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continuous phase. Some of these structures result in unique, fluid-filled composites reminiscent

of biological tissue when the templating droplets develop into closed-cell structures. However,
the state-of-the-art falls short in replicating the mechanical and functional response of biological
structures due to stiff, fragile, and bio-incompatible materials while lacking systematic process-
ing parameters. This article describes the synthesis of high internal phase, closed-cell, poly-
dimethylsiloxane (PDMS) elastomeric foams which simultaneously achieve biocompatibility, me-
chanical robustness, flexibility, and selective permeability. Water-in-oil high internal phase emul-
sions (HIPEs) stabilized by silica nano-particles (SNPs) provide the microstructural template, re-
sulting in a > 74% by volume aqueous phase (up to 82%). To overcome the prohibitive barrier to
HIPE formation when using a mechanically-superior, but highly viscous commercial PDMS kit, we
produce HIPE templates via centrifugation of low internal phase emulsions (LIPEs, < 30% by vol-
ume dispersed phase). This oil phase crosslinks into an aqueous-filled (water + glycerol + NaCl)
elastomeric composite. The composite’s microstructural dependence on viscosity ratio, mixing
speed, emulsifier concentration, and centrifugal force are systematically characterized. The re-
sulting microstructured, fluid-filled elastomer composites exhibit mechanically robust and highly
flexible behavior due to the excellent properties of the PDMS continuous phase.

1 Introduction

Traditionally, closed-cell foams utilize gas-forming reactions to
produce an unconnected porous structure, prohibiting their abil-
ity to encapsulate material within the individual pores. Mean-
while, biology commonly utilizes composite structures character-
ized by encapsulated, aqueous-filled compartments in the form of
tissues to mediate communication, facilitate heterogeneity, and
provide structural integrity. Bridging this gap for the produc-
tion of biomedically-relevant materials requires development of
manufacturing strategies that are compatible with ambient con-
ditions (to maintain activity and function in aqueous media)
and use non-toxic components. Here we present a strategy that
draws upon recent emulsion templating approaches®? to pro-
duce highly porous and deformable, aqueous-filled, closed-cell,
microstructured monoliths reminiscent of plant tissue (e.g., plant
parenchyma). The high internal phase emulsion (HIPE) template
used to structure these composites is stabilized using hydrophobic
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silica nanoparticles.

While many such Pickering emulsion templates produce closed-
cell, polymerized HIPEs (polyHIPEs) due to their ability to stabi-
lize droplets against coalescence,? the materials previously used
are not optimized for biomedical integration. The continuous
phase polymer matrix has primarily been limited to solution-
polymerizable, often acrylate-based, monomers that typically pro-
duce a glassy or semi-crystalline polymer matrix,% though a
few elastomeric, aqueous-filled composites® and hydrogel-filled,
semi-crystalline shape memory elastomer composites have been
demonstrated. ® Despite this wide range of HIPE-templated poly-
meric continuous phases, 2 none can replicate the combination of
properties intrinsic to commercial polydimethylsiloxane (PDMS)
networks.

Due to its bio-compatibility; chemical, thermal, and mechanical
robustness; and cost effectiveness, polydimethylsiloxane (PDMS)-
based polymer foams or sponges have shown promise in appli-
cations ranging from oil absorption to separation membranes to
biomedical support materials.” Unfortunately, few microstruc-
tural control options for closed-cell, aqueous-filled silicone foams
having high volume fraction internal phases are available in the
literature. Closed-cell PDMS foams are most frequently created
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via gas-forming reactions, 310 prohibiting encapsulation. Closed-
cell fluid-solid PDMS composites are restricted to medium internal
phase emulsions (MIPEs, 30 - 73% volume of dispersed phase) !
or other low volume fraction composites via more intensive soft
patterning techniques, 1213 and more recently, composites using
liquid-metal '* or polyethylene glycol (PEG) 15 as the high inter-
nal phase.

To our knowledge, no silicone-based, closed-cell, aqueous-filled
polyHIPEs have been produced, likely due to viscosity-related
processing challenges associated with commercially-available
polymers or the difficulty of producing high molecular weight
silicone in the presence of water. The closest material is re-
ported by Giustiniani et al.,'> HIPE templates formed from reac-
tion stabilized trimethylsiloxy terminated methylhydrosiloxane-
co-dimethylsiloxane (MHDS) and water-soluble polyethylene gly-
col (PEG). These templates utilize milli and micro-fluidic tech-
niques for droplet formation, thereby resulting in highly monodis-
perse polyHIPEs. Two drawbacks limit this approach: 1) the dis-
persed phase appears to be limited to PEG as water-in-silicone
emulsions led to open-cell foams and 2) at small droplet sizes,
micro-fluidic formation is relatively slow. The first drawback lim-
its potential multifunctional applications of closed-cell, aqueous-
filled silicone polyHIPEs made possible by changing the aqueous
composite solution. The second limits ultimate sample size and
commercialization.

Commercial elastomer kits achieve their mechanical robustness
in part due to the strategy of crosslinking long, tailored pre-
polymers rather than simultaneously polymerizing and crosslink-
ing. These prepolymer solutions are highly viscous, thus using
commercially-available PDMS for polyHIPEs requires overcom-
ing key processing challenges associated with its high viscosity
relative to an aqueous internal phase. Emulsion template for-
mation depends on fluid phase viscosities, fluid constitutive be-
haviors, interfacial stabilization methods, and the type of equip-
ment used. For Newtonian fluids, an extensive body of literature
describes droplet deformation and breakup under various flow
regimes. 16-19 Viscosity ratio, A, (the dispersed phase viscosity di-
vided by the continuous phase viscosity) plays a key role in deter-
mining the ability of a droplet to break apart within the surround-
ing medium. 17 For a given capillary number, Ca, near a droplet,
there exist critical limits at both high and low viscosity ratios for
which droplet breakup is suppressed by surface tension. In the
case of HIPEs, the viscosity ratio governing droplet breakup re-
lies on the emulsion viscosity (which further increases with in-
creasing dispersed phase); as a result droplet breakup is sup-
pressed at high volume fractions.% The prevalence of solution-
polymerizable monomers for producing most existing polyHIPE
structures becomes clear; two low viscosity fluids require only tra-
ditional drop-wise, slow-addition, moderate-speed stirring meth-
ods to achieve a dispersed phase volume fraction greater than
74% (i.e., the threshold accepted for a HIPE). The use of a
high viscosity continuous phase for a liquid encapsulating poly-
HIPE has been reported twice to our knowledge: polybutadiene
oligomers?2! (the aqueous phase was made more viscous through
the addition of sodium alginate) and liquid-metal-in-PDMS (two
high viscosity fluids). 14 However, restrictions on droplet breakup
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Fig. 1 Schematic illustration of the high internal phase emulsion (HIPE)
fabrication procedure.

for an ultra low viscosity ratio between liquid phases, such as that
created using high molecular weight PDMS and water, critically
limits the volume of dispersed phase, severely restricting emul-
sion formation.

In this manuscript, we provide a detailed account of how to
overcome these challenges to fabricate closed-cell, aqueous-filled
PDMS polyHIPEs from inexpensive, commercially-available sili-
cone. We quantify the limitations associated with their forma-
tion as well as the processing parameters that may be tuned
to adjust the cellular structure. We first overview the emulsion
template and polyHIPE fabrication and characterization methods
used. Mechanisms for emulsion formation limits and droplet con-
trol are discussed and quantified. We employ centrifuged low
internal phase emulsions (LIPEs) as templates for the polyHIPEs.
The dependence of polyHIPE structure, especially the stability of
the closed-cell cavities, on centrifugation force and emulsifier are
reported. We provide an example of how the process may be
modified to produce open-cell polyHIPEs.

2 Methods

2.1 Emulsion Preparation

Unless otherwise stated, the oil phase consists of an uncured poly-
dimethylsiloxane (PDMS) kit (Solaris, Smooth-On), and hexane
(H-3341, Fischer Scientific). Silica nanoparticles (SNPs) (Aerosil
R974, Evonik Corporation) stabilze the emulsion. Oil phase and
stabilizer are mixed (30 s; 3500 rpm; dual asymmetric centrifu-
gal (DAC) mixer, FlackTek Inc.) to form the continuous phase be-
fore being combined with the aqueous phase. The aqueous phase
consists of 0.1 M NaCl in a 2:1 ratio water:glycerol (by weight)
mix. Unless otherwise stated, the aqueous phase is incorporated
into the continuous phase in two steps—gentle, manual mixing
followed by DAC mixing (30 s). Composition and processing pa-
rameters were varied over the parameter ranges in Table 1.

2.2 Viscosity Measurement

Viscosity measurements use a 40 mm diameter, temperature con-
trolled, aluminum parallel-plate geometry at 1 mm gap across
a frequency range of 10-300 Hz (AR-G2 rheometer, TA instru-
ments). A solvent trap minimizes hexane evaporation. Viscosity
plateaus after a shear rate of 300 Hz; the plateau value is used.
All fluids were verified as Newtonian. See ESI for details.



2.3 Droplet Size and Distribution Measurement

We analyze bright field optical micrographs for droplet size dis-
tribution using the Hough circle transform (ImageJ) on > 300
droplets per sample. For samples with high hexane concentra-
tion (> 55 wt,%), low surface tension resulted in less spherical
droplets, making the built-in plug-in unreliable. These droplets
were measured manually. See ESI for details.

2.4 Emulsion Stability Limit Determination

Eight oil phases of varying hexane content are made for three SNP
concentrations (Table 1, row 1). Starting with 3 g of the oil phase,
we add the water phase in 2 g increments, first manually mixing,
then DAC mixing (3500 rpm; 30 s). The emulsion is observed for
1 min for signs of aqueous phase coalescence. (A small amount
of food coloring in the aqueous phase aids visual inspection.) If
no coalescence occurs, the process is repeated. When coalescence
occurs, excess water is removed and weighed to determine the
emulsified quantity.

2.5 Synthesis of Closed-cell PolyHIPEs

Closed-cell polyHIPEs utilize the emulsion fabrication procedure
in Section 2.1 for sample compositions in Table 2. Emulsions are
transferred to 15 mL centrifuge tubes and centrifuged for 30 min
(Fig.1) at the forces given in Table 2. After centrifugation, sam-
ples cure at 70 °C for 30 min then at room temperature for 24 h.

2.6 Synthesis of Open-cell PolyHIPEs

The method for making open-cell polyHIPEs resembles that used
for closed-cell polyHIPEs (Sections 2.1 & 2.5). Sylgard 184 in a
prepolymer:crosslinker ratio of 5:1 is the oil phase. The aqueous
phase is blended into the oil phase in the presence of 10% surfac-
tant (Gransurf 2106) at 1500 rpm and centrifuged at 2800g for
5 min. Centrifuged emulsions cure at 70 °C for 90 min.

2.7 Fractionation for Gradient Minimization

We use 2.8 wt,% SNPs and 23 wt.% aqueous phase. The aqueous
phase is mixed into the continuous phase (600 rpm; 15 min) then
subjected to a two-step centrifugation: 1) 1100g for 5 min then
removal of the top 10 mL and bottom 1 mL of the centrifuged
emulsion, 2) remaining emulsion poured into a partially glycerol-
filled tube then centrifuged again (1300g, 1500g and 2000g, in
that order; 3 min each).

Effect Studied SNP (wt,%) @ Hexane (wty%)

Aqueous phase (wte%)

2.8 PolyHIPE Microstructural Characterization
We analyze x-ray micro computed tomography (uCT) scans of the
polyHIPEs (360° rotation; 4x magnification; 3 s exposure with
binning value of 2; Source: 31.5 mm, Detector: 20 mm, Source
Voltage: 66 kV, Source power: 8 W). Three dimensional recon-
struction of the porous structure was not possible with the quality
of images obtained due to the low density differential between
the aqueous and polymerized phases. However, single slices may
be analyzed. Slices corresponding to the same heights within a
tube are analyzed. See ESI for details of image processing for
determining area fraction and cavity size distribution.

We observe dried, uncoated polyHIPE cross-sections (&
2 mm thick) in a Phenom Pro scanning electron microscope
(Nanoscience Instruments; 5 kV; standard holder) to determine
wall thickness distributions (See ESI). Cross-sections dry at room
temperature for 24 h to remove water prior to imaging.

3 Results and Discussion

Control of the final porous microstructure relies on the ability to
tune droplet size and size distribution within HIPE emulsions. Di-
rect HIPE fabrication however is extremely limited at low viscosity
ratios, A = 1,/n. (aqueous phase viscosity, n,; continuous phase
viscosity, 1¢). These limitations, combined with cure inhibition at
larger viscosity ratio (higher hexane weight fraction), necessitate
the use of centrifugation of LIPEs222% as the starting point for
polyHIPE fabrication.*

LIPE templates comprised of the continuous/aqueous phases
presented here produce mean droplet diameters of 20 - 100 um.
Upon centrifugation, LIPEs produce stable HIPEs we cure to
form polyHIPEs (Fig. 1). Final polyHIPE microstructure thus
varies with the LIPE droplet structure, droplet resistance to
coalescence (achieved via surface active silica nanoparticles),
and centrifugation force. Though centrifugation induces a
microstructural gradient, we demonstrate gradient mitigation
through a fractionation procedure. We focus here on the pro-
duction of uniquely closed-cell, high-dispersed-phase-volume-
fraction aqueous-in-silicone polyHIPE composites, but give an ex-
ample of how related open cell structures might be obtained using
surfactant for potential use as co-continuous composite frame-
works.

3.1 Emulsion Template Control
Limitations on the stability of HIPEs from Pickering emulsions,
which often invert at dispersed volume percents above 70%,2°

# LIPE’s are defined as emulsions having internal phase volumes of < 30%.

Speed (rpm)

Stability Limit 2,3,4 0-64 28 — saturation 3500
Viscosity Ratio 3] 20 - 64 23 2000
Emulsion Stabilizer 2,3,4 50 23 3500
Mixing Speed 3 50 23 1500 - 3500

Table 1 Emulsion sample compositions and processing conditions. wt,% or wt.% indicate the percent by weight of the oil phase or the emulsion,

respectively.
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Effect Studied
Emulsion Stabilizer .
Centrifugal Force 3 20

SNP (wt,%)

Hexane (wty,%)

Aqueous phase (wte%)

Speed (rpm)
23 3500
23 3500

Centrifugal Force (g)
3000
1800 - 3000

Table 2 Polymerized sample compositions and processing conditions.
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Fig. 2 Effect of viscosity ratio. (a) Maximum amount of aqueous phase
that can be added to an emulsion by shear mixing as a function of in-
creasing viscosity ratio with 2 (dark blue-squares), 3 (red-circles), and 4
(light blue-traingles) wt,% SNP. (b-d) SEM micrographs of polymerized
emulsions consisting of 64 wt,% hexane and stabilized with (b) 2 wt;%,
(c) 3 wty,%, and (d) 4 wt,% SNP concentrations, each corresponding to
the largest A value samples plotted in (a).
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and the difficulty of droplet breakup at low viscosity ratio requires
droplet control considerations for LIPEs. The latter increases mi-
crostructural flexibility by enabling use of a wider range of fabri-
cation parameters.

3.1.1 Water Content Limitations

Undiluted by hexane, less than 35 wt.% of the aqueous phase
(water+glycerol+NaCl) may be emulsified in the highly viscous
oil phase (silicone pre-polymer + SNP) (4865 cP, 4 wt,%) under
the processing conditions described in Section 2.1. We attribute
this limitation to two key parameters known to govern droplet
break-up in Newtonian fluids: 17 the viscosity ratio between the
components, A = 1ng/Nc, and the capillary number*, Ca, which
accounts for the relative contributions from shear stress, lead-
ing to droplet deformation, and the Laplace pressure, prevent-
ing break-up (See ESI for further discussion of Ca limitations for
droplet breakup as a function of A, i.e., modifications of the Grace
curve 7). We find that emulsions with higher viscosity ratios sta-
bilize more water (Fig.2(a)), 26 hyt also that for the range of com-
positions tested (Tab. 1) a HIPE only forms for SNP compositions
> 3 wt,% and only at the highest hexane concentrations prepared
(64 wt,%) (Fig. 2(a)). Interestingly, we observe these Pickering
HIPEs even in the absence of careful tuning of the colloidal par-
ticle surface as has often been required. #22-23.27-29 This stability
may be temporary, as coarsening or inversion could be slowed by
the high viscosity continuous phase.

Lower viscosity ratio formulations demand higher capillary
number corresponding to higher applied shear stress during mix-
ing to achieve droplet breakup (See ESI for details). For this rea-
son, most emulsions, especially HIPEs, made using shear mix-
ing or microfluidics have a A >0.01.16:30-32 Despite the ability to
reach HIPE compositions at two SNP concentrations, the single
mixing speed required (highest possible in our DAC mixer) pro-
vides no additional microstructural control. More importantly,
evaporation of the large quantity of hexane present in the HIPE
samples that do form (Fig. 2(b-c)), distorts the desired closed-
cell, microstructure and inhibits curing. Creases and irregulari-
ties visible in the walls of the cells (Fig. 2(b-d)) are thought to be
the result of evaporation of the significant hexane content during
curing as we do not observe them in the structures produced with
lower hexane content.

3.1.2 Droplet Tuning

Mean droplet size and size distribution vary with emulsion stabi-
lizer concentration, mixing speed, and viscosity ratio. Emulsion
stabilizer (SNP) concentration exhibits a saturation behavior we
associate with achieving the minimum required interfacial cover-

*Ca= ﬁ/d with 7, 0, and d being the shear stress, surface energy, and droplet diam-
eter, respectively.
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Fig. 3 Effect of emulsion stabilizer, mixing speed, and viscosity ratio on emulsion droplets. (a) Distribution span of emulsions with 2 (dark
blue-diamonds), 3 (red-squares), and 4 (light blue-circles) wt,% SNP concentrations mixed at different speeds. (Emulsions: 23 wt.% aqueous phase,
50 wt,% hexane, A = 0.01, 0.009 and, 0.004 for 2, 3 and, 4 wt,% SNP, respectively).(b) Probability densities for emulsions mixed at 1500, 2000,
2500, 3000, and 3500 rpm with 3 wt,% SNP concentration. All distributions are lognormal. (c) Distribution span of the emulsion droplets as a function
of increasing viscosity ratio. (Emulsions: 3500 rpm, 23 wt.% aqueous phase, 3 wt,% SNP). (d) Droplet size as a function of viscosity ratio. Boxes
correspond to the 25™ and 75 percentiles. The inner horizontal line indicates the median and the ends of whiskers show the extreme values of the
data set by disregarding the outliers. Outliers (values >1.5 times the interquartile range from top and bottom of the box) are indicated with plus signs.

age for droplet stability, while mixing speed provided the greatest
practical means of tuning mean droplet size. However, changes
in mean droplet size were associated with variation in size disper-

sity.

We observe a saturation behavior associated with increasing
emulsion stabilizer concentration. Droplet size distributions ap-
proach a similar form for 3 and 4 wt,% (Fig. S6). Droplet uni-
formity decreases for the lowest SNP concentration, 2 wt,%, sug-

gesting insufficient surface coverage. Uniformity is quantified in
Fig. 3(a) using the span of the distribution, S, determined via

_ Dgo—Dio
Dsg

S M
Here Doy, Dyg, and Ds are the 90™, 10, and 50 percentile
of the data. For the range of mixing speeds tested, significant
differences in the droplet size distributions were observed for all
2 wt,% SNP concentrations relative to either the 3 or 4 wt,% for-
mulations. At most speeds, 4 wt,% formulations had less or equal

size uniformity relative to the 3 wt,% (only for 2000 rpm was S
higher, p = 0.47). These minimal changes in the size distribu-
tions at high SNP concentration and decreased uniformity at low
concentration are consistent with the interpretation that 3 wt,%
is near the onset of total surface coverage for droplets formed
within the 23 wt.% aqueous emulsions characterized over this
range of mixing speeds.

Of the parameters tested, mixing speed had the largest and
most readily controlled effect on d. Droplet diameter and non-
uniformity both increase with decreasing mixing speed (Fig-
ure 3(b)). Mean droplet diameters indicate an ~ 3.5x increase in
d (25 - 87 um) accompanying a 3/7 reduction in mixing speed.
Over this same range of speeds, S increases by only ~ 1.5x.
Droplet distribution control via changing viscosity ratio (through
the addition of hexane in the continuous phase) is both less sen-
sitive and less systematic. In Fig. 3(d), box-whisker plots indicate
that over a 21x increase in A, from 0.002 to 0.042 (3-fold in-
crease in hexane content), we observe a 5.3x increase in d (17
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to 90 um). For this same viscosity range, the span first decreases
to a minimum value of 0.75 at A = 0.008 and then gradually in-
creases to reach a plateau of S ~ 1.1 at viscosity ratios above 0.017
(Fig. 3(c)). We do not have an explanation for this behavior. The
other drawback to utilization of the full viscosity range is that
for hexane content above 60 wt,% (A = 0.017), we observe only
surface layer curing of the polyHIPE after 5 days of observation.

The observations discussed above enable tuning of the final
closed-cell pore size. For example, we can achieve a lower droplet
size limit of d = 6.95 um with S = 0.88 (20 wt,% hexane,
A =1.6x 1073, 3500 rpm, and 23 wt.% aqueous phase). Sev-
eral other composition/parameter combinations were performed
to validate the trends reported in Fig. 3 and can be found in the
ESI (Fig. S7).

3.2 Closed-cell polyHIPEs

We demonstrate droplet concentration via centrifugation. SNPs
stabilize against droplet coalescence. We validate this stabilizing
and weakly size-modifying effect of SNPs via a study of the fi-
nal, cured structure. For a range of processing conditions we ob-
serve mechanically robust, closed-cell polyHIPEs (Figure 4) with
aqueous content reaching 82 % by volume (see ESI for flame re-
sistance, similar to Gurevitch and Silverstein >, and squeeze test
demonstrations).

3.2.1 Microstructural Features

Upon curing of the PDMS phase, HIPEs result in an elastomeric
composite having liquid inclusions. The microstructure of these
monoliths is observed using puCT scanning of as-fabricated sam-
ples and SEM imaging of lateral cross sections. The representa-
tive image shown in Fig. 4 illustrates the closed-cell elastomeric
structure (aqueous-phase removed). The non-spherical cells are
indicative of the droplet deformation characteristic of HIPEs. The
smooth wall surface demonstrated in Fig. 4 is found, by trial-and-
error, to occur with high temperature initial curing (Section 2.5)
that presumably causes quick evaporation of the hexane prior to
network formation.

3.2.2 Dependence on Centrifugation

Centrifugation of LIPEs can create HIPEs, but only in the absence
of droplet coalescence. Owing to differences in density between
the continuous (oil4+SNP) phase and dispersed (aqueous) phase,
the aqueous droplets condense at high centrifugal load. As a re-
sult, centrifugation is often used as a means to verify the stability
of an emulsion.33-37 As a high gravity extension of the creaming
typically observed in emulsions, centrifugation also concentrates
droplets within an emulsion. 3840 It follows that the strength of
the centrifugal force determines the degree of packing between
stabilized droplets.3® However, to our knowledge no systematic
study of this effect on the resulting microstructure has been quan-
tified for polyHIPEs.

For consistency, we select a constant centrifugation time that
ensures all macroscopic droplets settle. We estimate the set-
tlement time, #;, for the aqueous phase droplets using Stokes’

Law, 41,42
4n.h
= el @
(Pa — pc)d*Ng
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Fig. 4 Closed-cell, aqueous-filled, silicone polyHIPEs. (a) SEM mi-
crograph of a Pickering polyHIPE made with aqueous droplets in PDMS
(water removed by drying the c/s). The cavity walls are closed with no
pore throats or defects. Note that the cavities are highly polyhedral. (b)
Digital image of a Pickering polyHIPE cured in a rectangular mold. (c)
The polyHIPE bends, without any structural disintegration, upon applica-
tion of manual force. (3000g. Emulsion templates: 23 wt.% aqueous
phase, 20 wt,% hexane, 3 wt,% SNP)

where 1 is the viscosity of the continuous phase, & is the set-
tlement distance to be travelled by the droplet, p, and p. are
the dispersed and continuous phase densities, respectively, d is
the droplet diameter, N is a gravitational multiplication factor
and g = 9.81 m/s? is the acceleration due to gravity (i.e., for
a centrifugal force of 2000g, N = 2000). We estimate an up-
per limit of 7; = 20 min assuming the most viscous continuous
phase (n. = 1.07 Pa.s, p. = 849.37 kg/mS) used and a small drop
(d =20 um, p; = 1064.7 kg/m3) situated at the top of the cen-
trifuge tube (h = 8 cm) under the smallest centrifugal force we
consider (Ng = 1800g). With the majority of the droplets in our
emulsions in the range of 20-150 um, a centrifugation time of
30 min assures that all of the droplets will form a concentrated
emulsion.

Stronger centrifugal forces increase the aqueous volume frac-
tion. This effect is moderate over experimentally accessible
ranges. Samples fabricated from 3 wt,% SNP emulsions cen-
trifuged at forces ranging from 1800g to 3000g (Fig. 5) demon-
strate only a 10% relative increase in volume fraction (Fig. 6(a)).
However, average wall thickness decreases from 13 to 1.5 um,
nearly an order of magnitude, over this same range of centrifu-
gation forces (Fig. 6(b)). Simultaneously, wall thickness unifor-
mity increases. Droplets templated by the original emulsion re-
main intact for all but the highest forces used. As Figures 6(c) &
(d) illustrate, cavity size and distribution remain unchanged for
forces up to 2700g. Only at the highest centrifugal force tested
(3000g), does the mean cavity size increase. A potential reason
for this increase is that higher centrifugal forces deform, rupture,
and eventually merge some of the original droplets into larger
droplets. In support of this mechanism, we compare the cavity
size distributions of the centrifuged samples to the droplet dis-
tribution of the low internal phase emulsion (LIPE) used to make
the HIPEs. A Mann-Whitney U-test between the LIPE (black, long-
dash double-dot curve) and each preparation condition confirms
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Fig. 5 MicroCT cross-sections of polyHIPEs formed under varying centrifugal forces. Lighter regions indicate the polymerized oil phase while the dark
grey areas denote the higher density agueous phase. (Emulsion templates: 23 wt.% aqueous phase, 20 wt,% hexane, 3 wt,% SNP)
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Fig. 6 Effect of centrifugal force on polyHIPE microstructure. (a) Aqueous phase volume fraction as a function of increasing centrifugal force.
Error bars correspond to the standard deviation from 5 images. (b) Wall thickness probability densities for centrifugal forces of 18009 (dark blue-solid),
2100g (red-dash dotted), 24009 (teal-dash), 2700g (yellow-solid with circles), and 3000g (light blue-dotted). All distributions are best described as
lognormal except 27009 (normal). (c) Droplet diameter at 1.2 mm from the bottom of the polyHIPEs as a function of increasing centrifugal force. Only
the 3000g sample is statistically significantly different. Boxes correspond to the 25 and 75™ percentiles. The inner horizontal line indicates the median
and the ends of whiskers show the extreme values of the data set by disregarding the outliers. Outliers (values >1.5 times the interquartile range from
top and bottom of the box) are indicated with plus signs. (d) Cavity size probability densities considering cross-sections ranging from bottom of the
samples to a height of 4 mm compared for centrifugal forces ranging from 1800 to 3000g. The black (long-dash double-dot) curve corresponds to
the droplet diameter distribution of the LIPE template emulsion used. Except for the sample centrifuged at 3000g, the probability density curves are
same (including the LIPE distribution) within a 95% confidence level. All the distributions are lognormal. (Emulsion template: 23 wt.% aqueous phase,
20 wt,% hexane, 3 wt,% SNP)
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Fig. 7 MicroCT cross-sections of polyHIPEs formed at varying SNP concentration. Lighter regions indicate the polymerized oil phase while the dark
grey areas denote the higher density aqueous phase. (3000g. Emulsion templates: 23 wt.% aqueous phase, 20 wt,% hexane)

that the cavity size distribution of the 3000g sample is the only
sample that is statistically significantly different from that of the
templating emulsion (p = 1.3 x 1079).

3.2.3 Dependence on SNP Concentration

We determine the minimum SNP concentration for stable HIPEs
capable of sustaining the high centrifugal forces required for high
volume fraction. Fig. 7 illustrates the polyHIPE microstructures
prepared at different SNP concentrations (in the emulsion) for
the highest centrifugal force (3000g). (Note that SNP content
changes upon curing due to evaporation of hexane.) It is clear
from these images that significant coalescence occurs for SNP
concentrations at and below 2 wt,%. These small quantities of
nano-particles appear to be insufficient to cover the droplet inter-
face. We therefore analyze volume fraction, wall thickness, and
cavity size for the higher concentration samples. As Figure. 8(a)
shows, volume fraction decreases with increasing SNP content.
This trend can be understood through the decrease in droplet di-
ameter across the entire range of SNP parameters (p < 10> for
all distributions) (Fig. 8(c) & (d)), i.e., more walls are present
in the sample. Notably, wall thickness appears to approach a
plateau, perhaps due to steric interaction between the particles,
with no statistically-significant difference found between the 2.8
and 3.2 wt,% formulations (p = 0.51) (Fig. 8(b)).

3.2.4 Structural Gradient and Gradient Minimization via
Fractionation

Under traditional, one-step centrifugation, non-uniform samples
settle sequentially as a function of size due to differences in
drag/forcing. The result is a gradient in the cavity size in the fi-
nal, cured polyHIPE, with cavity size reducing, as expected, with
increasing distance from the bottom, D (Fig. 9(a)). While this
gradient may be desirable for some applications, often it is useful
to minimize it. We find that for all centrifugation forces, ranging
from 1800 to 3000g, a statistically significant gradient in average
cavity diameter exists, but the difference between these gradients
is not statistically significant, consistent with results reported in
Sec. 3.2.2. The gradient is a direct consequence of the droplet
settlement time being inversely proportional to the square of the
droplet radius (Eqn. 2). Because cavities closer to bottom of the
sample are associated with droplets with shorter settlement time
(D ~ 1), Eqn. 2 predicts d ~ D~'/2. We do not observe this exact

8| 1.4 1-12

scaling due to the interaction between droplet distribution and
the conically-shaped tip of the centrifuge tube within which the
gradient is measured, however, the trend lies in the same direc-
tion. The average percent difference between 0.2 and 3.8 mm
from the sample bottom is 43%.

To eliminate the observed gradient, we perform a fractionation
procedure, which is a two-step centrifugation process (described
in detail in Section 2.7). We find no significant gradient in cavity
size across the range of D observed as indicated by a flat profile
(Fig. 9(b)), as opposed to the graded one in Fig. 9(a). Fig. 9(c)
demonstrates that the probability density curves for cavity size at
progressively larger D are also unchanged. The consistent, over-
lapping curves with p > 0.05 for all cases, correspond to a mean
droplet diameter of about 100 um at each interval (1.2 cm thick
cylindrical sample).t Analysis of the volume fraction as a func-
tion of D (Fig. 9(d)) also finds no gradient and validates that the
composite lies within the high internal phase regime (79% - 82%
water by volume). Thus, the fractionation method eliminates gra-
dients within the polyHIPEs.

3.3 Open Cell polyHIPEs

In contrast to SNPs, using a molecular surfactant imparts an open-
cell structure to the polyHIPE as previously observed.*? Sylgard
184 and surfactant (Gransurf 2106) with no hexane was used
to produce the structure in Figure 10. The resulting cavities are
spherical with interconnects, known as pore throats, allowing free
flow of the aqueous phase out of the polymer structure. Surfac-
tant molecules maintain an equilibrium concentration at the sur-
face, thereby preferring the spherical droplet geometry that leads
to open-cell HIPE structures. In contrast, droplets covered with
SNPs act like elastic shells and allow for nano-particle redistri-
bution, rather than desorption, accompanying changes in interfa-
cial area.** This elasticity allows droplets, upon being subjected
to compressive forces, to deform into polyhedrons and results in
dense packing densities that form a closed-cell HIPE.

1S = 0.88 within the observed region.
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Fig. 8 Effect of SNP concentration on polyHIPE microstructure. (a) Aqueous phase volume fraction as a function of increasing SNP concentration.
(b) Probability densities for wall thicknesses of 2.4 (dark blue-solid), 2.8 (red-dash), and 3.2 (teal-solid with squares) wt,% SNP compositions follow
lognormal, lognormal, and normal distribution functions, respectively. (c) Cavity size as a function of SNP concentration. Boxes correspond to the 25t
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Fig. 10 SEM micrograph of an open-cell polyHIPE made using molec-
ular surfactant. Note the highly spherical pores connected via circular
pore throats where pores come into contact.(2800g. Emulsion template:
23 wt.% aqueous phase, 10 wt,% Gransurf 2106, Sylgard 184 in 5:1
ratio)

4 Conclusions

This work provides, for the first time, fabrication methods and mi-
crostructural control mechanisms for the creation of closed-cell,
aqueous-filled silicone polyHIPE composites using commercially-
available materials and processes. Utilizing centrifugation to
overcome limitations on the aqueous phase volume fraction when
using a high viscosity continuous phase (low viscosity ratio),
we produce both open and closed-cell structures. We also pro-
vide a method for elimination of the centrifugation-induced mi-
crostructural gradient. Monolithic, macroscopic, mechanically ro-
bust polyHIPE composites with cavities of biologically-relevant
sizes (20 to 100 um) are now possible using this combination of
approaches, i.e., colloidal stabilization of droplets and centrifu-
gal concentration of LIPEs, where application of each separately
would be ineffective.

To facilitate the future application of these novel materials,
we report droplet size distributions and variations for water-in-
oil (aqueous-in-PDMS) LIPEs as a function of processing parame-
ters (mixing speed) and composition (continuous phase viscosity
and SNP-emulsifier concentration). The observed distributions
are consistent with those observed in the polyHIPE structures,
which effectively ‘freeze’ the emulsion templates into the final
closed-cell structure. Both decreased mixing speed and contin-
uous phase viscosity produce larger template droplets. SNPs at
sufficiently high concentration (~ 3 wt,%) effectively stabilize the
droplets at all but the highest centrifugation speeds.

We expect aqueous phase stability limits, droplet size distri-
butions, and critical SNP concentrations to vary somewhat with
changes in the aqueous phase (i.e., the absence of glycerol, more
or less salt, or the addition of biomedically-relevant solutes).
However, preliminary tests suggest that the overall trends re-
ported here will still guide future efforts to control PDMS-based,

fluid-solid composite microstructure. The approach outlined here
(Pickering emulsions concentrated via centrifugation) may also
prove useful for other commercially-available, high viscosity poly-
mers desired for liquid composite elastomers fabrication.
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1 Viscosity Determination

The dual asymmetric mixer consists of a 2.3 cm radius cup (rcup)
rotating about its central axis while being spun about an ap-
proximately normally oriented external axis on a ~ 6.2 cm arm
(rarm). For 1500 to 3500 rpm mixing speeds (., (cycles/time)),
the approximate shear rate, ¥, scales with the velocity of the
outer edge of the cup (2arcyp®.) divided by the cup radius, or
~ 160 — 370 Hz. Viscosity approaches a plateau at shear rates
around 300 Hz. To provide a means of systematic comparison of
the flow behavior of all components at the high shear rates esti-
mated for the DAC mixer, we fit a power law to the rheometric
viscosity versus shear-rate data. Fig. S1 shows a representative
example. The plateau viscosity obtained from the curve fit, as
shear rate approaches infinity, is taken to be the viscosity of the
component.

1300
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= 1100t
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Fig. S1 Viscosity as a function of shear rate for a representative continu-
ous phase sample (PDMS + hexane + SNP). The dashed line shows the
power law curve fitting up to an extended shear rate of 1000 Hz.

2 Image analysis: Emulsion

Bright field optical images of uncured emulsions are obtained in
a ZFISS inverted microscope. Figure S2 illustrates a sample mi-
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crograph (a), followed by the image at key stages in the anal-
ysis process (b-d). First, the circular edges of the droplets are
found using a built-in function (Process - Find edges) in ImageJ
(Fig. S2(b)). The image is then converted to 8-bit before carrying
out a threshold segmentation (Fig. S2(c)). We analyze droplet
size using an open-source ImageJ plug-in (‘Hough circle trans-
form’). This plug-in detects the circles in the image and returns
their radii. Fig. S2(d) shows an overlay of the detected circles
on the color inverted segmented image. We find that the per-
formance of the plug-in is sensitive to image noise in the image
and thus requires good image quality and robust segmentation.
Several micrographs are characterized in this way until >300
droplets have been detected and quantified.

3 Image analysis: polyHIPE

Volume fraction & cavity size determination: We calculate the vol-
ume fraction of the aqueous phase by analyzing 5 consecutive im-
ages from the microCT stack in ImageJ. Cavity size distributions
are obtained through particle analysis on a single image (approx.
150 droplets). The analysis procedure for both scenarios is il-
lustrated in Fig. S3. A single, cropped microCT image from the
stack (Fig. S3(a)) is first enhanced by subtracting the background
(Fig. S3(b)). After segmenting the enhanced image using the ‘Ro-
bust Automatic Threshold Selection’ plug-in (Fig. S3(c)), particle
analysis is performed. The particle analysis returns the major and
minor axes of the cavities by fitting an ellipse (Fig. S3(d)). For
the purpose of comparison, we estimate the size of the cavities
by equating the area of the fitted ellipse to that of an equivalent
circle. Fig. S3(e) shows an overlay of the ellipses determined in
this way on the actual image, providing a visual validation of the
process. Gradient characterization repeats this process for every
100t slice, starting from the 50 slice to the 950™ slice.

Particle analysis also returns the area fraction of the black por-
tion of the segmented image, corresponding to the cavity area
fraction. Total cavity volume is simply a sum of each the area
fractions from five slices multiplied by the product of the total
image area, A, and the slice thickness, t (equivalent to the rectan-
gle integration rule). Dividing the total cavity volume by the total
image volume (5A¢) yields the volume fraction, which is equiva-
lent to the average area fraction over the five image.

Wall thickness: MicroCT image quality was determined to be
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Fig. S2 Emulsion image analysis procedure.(a) An typical optical micrograph from an uncured LIPE; (b) The image after edge detection; (c) A
segmented image using the ImageJ’s built-in threshold function; (d) An overlay of circles detected by the ‘Hough circle transform’ plug-in on the

segmented, inverted image.

insufficient for robust, automated wall thickness measurement.
Instead, 30 randomly computer-generated points are selected on
a scanning electron micrograph (SEM) of a cross-section of the
samples. The cavity wall closest to each point is manually mea-
sured in ImageJ.

4 Probability density functions

Raw droplet and cavity size distribution data consists of discrete
values. Histograms generated from this data make direct com-
parison difficult and trends less visually apparent. To facilitate
understanding, we fit each data set to either or normal (N) or log-
normal (LN) probability density function (pdf). The best fitting
distribution for the data is selected based on a weighted ranking
of three goodness of fit tests (Kolmogorov-Smirnov, Anderson-
Darling, and Chi-Squared) in the software EasyFit. We find all
data to be well-described by either N or LN distributions. An ex-
ample pdf fit is shown in Fig. S4. Histograms are generated for
the droplet/cavity size measurements using n equally spaced bins,
determined via Sturge’s rule. For the example shown, the lognor-
mal distribution is a better fit.

2] d 1.4 15

5 Emulsion and Droplet control
5.0.1 Water Content Limitations

We attribute emulsification limitations to two key parameters
known to govern droplet break-up in Newtonian fluids: ! the vis-
cosity ratio between the components, A = 14/nc, and the capillary

number,
T

- 20/d’
which accounts for the relative contributions from shear stress, 7,
leading to droplet deformation, and the Laplace pressure, pre-
venting break-up. Here o is the surface energy and d is the
droplet diameter.

€3]

Ca

The phenomenon of increasing maximum dispersed phase con-
tent with increasing viscosity ratio in the regime we test here may
be consistent with theories of droplet break up for Newtonian flu-
ids.1:2 We limit discussion to droplet breakup under shear mix-
ing given its predominance in the DAC mixer used. For single,
non-interacting droplets, Grace! found that droplet breakup oc-
curs above a critical value for the capillary number (Ca.) and
that this critical value is a function of A. Figure S5 illustrates
the Grace curve. Above a viscosity ratio of 4, breakup does not
occur, while for a given Ca, there exists a minimum value of 4
for breakup as well. Although the Grace curve was determined
for single droplet breakup, Jansen et al.® showed that in con-



Fig. S3 PolyHIPE image analysis procedure.(a) A single, representative microCT stack image; (b) The image after being enhanced by subtracting
the background; (c) The image after segmentation carried out using the ‘Robust Automatic Threshold Selection’ plug-in in ImageJ; (d) The result of
particle analysis on the segmented image in the form of elliptical fits; (e) An overlay of the identified cavities (ellipses) on the original image.
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Fig. S4 Lognormal (solid line) and normal (dashed line) probability dis-
tribution fits superimposed on the histogram of droplet diameter for a
representative data set.

centrated emulsions, the curve applies so long as the continuous
phase viscosity is replaced by the average emulsion viscosity, 1.,
resulting in a modified viscosity ratio, A* = 1./n,.5 Thus we use
the Grace curve to qualitatively interpret the emulsification limit
trends we observe.

The experimentally-observed trend may be rationalized as fol-
lows. For DAC mixing, we consider the centrifugal forces acting
to pull the fluid contents toward the bottom of the mixing cup due
to rotation around an axis external to the cup and those forcing
the fluid to flow up the cup walls via rotation about the cup’s axis
of symmetry. Applying the principle of super position, treating
these three tensile stresses as the principal stresses, and calculat-
ing the maximum shear stress, 7, (located at the top and center
of the cup) under the assumption that the fluid maintains an ap-
proximately cylindrical shape within the cup yields

2

T= Fcup¥arm 2
where p is the mass density, ® is the angular velocity (rad/s) of
both rotations, reyp is the radius of the mixing cup, and ram is
the length of the rotating arm within the mixer. For the 2.3 cm
radius cup rotating on a 6.2 cm arm at 3500 rpm, the shear stress
is approximately 100 kPa (p ~ 1000 kg/m?>). It follows that for an
estimated d ~ 25 um (Fig. 3(b)) and ¢ ~ 40 mN/m (water-PDMS
interface), the capillary number applied by the mixer is on the
order of 30. Figure S5 illustrates this state within the Grace curve
for component viscosity ratios at the 3 wt,% SNP concentration
for hexane content at the lowest and highest amounts tested (0
and 64 wt,%, A = 0.0005 and 0.042, blue and medium orange
circles, respectively). We use this order of magnitude starting
point to demonstrate the experimentally observed trend.

As more aqueous phase is added, the modified viscosity ratio,

SEmulsion viscosity, 7., replaces 7. in both the calculation of A and the deter-
mination of the critical capillary number such that Caci = 1.¥/(26/d) becomes
Cal; = 1n.7/(20/d). 7 is the shear strain rate.

4| o 1.4 -5

A*, deviates further (decreases) relative to the component vis-
cosity ratio, translating the state of the system horizontally, in
the direction of the corresponding arrows. As Fig. S5 illustrates,
the higher the starting component viscosity ratio, the longer the
emulsion remains within the droplet breakup window. Lower
starting viscosity ratios thus reach their maximum aqueous phase
content earlier, consistent with every SNP concentration shown in
Fig. 2(a). The effect of SNP concentration on maximum aqueous
phase content may be similarly described using Fig. S5. Taking
the 3 wt,% SNP, 64 wt,% hexane point (medium orange circle)
as the reference, an increase in SNP for a sample with identical
component ratio viscosity will correspond to more nanoparticles
at the droplet surfaces, thereby lowering the surface energy. This
lower surface energy increases the capillary number applied by
the mixer (dark orange circle). As the droplet breakup window
enlarges at higher Ca, we expect the addition of more nanoparti-
cles to correspond to an increase in the maximum aqueous phase
content for similar viscosity ratio. The opposite is true for de-
creased SNP concentration (light orange circle). This result is also
consistent with experimental observation, Fig. 2(a). We note that
for the viscosity ratios observed, the 2 wt,% formulations never
reach the HIPE state (only 71 wte%). The significantly lower max-
imum aqueous phase content at this SNP concentration may also
be affected by insufficient surface coverage leading to droplet co-
alescence. Effects of droplet coalescence are not captured by the
Grace curve.

5.0.2 Droplet Tuning

Figure S6 exemplifies the saturation behavior associated with in-
creasing emulsion stabilizer concentration. Distributions at the
higher concentrations, 3 and 4 wt,%, do not differ significantly
over the range of mixing speeds tested (23 wt.%).

We perform a few parameter checks to validate the trends re-
ported in Fig. 3. To determine the lower bound of mean droplet
diameter possible through manipulation of both viscosity ratio
and mixing speed, we characterize a sample at a low hexane
content value (20 wt,%, A = 1.6 x 1073) and the highest mix-
ing speed (3500 rpm). We achieve d = 6.95 um and S = 0.88
with this combination of composition and processing parame-
ters (23 wt.% aqueous phase). As shown in Figure S7, the
same sample (A = 1.6 x 1073) mixed at 2000 rpm results in
d =11 um and S = 1.04, approximately doubling in size, in
line with Fig. 3(b). We also characterized a sample at 50 wt,%
hexane content (A = 4.5 x 10~3) mixed at the highest mixing
speed (3500 rpm). This sample produced an even larger average
droplet diameter d = 23 um and S = 1.00. This trend is pre-
dicted by interpolation of results in Fig. 3. Therefore, by careful
selection of processing parameters, droplets of desired size can be
produced.
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Fig. S5 A schematic illustration of the Grace curve showing the depen-
dence of droplet breakup on capillary number and viscosity ratio.
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Fig. S6 Probability densities for droplet diameters produced using 2
(dark blue-solid), 3 (red-dash), and 4 (light blue-solid with circles) wt,%
SNP concentrations mixed at 3500 rpm follow lognormal, lognormal, and
normal distributions, respectively.
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Fig. S7 Probability densities for droplet size control validation samples.
The combined effect of high mixing speed (3500 rpm) and low viscosity
ratio (1.6 x 1073) generate droplets with a mean diameter of less than
10 um (solid, red curve, LN distribution). The teal dashed line (A = 1.6 x
10~3; 2000 rpm, LN distribution) has a larger mean and span because it
was mixed at a lower speed. Similarly, the dark blue dotted line (A = 4.5 x
10~3; 3500 rpm, N distribution) has the largest span and mean droplet

diameter due to its higher viscosity ratio.
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