporous dextran (No.4), tests were also performed
using other procedures (Table 7.24). All the steps and peaks observed in DSC tests of the
samples were analysed (Table 7.25).
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Fig. 7.11 TGA of macroporous dextran and dextran-co-polyNIPAAm and control samples

Table 7.24 Different test procedures used in DSC analysis of macroporous dextran

Sample | Mass Ramp Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6
ID* /mg /°C. min™" | /°C /°C /°C /°C /°C /°C
No.4-1 1.43 5 [-50,250] | [250,-50] | [-50,250]

No.4-2 1.36 20 [-50,250] | [250,-50] | [-50,250]

No.4-3 1.83 20 [-50,235] | [235,-50] | [-50,235]

No.4-4 1.75 20 [-50,235] | [235,-50] | [-50,250]

No.4-5 2.14 20 [-50,250] | [250,-50] | [-50,250]

No.4-6 1.74 20 [-50, 200] | [200, -50] | [-50,250] | [250,-50] | [-50,250] | [250,30]

* Sample IDs are the same as the numbers used in Table 7.22.

Table 7.25 Summaries of steps and endothermic peaks observed in DSC

Sample ID Mass | Ramp Test Steps Endothermic peaks
* /mg | rate cycle | Onset | Infection | End | ACp Onse | Peak | Area
/°C. min /°C /°C /°C /J.gleCct | t/°C | /°C g
No.4-1 143 |5 Ist 972 | 103.3 108.3 | 0.971 128.5 | 129.4 | 0.604
150.5 | 150.9 | 16.64
2 |- - - - 244.6 | 244.0 | 57.13
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3% 1202.0 | 206.4 208.7 | 0.817 - - -
No.12-1 118 |5 1™ - - - - 149.5 | 150.1 | 4.620
No.13-1 1.04 |5 1™ - - - - 162.1 | 162.4 | 5.320
GP pH6.8-1 | 1.44 |5 1™ 80.1 | 88.1 914 |1.263 166.8 | 181.3 | 107.2
31 145.1 | 1522 153.8 | 0.992 - - -
1™ 824 | 868 89.4 | 0.547 152.4 | 159.7 | 34.97
241.8 | 242.7 | 40.96
No.4-2 1.36 |20 2 - - - - 249.6 | 248.4 | 7.017
31 217.1 | 220.7 222.6 | 0.563 - - -
17 546 | 584 60.6 | 0.253 132.8 | 136.5 | 170.0
726 |76.0 78.5 | 0.438
No.12-2 1.43 |20 31 128.1 | 137.6 154.0 | 0.264 - - -
217.6 | 221.0 2253 [ 0.171
1 56.9 | 6l1.1 62.8 |0.513 104.6 | 140.0 | 194.9
733 | 764 79.7 | 0.494
No.13-2 1.70 | 20 31 1325 | 138.7 1457 | 0.118 - - -
219.1 | 222.7 224.9 | 0.175
573 | 644 | 4574
1 - - - - 153.7 | 154.8 | 12.68
GP_pH6.8-2 | 2.06 | 20 237.1 | 238.4 | 54.10
31 150.2 | 157.1 160.7 | 0.675 - - -
1 439 [578 62.6 |0.235 160.5 | 161.4 | 60.46
No.4-3 1.83 |20 80.9 [ 84.0 86.7 | 0.416
3 1567 |70.0 126.5 | 2.319 - - -
482 |562 58.7 | 0.453
714 |76.6 80.5 | 0.794
1% 101.4 | 108.4 113.5 | 0.553 154.3 | 154.6 | 59.28
No.4-4 175 |20 129.5 | 131.1 1319 | 0.172
2] - - - 234.6 | 233.8 | 52.3
31 215.9 | 220.4 221.9 | 0.570 - - -
No.4-5 2.14 |20 17 217.6 | 220.2 223.7 | 0.457 587 |105.0 | 3514
31 218.2 | 223.0 225.5 | 0.773 - - -
563 |60.8 633 | 0.501 132.3 | 133.5 | 3.440
1% 763 | 80.7 83.8 | 0.654 152.3 | 152.8 | 23.38
No.4-6 1.74 | 20 109.4 | 116.4 119.4 | 0.381
37 1439 [553 127.6 | 3.798 241.1 | 2424 | 5227
5" 214.8 | 2183 220.1 | 0.428 - - -

* Sample IDs are the same as the numbers used in Table 7.22.
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Durability tests were carried out on macroporous dextran-co-polyNIPAAm that was
prepared either without using (0.0139 g) or using a thermostating step (0.0132 g). The
samples with determined weights were placed into two round-bottomed flasks containing
H,0 and then maintained at 38 + 2 °C for 14 d. Afterwards, both samples were frozen in LN,

and freeze-dried. Morphologies of the dried materials were characterised with SEM (3).
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