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ARTICLE INFO ABSTRACT
Keywords: Elastomeric materials combining multiple properties within a single composite are highly desired in applications
Interfa'ce stability including biomaterials interfaces, actuators, and soft robotics. High spatial resolution is required to impart
Emulsion templated polymer different properties across the composite for the intended application, but many techniques used to prepare these

Patterned materials

PolyHIPE composites rely on multistep and complex methods. There is a need for the development of simple and efficient

platforms to design layered composite materials. Here, we report the synthesis of horizontally- and vertically-
patterned composites consisting of PDMS-based polymerized high internal phase emulsion (polyHIPE) porous
elastomers and PDMS/PEG hydrogels. Composites with defined interfaces that were mechanically robust were
prepared, and rheological analysis of the polyHIPE and hydrogel layers showed storage moduli values of ~ 35
kPa and 45 kPa respectively. The compressive Young’s Modulus and maximum strain of the polyHIPEs were
dependent on the thiol to ene ratio in the formulation and obtained values ranging from 6 to 25 kPa and 50-65%
respectively. The mechanical properties, total porosity of the polyHIPE, and swelling ratio of the hydrogel were
unaffected by the patterning technique compared to non-patterned controls. PolyHIPE-hydrogel composite
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materials having up to 7-different horizontally pattered layers could be prepared that could expand and contract

up hydration and drying.

1. Introduction

Elastomers that combine different materials within a single com-
posite have been shown to be useful in many areas, including bio-
mimetic tissue scaffolds,[1-5] water purification materials,[6,7] stimuli
responsive actuators,[8,9] and soft robotics.[10] Many of these appli-
cations rely on high spatial resolution of the two or more different
materials. For example, in stimuli responsive actuators, the size and
shape of responsive layers dictate the direction or magnitude of motion.
[11] This was demonstrated by Bertoldi and coworkers,[8] where the
design parameters of fiber-elastomer segments in a Kevlar wrapped
silicone elastomer could control bending, twisting, or expansion motion
under fluid pressure to mimic the complex motion of fingers. Similarly,
controlling bulk morphology properties, including porosity, in a
patterned fashion is desirable for biomimetic tissue scaffolds to better
model the complicated native bone-tendon interfaces.[3,12-14] Porous
elastomers are used in application including flexible sensors,[15,16]
absorbents,[17,18] and biomaterials.[19,20] For example, Cho and co-
workers[13] showed that preparing a porous collagen-based scaffold
with a gradient in chemistry and pore size provided enhanced cell
proliferation in the hydrogel “tendon” layer compared to the “bone”
layer where human osteoblasts proliferated. Their results showed that
cell behavior was dependent upon the microenvironment of each layer
within a single 3D scaffold. However, many examples use complex or
multistep synthesis methods to prepare materials having layers of
differing properties while maintaining spatial resolution.

Hydrogels are water-swollen polymeric materials that are among the
mostly widely studied biomaterials.[21,22] Specifically, elastomeric
hydrogels are able to provide the water content, toughness, and
compressive strength, etc. to prepare synthetic cartilage[23-26] and
tendon.[27,28] Hydrogels with desirable elastic properties can be pre-
pared using polymer networks having both hydrophilic and hydropho-
bic components.[29-31] The introduction of hydrophobic components
into the hydrogel network can improve the elasticity of polymeric gels.
For example, Crosby, Tew, and coworkers[29] showed a hydrogel con-
sisting of a norbornene end-functionalized poly(ethylene glycol) (PEG)
and polydimethylsiloxane (PDMS) showed excellent mechanical resil-
ience (97% efficiency at 300% strain) and that the volume fraction of
PDMS in the gel could tune the water content and Young’s modulus.

One way to produce porous polymers is using an emulsion tem-
plating technique called polymerized high internal phase emulsions
(polyHIPE).[32-34] The pore size, pore morphology, and mechanical
properties of polyHIPEs can be readily tuned and are dependent on the
preparation conditions and the composition of the pre-polymerized
emulsion.[35] PolyHIPEs can be prepared from thermal free radical
polymerizations [36-38] or UV initiated orthogonal coupling “click”
reactions,[39-43] in particular thiol-ene reactions.[44-52] The proper-
ties of thiol-ene polyHIPEs can be modified or controlled by the chem-
istry and the molar stoichiometric ratio of the thiol- and ene-containing
components. For example, Claeyssens and coworkers [45] introduced
biodegradability into a polyHIPE network using three-arm and four-arm
methacrylate-functionalized polycaprolactones that showed compara-
ble human osteosarcoma cell viability and spreading over a 7-day period
on polyHIPEs having four-arm PCL networks compared to tissue culture
polystyrene. Our lab has prepared PDMS-based polyHIPEs using thiol-
and ene-functionalized PDMSs where the thiol to ene ratio was used to
control the storage moduli at a single total porosity.[47,48] In addition
to the wide library of compatible monomers available for polymeriza-
tion, UV initiated thiol-ene reactions can prepare polymeric materials
with multiple layers having distinct properties in each layer.[53,54] The
orthogonal nature of thiol-ene reactions allows for covalent bonding to
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occur between deposited layers ensuring a robust interface is produced.
Layered hydrogels[55-58] and layered polyHIPEs[59,60] have been
prepared where the rapid polymerization rate of thiol-ene reactions,
along with the viscosity of the precursor solutions, are recognized as key
factors in maintaining the defined interface between layers.

In the work described here, we have prepared a series of patterned
PDMS-based composite materials with alternating layers of polyHIPE
and hydrogel together with high spatial resolution. Horizontally
layered- and vertically stacked-polyHIPE-hydrogel composite materials
(H-PH-HGs or S-PH-HGs) were synthesized using a simple emulsion and
hydrogel patterning processes followed by a single curing step, shown in
Fig. 1.

We varied the ratio of thiol- to ene-containing PDMSs in the poly-
HIPEs, as this has been proven to be a key parameter to tune the storage
modulus, and we varied the solids content in the hydrogels as this is a
simple way to tune the swelling ratio and dynamic moduli. Throughout
this manuscript we describe the emulsion templated materials as poly-
HIPEs even though the volume fraction of dispersed phase used to pre-
pare them were below the accepted value of 74% for simplicity in
naming and comparison across other literature.

2. Experimental
2.1. Materials

The photoinitiator 2,2-Dimethoxy-2-phenylacetophenone (DMPA),
reagent grade solvents dichloromethane (DCM), tetrahydrofuran (THF),
and methanol (MeOH), poly(ethylene glycol)-8000, and acryloyl chlo-
ride were purchased from Sigma-Aldrich (St. Louis, MO, USA). The
polymers [13-17% (mercaptopropyl) methylsiloxane]-dimethylsilox-
ane copolymer (thiolated-PDMS), vinyl terminated poly-
dimethylsiloxane (vinyl-PDMS), and (30-35% dodecylmethylsiloxane-
[7-10% hydroxy(propethyleneoxy (6-9) propyl) methylsiloxane] —
(55-65% dimethylsiloxane) terpolymer (Silube J208-812) were pur-
chased from Gelest (Morrisville, PA, USA). Sodium Chloride (NaCl),
triethylamine (TEA), sodium hydroxide (NaOH), hydrochloric acid
(HCl), and diethyl ether, were purchased from Oakwood Chemical
(Estill, SC, USA). All reagents and chemicals were used as received
without any modifications.

2.2. Synthesis of PEG-8000-diacrylate (PEG-DA)

Hydroxy-terminated PEG (20.0 g, 2.5 mmol, M;, = 8,000 g/mol) was
dissolved in DCM in a flame-dried round bottom flask equipped with a
stir bar. An addition funnel containing triethyl amine (1.03 mL, 8.25
mmol) was fixed to the round bottom flask, sealed with a septum, and
the flask was then cooled in an ice water bath. The triethyl amine was
slowly added dropwise through the addition funnel and the mixture
allowed to stir for 10 min. A solution of acryloyl chloride (0.606 mL, 7.5
mmol) in DCM was carefully prepared inside the addition funnel and
then slowly added dropwise to the reaction mixture while stirring and
left to proceed for 24 h. Excess acryloyl chloride was quenched by the
addition of deionized water and left to stir for 10 min. The organic phase
was washed extensively with a NaOH solution (0.5 M), HCl solution (0.5
M), deionized water, and brine and then dried over sodium sulfate. The
organic layer was removed using a rotary-evaporator until a viscous oil
was obtained. The concentrated solution was precipitated into cold
diethyl ether, isolated, and further dried overnight in a vacuum oven at
room temperature to yield 17.4 g (~87%) of a white powder. 'H NMR
(400 MHz, CDCI3) & [ppm] = 6.43, 6.16, and 5.84 (m, 3H, CH,CHC
vinyl), 4.32 (m, 2H, COCH2CHy) 3.84-3.44 (m, 307H, OCH,CH,0) 3C



T.J. McKenzie et al.

NMR (101 MHz, CDCls) 6 166.13, 130.98, 128.29, 70.56, 69.11, 63.68
(Fig. S1).

2.3. Standard polyHIPE synthesis

PolyHIPEs were prepared using a modified procedure from our lab.
[48] The continuous phase was first prepared in a 20 mL glass vial.
Typically, for a polyHIPE with a 1:1 (thiol to alkene) functional group
ratio, thiolated-PDMS (0.8 g, 0.914 mmol thiol-functional group), vinyl-
PDMS (2.74 g, 0.914 mmol alkene-functional group), and Silube (36 mg,
1.0 wt% with respect to weight of continuous phase) were combined and
vortexed. The photoinitiator DMPA (36 mg, 1.0 wt% with respect to
weight of continuous phase) was dissolved in approximately 0.2 mL of
DCM in a separate small glass vial. This solution was added to the
continuous phase and vortexed until homogenous and protected from
light. The dispersed phase (8.50 g, 70% v/v) consisting of a 1.5% wt/vol
NacCl solution in Mili-Q water was added in small portions and vortexed
until a viscous emulsion formed. The emulsion was poured into a mold
and irradiated with UV light (Apmax = 365 nm) for 6 min in a mirrored
enclosure and allowed to stand further for 5 min before being removed
from the mold. PolyHIPEs were placed in the fume hood and dried for ~
48 h at 22 °C. The final dried samples were characterized using scanning
electron microscopy, density measurements and rheology.

2.4. Standard hydrogel synthesis

For a typical hydrogel with a 1:1 (thiol to ene) functional group ratio
and 10 wt% solids content, the protocol was as follows: In a 20 mL glass
vial, thiolated-PDMS (0.1 g, 0.114 mmol thiol-functional group) and
PEG-DA (0.469 g, 0.114 mmol alkene-functional group) were dissolved
in an 80/20 (v/v) THF/MeOH solution (5.6 g, 90 wt% with respect to
total solids) using a vortex to stir. After the solids were dissolved, the
photoinitiator DMPA (56 mg, 10 wt% with respect to total polymer
content) was added and the vial was wrapped in aluminum foil. The
organogel precursor solution was then transferred to a mold using a
syringe equipped with a blunt needle and irradiated with UV light (Amax
= 365 nm) for 6 min in a mirrored enclosure, then immediately trans-
ferred to a beaker containing deionized water for 72 h with frequent
water changes. After solvent exchange, the hydrogels were dried in a
vacuum oven for ~ 48 h at 22 °C and weighed before being reswollen in
deionized water for 48 h. The hydrogels were characterized using
swelling ratio and gel fraction calculations and rheology in the swollen
state.

= PDMS continuous phase

| —
Qo = Aqueous phase
o = Hydrogel solution
Q

= Templated pore
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2.5. PolyHIPE-hydrogel composites synthesis

Horizontal- and stacked-polyHIPE-hydrogel composites (H-PH-HGs
or S-PH-HGs) were prepared using a modified emulsion patterning
method adapted from previous work in our lab.[60] We first prepared
the emulsion template as described in the Standard polyHIPE Synthesis.
The emulsion was then transferred into a syringe. The hydrogel pre-
cursor solution was prepared as described in the Standard Hydrogel
Synthesis section and transferred to a separate syringe. H- and S-PH-HGs
were prepared by extruding the two solutions from the prepared sy-
ringes into molds in a stepwise process. For horizontal-PH-HGs, molds
with a slight notch along the inner wall were used to allow for a thin
divider to be placed separating the two layers. One side of the mold was
filled with the emulsion first, and then the hydrogel precursor solution
was added to fill the remaining half of the template (Fig. S2). The divider
was slowly removed before placing the template under the UV light
source (Apax = 365 nm) for 6 min. For stacked-PH-HGs, a circular mold
was first secured to a glass slide and then filled with the emulsion. Next,
a second circular mold was placed directly on top of the first and filled
with the hydrogel precursor solution. The emulsion and hydrogel were
then irradiated with UV-light for 6 min. Following the UV initiated thiol-
ene reactions, the materials were removed from the template and
transferred to a beaker containing deionized water for ~ 72 h for both
PH-HG designs.

3. Methods
3.1. Nuclear magnetic resonance spectroscopy

'H and 'C NMR spectroscopy was performed using a Bruker Ultra-
shield 400 MHz (100 MHz for 13¢ NMR) instrument and the data were
processed using Mestre Nova 14.3 software.[61].

3.2. Total porosity, swelling ratio, gel fraction calculations

Total porosity calculations and density measurements were obtained
from dried polyHIPE samples using a home-built Archimedes balance
from three replicates following protocols previously established in our
lab.[47,48,60] We calculated the total porosity of the PHs using Eq. (1)
where p is the average density of the bulk PDMS (0.975 g/mL), p* is the
measured density of individual polyHIPE samples (Table S1), and @ is
total porosity.

polymenze

Fig. 1. Overview of horizontal-polyHIPE-hydrogel or stacked-polyHIPE-hydrogel synthesis by patterning an emulsion with a hydrogel solution. Emulsion (red/grey)
can be patterned with a hydrogel (blue) to produce a polyHIPE-hydrogel composite after polymerization and drying.
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Swelling ratio and gel fraction were obtained after purification of
hydrogels. Gel fraction and swelling ratios were calculated using three
replicates. The prepared organogels were first solvent exchanged to
deionized water for 72 h with water changes every 12 h. They were then
dried in a vacuum oven for 48 h and reswollen for 48 h to determine the
swelling ratio. After recording the mass of the swollen gel (M;), the
hydrogels were again dried in the vacuum oven for 48 h and the dry
mass measured (Myg) (Table S2). The swelling ratio was calculated ac-
cording to Eq. (2) as previously described[61]:

—Ma 100

7MS

SwellingRatio(%) @

d
Gel fractions of the hydrogels were calculated using Eq. (3) where M;
is the initial mass of polymers in the hydrogel (Table S2) as previously
described [61].

GelFraction(%) 3)

M,
— x 100
M~

i

3.3. Scanning electron microscopy imaging and average pore diameter
measurements

Average pore morphology observations were obtained by analysis of
scanning electron microscopy (SEM) images using a Scanning Electron
Microscope (Low-Vac) (FEI XL-30) equipped with an EDAX detector.
[47,48,60] Cross sections of the materials were cut from dried poly-
HIPEs or composites from chosen locations and fixed onto aluminum
stubs and imaged at an accelerating voltage of 15 kV. Average pore
diameters were obtained from analysis of SEM images using ImageJ
software by measuring 100 pores from SEM images for each
formulation.

3.4. Oscillatory frequency and compression rheology characterization

Mechanical characterization was performed and adapted following
protocols established for similar materials in our lab.[47,48,60] Visco-
elastic properties of all prepared materials were obtained using rheology
analysis by performing oscillatory frequency sweeps (0.1-100 Hz; 0.1%
strain, 22 °C) with a Discovery Series Hybrid Rheometer (Model HR-2,
TA Instruments) using 20 mm diameter parallel plates and controlled
temperature using an advanced Peltier system on three replicate mate-
rials. Samples with a 20 mm diameter and a height of ~ 3 mm were used
during rheological characterization that were obtained using a metal
ring to punch out the sample. PolyHIPEs were characterized using
rheology from samples dried for 48 h. Hydrogels were characterized
using rheology from samples reswollen in deionized water for 48 h. For
horizontally layered-PH-HG composites, the hydrogel section was first
cut away from the polyHIPE using a scalpel, and both the hydrogel and
polyHIPE were dried in a vacuum oven for 48 h. Both portions were then
prepared and characterized using rheology the same way as non-layered
samples. The metal ring was used to punch out 20 mm by 3 mm sized
sections from either side of the interface (Fig. S3). Mechanical analysis
was performed on dried polyHIPEs using compression testing (0.5 mm/
min, 50 N maximum normal force, 22 °C) with a Discovery Series Hybrid
Rheometer (Model HR-20, TA Instruments) using 20 mm diameter
parallel plates on three replicates. The Young’s Modulus was recorded as
the slope of the initial linear portion of the stress—strain curve (strain <
2%) and the maximum strain for each formulation is recorded as the
point in which the axial force reaches 50 N (stress = ~ 160 kPa) while
compressing the material as this is the maximum for the instrument.
Samples were prepared by cutting out 20 mm diameter disks with a
height of ~ 3 mm using a metal ring as a punch following the same
locations as described for rheological analysis.
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4. Results and discussion

4.1. Synthesis and physical properties of non-layered polyHIPEs and
hydrogels

We first prepared individual PDMS-based polyHIPEs and hydrogels
as controls for the composite materials. We chose to keep the volume
fraction of dispersed phase in the HIPEs constant at 70%, as this
formulation has a high enough yield stress to maintain its shape during
patterning with the hydrogel precursor solution and provides a highly
porous polyHIPE following curing. Scheme 1 shows the thiol-ene
crosslinking reaction between the pendent thiolated-PDMS and tele-
chelic vinyl-PDMS in the continuous phase of the emulsion to prepare
the polyHIPEs.

We tested thiol to ene ratios of 1:2, 1:1, and 2:1 (thiol:ene) and
named the polyHIPEs by the naming system PHr.g where “T” is the thiol
content and “E” is the alkene content. For example, sample PH;.; is a
polyHIPE with a thiol to ene ratio of 1:1. We chose these stoichiometric
ratios based on our previous work where we found that the ratio of thiol
to ene had a significant impact on the storage modulus of PDMS poly-
HIPEs under dynamic mechanical analysis experiments.[47,48] In that
work, polyHIPEs with a total porosity of ~ 40% were prepared, much
lower than the total porosity of the materials prepared here.

We characterized the polyHIPEs using SEM, and the SEM images of
the dried polyHIPEs are shown in Fig. 2.

The SEM images show interconnected pores for PHj.; and PHa;
(Fig. 2b and 2c respectively), where both images appear qualitatively
similar with respect to the pore morphology and pore interconnectivity.
For PHj.1 and PHy.q, spherical pores are observed, and the pores have an
average diameter of 18 + 9 pm and 17 + 8 pm respectively from analysis
of the SEM images using ImageJ software. In contrast, PHj.5, with an
excess amount of alkene-containing PDMS, does not show a porous
structure (Fig. 2a). This type of morphology is indicative of a collapsed
pore structure that can occur when using soft, low Tg, polymers as
observed in similar PDMS-based porous monoliths[62] as well as our
previous work where polyHIPEs with a volume fraction of dispersed
phase of 80% experienced pore collapse.[60] The PHj.; materials were
partially optically transparent with appreciable volume loss, further
confirming the non-porous crosslinked PDMS, while PH;.; and PHoq
maintained the expected white monolith appearance with negligible
volume loss (Fig. S4).

We characterized total porosity of the polyHIPEs, and the results are
presented in Table 1.

We obtained the expected porosity of ~ 70% for the polyHIPE with a
1:1 thiol to ene ratio (PHj.1), where the initial volume of dispersed phase
resulted in the expected total porosity. However, for the off-
stoichiometric ratios, this templating effect is not observed. A lower ®
exp Of 56% was seen for PHy.1, and for PHy.3 a very low value for @ ey, of
2% was determined. The observed decrease in total porosity for PHo.;
and PHj.; is a result of pore collapse during the drying process. There-
fore, highly porous PDMS monoliths can only be prepared using for-
mulations PH;.; and PHy;.

We designed the hydrogels prepared in this work to have a
compatible polymerization with the polyHIPEs to promote covalent
bonding between the layers. For this reason, we prepared PEG/PDMS
hydrogels as outlined in Scheme 2 using UV-initiated thiol-ene click
reactions between acrylate-terminated PEG and the thiolated-PDMS
used in the polyHIPEs. The crosslinking occurred in a mixture of THE/
MeOH, as the PDMS-thiol is insoluble in water. The resulting organogels
were immediately solvent exchanged to water to give the hydrogels.

We chose to prepare hydrogels with solid contents of 5 wt% or 10 wt
% to target different swelling ratios and viscoelastic properties in the
hydrogels. The thiol to ene ratio of all hydrogel formulations was held
constant at a 1:1 (thiol:ene) ratio. We named the hydrogels according to
the solid contents of the precursor solutions as HGxq, where “X” is the
solid content. For example, HG1(q, is a hydrogel prepared with an initial
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Scheme 1. Crosslinking reaction occurring in the continuous phase between pendent thiolated-PDMS and vinyl terminated-PDMS.
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Table 1

Total porosity results and average pore diameter of PHs with varied thiol to ene
ratios (PHj.2 — PHa:1), swelling ratio, and gel fraction results of HGs with varied
theoretical solid content (HGso, — HG109s)-

Material  Experimental Total Pore Swelling Gel
Porosity” @ oxp (%) Diameter Ratio” (%) Fraction®
(pm) (%)
PH;.» 2+1% - - -
PHi 67 £+ 2% 18+9 - _
PHa, 56 + 2% 17+ 8 - -
HGse, - - 680 + 28% 89 + 4%
HG1ov - - 550 + 16% 93 £ 2%

 Calculated from Eq. (1).
b Calculated from Eq. (2).
¢ Calculated from Eq. (3).

total solids content of 10 wt%. The as-prepared organogels were solvent
exchanged to deionized water, dried, and reswollen in deionized water
to obtain the swelling ratio and gel fraction, and these results are present
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g R 200 pm
x 114 mm 635 um 0.0 "

Fig. 2. SEM images of cross sections of dried polyHIPEs with varied thiol to ene ratios. (a) PHy., (b) PH;.; and (¢) PHy;;. Scale bar is 200 pm for images.

in Table 1. When comparing the swelling ratios, HGse, possessed a
swelling ratio of ~ 700% and HGgo, had a swelling ratio of ~ 550%.

4.2. Porosity, swelling ratio, and gel fraction of H-PH-HG composites

Having characterized the single-component materials, we prepared
horizontally-layered polyHIPE-hydrogel (H-PH-HG) composite mate-
rials. We prepared two series of H-PH-HGs to investigate if the process of
layering a polyHIPE with a hydrogel impacts the total porosity or pore
morphology of the polyHIPEs or the swelling of the hydrogels. In the
first series, we held the solid content of the hydrogel layer constant at 10
wt% and changed the thiol to ene ratio in the polyHIPE layer to either a
1:1 or 2:1 ratio to selectively tune the polyHIPE properties. In the second
series we held the thiol to ene ratio of the polyHIPE constant at a 1:1
ratio and changed the hydrogel solids content to 5 wt% or 10 wt%. We
named the layered composites according to the formulation of both the
polyHIPE and hydrogel. For example, H-PH;.;-HG1qy, was prepared
from a polyHIPE with a thiol to ene ratio of 1:1 with a hydrogel having a
solid content of 10 wt%. The composite materials were prepared,
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Scheme 2. Crosslinking reaction to form the hydrogel network between pendent thiolated-PDMS and PEG-diacrylate.

purified, and characterized in the same manner as the single-component
materials and the results are presented in Table 2 and Fig. 3.

We chose not to prepare composites using the PHj., formulation due
to the pore collapse observed in the non-layered polyHIPEs. Further-
more, we observed that materials prepared with HGso, were too weak to
maintain a strong interface with the polyHIPE and the hydrogel
delaminated from the polyHIPE. The results in Table 2 compared to
Table 1 show that there was no significant difference in the properties of
the composite materials from the single-component polyHIPEs or
hydrogels regarding total porosity, swelling ratio, and gel fraction for
composites prepared with 10 wt% hydrogels. SEM and digital images
(Fig. 3) show a well-defined interface between the polyHIPE and
hydrogel components of the layered composites. These images are
representative of both formulations tested.

Optical images (Fig. 3a and 3b) show a defined interface is main-
tained after solvent exchange to water (Fig. 3a) and after drying
(Fig. 3b). SEM images (Fig. 3¢ and 3d) show a more detailed picture of
the interface. The interconnected-spherical porous structure corre-
sponding to the polyHIPE (yellow arrow in Fig. 3¢) is observed and not
disturbed from the layering process. We observe a dispersity in pore
sizes with both H-PH;.1-HG1 g9, and H-PHy.1-HG1 9, Obtaining an average
pore diameter of ~ 18 pm, and compared to the non-layered controls,
there was no difference in average pore diameter. There is no visual
delamination of the hydrogel from the polyHIPE, even during the sig-
nificant volume changes of the hydrogel that occurs during drying. The
hydrogel did experience a distortion upon drying and after reswelling in
some samples, resulting in a non-uniform shape of the hydrogel. An
example is shown from a sample of H-PH;.1-HGqgy, in Fig. S5. This
behavior is presumably due to the hydrogel being restricted along the
side where it is bonded to the polyHIPE, resulting in a non-uniform
shape during drying. Both formulations could undergo purification,
drying, and reswelling processes without significant delamination,
showing that this technique can be used to prepare layered polyHIPE-

Table 2

PolyHIPE experimental porosity, average pore diameter, hydrogel swelling
ratio, and gel fraction results of layered composites (H-PH;.1-HG1¢9, and H-
PH>:1-HG100%)-

Material Experimental Total  Pore Swelling Gel
Porosity” @,., (%) Diameter Ratio” (%) Fraction®
(pm) (%)
H-PH;.,- 61 + 2% 19+8 540 £33% 83+ 5%
HGio0
H-PHj.;- 55 + 3% 15+7 510 + 6% 91 + 2%
HGio0

@ Calculated from Eq. (1).
b Calculated from Eq. (2).
¢ Calculated from Eq. (3).
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hydrogel composites with robust interfaces in a simple and rapid
manner.

4.3. Mechanical analysis of H-PH-HG composites

The H-PH-HGs composites were further characterized using rheology
and compared to the polyHIPE and hydrogel controls to determine if
there were any difference in storage (G’) and loss (G’’) moduli between
the single component and composite materials (Fig. 4). Rheological
analysis was performed on portions cut using a metal punch from either
side of the H-PH-HG interface (Fig. S3) and compared to the single
component materials. The polyHIPEs (both PHs and H-PHs) are char-
acterized in the dried state and the hydrogels (both HGs and H-HGs) are
characterized in the swollen state. The sections cut from H-PH-HGs are
denoted by which side they are cut from. For example, in the composite
H-PH;.1-HG1 9, the portions cut from the polyHIPE side of a composite
are described as H-PHj.1.109 and the hydrogel side is H-HG1y-1:1 in
Fig. 4a. The hydrogel solid content was constant at 10 wt% when the
thiol to ene ratio in the polyHIPE was varied (Fig. 4).

We observed no significant changes in the storage moduli for the
polyHIPE and hydrogel portions of horizontal composites compared to
the controls for either polyHIPE formulation. Specifically, for polyHIPEs
with a 1:1 thiol to ene ratio (PH;.; and H-PHj.1.199) the control and the
composite both obtained G’ values of ~ 35 kPa (filled black bar and
filled red bar in Fig. 4a). Furthermore, the control hydrogel (HG1¢q,) and
the hydrogel portion of the composite (H-HG1¢.1.1) obtained G’ values
of 43 + 9.3 kPa and 44 + 4.8 kPa respectively. We observed similar
behavior for horizontally layered PH-HG composites prepared from
polyHIPEs having a thiol to ene ratio of 2:1. For example, PH,.; and H-
PHa.1.109% had G’ values of 36 + 3.4 kPa and 34 + 3.5 kPa respectively.
Additionally, the hydrogel portion of the composite (H-HG1g-2:1) was
similar to the control (HG1¢y) having a G’ value of 34 + 5.3 kPa (Fig. 4).
Importantly, we did not observe any differences in the storage moduli of
the hydrogel from either composite (H-HG1(9.1:1 compared to H-HGy1 .
2:1), indicating the polyHIPE formulation did not impact the G’ of the
hydrogel. Unexpectedly, changing the thiol to ene ratio in the polyHIPE
formulation resulted in no change in the storage moduli of the poly-
HIPEs, and all the polyHIPEs tested obtained G’ values of ~ 36 kPa
under shear. We expected polyHIPEs with an equal thiol to ene ratio
(1:1) to have a higher storage modulus than polyHIPEs with an unbal-
anced stoichiometry based on our previous results.[47,48] In our pre-
vious studies, we prepared polyHIPEs with lower porosity (40%) and we
observed that changing the thiol to ene ratio from 1:1 to 2:1 resulted in
polyHIPEs with a significantly lower storage modulus under tension.
[47] We hypothesized that the thiol to ene ratio had a smaller impact on
the storage shear modulus in the current study as these higher porosity
materials are much softer. To test this hypothesis, the polyHIPEs were
furthered characterized using compressive measurements. The results



T.J. McKenzie et al.

. «— Dried gel

<

//
;/
é
%
7

/

]

oMt ‘(\T_,\.\@“‘
‘(\'?

?\’w.'\ ‘(\‘\'f"\eln Q\G'\“"“ 0\6,[“,\:'\ O,\d‘l“"y'\

Fig. 4. Storage and loss moduli oscillation frequency sweep rheology plots at
10 Hz of dried polyHIPEs, hydrogels, and H-PH-HG composites where the
polyHIPE formulation was varied. PolyHIPEs are represented by filled and open
bars and hydrogels correspond to striped-filled and stripped-open bars for G’
and G”’ respectively. Each entry is plotted as an average of three replicates.

from one set of materials are presented in Fig. 5, and the remaining data
are in Fig. S7.

The polyHIPEs recovered their original height after compression
with no observable visual deformations for all the samples tested.The
compressive stress-strain curves show a difference in the maximum
strain (emax) (Fig. 5) and Young’s Modulus (E) (inset plot in Fig. 5) be-
tween polyHIPEs where the thiol to ene ratio is either 1:1 or 2:1. For the
PHj.; control we observed a Young’s Modulus value of 25 + 2.0 kPa and
an emax of ~ 64%, while PHy.; obtained a Young’s Modulus value of 7.1
+ 1.0 kPa and an ey of ~ 54%. Furthermore, the densification point
occurs at a higher strain for PHj.; indicated by an increase in the slope of
the line at ~ 40% compared to PHj.; where the densification point
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Fig. 3. Digital (top) and SEM (bottom) im-
ages of H-PH;.1-HGj oy, The white portion in
digital images corresponds to the polyHIPE
portion while the clear portion is the hydro-
gel. Image (a) is the composite after purifi-
cation and (b) is after drying. SEM images
are of cross sections from the interface of the
composite after drying where the yellow
dashed line in image (c) is highlighting the
exact interface between the polyHIPE and
hydrogel portions and (d) is under higher
magnification at the interface. Scale bar is 1
mm for image (¢) and 200 pm for image (d).
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Fig. 5. Compressive stress—strain plot for control and composite dry polyHIPEs.
The inset plot highlights the initial linear portion of each sample at low strain
used to calculate the Young’s Modulus for each sample. This plot corresponds to
one sample at each formulation and is indicative of the trends observed for all
samples. The arrow on each line indicates the samples did not fail during the
compression test.

occurs ~ 30%. The densification point in air-filled polymer foams can be
used to describe the point at which enough force has been applied to the
material to collapse the pore structure and the material begins to act as a
solid polymeric monolith.[63] Collectively, these results suggest that
PHgy.; is a weaker polymer network than PHj.;. Similar results were
observed for the horizontal composites, where H-PH;.1.10, Obtained a
Young’s Modulus value of 20 + 4.4 kPa and H-PH».;.19y obtained a
lower Young’s Modulus value of 5.8 + 2.8 kPa (red line vs. green line in
Fig. 5). In summary, the layering process has negligible effects on the
resulting properties of each component of the composite, with respect to
porosity and pore morphology, swelling ratio, gel fraction, and
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mechanical properties (G’, E, and enax). Therefore, the properties of
both the hydrogel and polyHIPE can be independently tuned and studied
by choosing the formulations of the single-component materials before
composite materials are prepared, simplifying the process of designing
and preparing the layered systems for their applications. Furthermore,
for the hydrogel and polyHIPE components tested in this work, we ob-
tained G’ values that are comparable to human tissue including skeletal
muscle and tendon of ~ 15-30 kPa and ~ 20-40 kPa respectively,
making these composites potential candidates for biomaterial applica-
tions.[64,65] The pore sizes observed in the polyHIPE portion in the
composites range from ~ 10-150 pm and show high interconnectivity,
which is comparable to other polyHIPEs used as tissue engineering
scaffolds.[51].

4.4. Preparation of S-PH-HGs

Having prepared and characterized horizontally layered composites,
polyHIPEs and hydrogels were patterned vertically to produce stacked-
polyHIPE-hydrogel composites (S-PH-HGs) and explore the layering
process in a different geometry. Digital images of hydrated and dry
materials are presented in Fig. 6.

Stacked composites were prepared using the same formulations as
the horizontal composites. The stacked composite prepared using a
hydrogel with 5 wt% solids were too weak for handling, as observed in
the horizontal composites. We observed significant delamination of the
hydrogel and the polyHIPE layers after drying for all formulations tested
in these materials (Fig. S6). A similar result is seen in related work from
Okay and coworkers[66] where it was shown that a large mismatch in
swelling ratios between layered hydrogels caused the interface between
layers to tear and fail. The large mismatch in swelling observed in our
work between the hydrogel and polyHIPE could result in bond rupture at
the interface of the stacked hydrogels. We hypothesize that this is
observed in vertically-stacked composites rather than horizontally-
layered composites due to the greater surface area of the interfacial
region for stacked-composites. This larger interfacial region appears to
experience a larger deformation compared to horizontal patterns
(Fig. 6a compared to Fig. 3a) that results in bond rupture between layers
in the stacked patterns. Further materials characterization of the
vertically-stacked composites was not performed due to the interfacial
delamination.

4.5. Digital images of multi-layered H-PH-HGs

We have extended the results of the horizontally-layered composites
by preparing multi-layered horizontal composites using the PH;.1-HG 00
formulation to demonstrate the capabilities of our patterning method
(Fig. 7).

A five-layer design was first prepared, and it was observed to exhibit
the same swelling profiles as the two-layer designs. The hydrogel layer
expanded after being placed in water, and the differences in size can be
observed when comparing the dry state to the hydrated state (Fig. 7a

polyHIPE
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and 7b respectively). We observed no delamination between the layers
and a maximum swollen state was achieved in ~ 2 h. The same hori-
zontal patterning technique was used to prepare an alternating
polyHIPE-hydrogel composite with seven horizontal layers (Fig. 7¢ and
d). Again, the hydrogel layer expanded after being submerged in water
without delaminating from the polyHIPE layers. Even in multiple
alternating layers of polyHIPE and hydrogel components, there was no
observable interlayer mixing, and a clear and defined interface was
maintained upon preparation, purification, and reswelling for all hori-
zontal patterning and minimal, if any, delamination occurs for hori-
zontally patterned composites after reswelling. We envision that
different polyHIPEs can be patterned with the hydrogel in this platform,
and further, that these materials can be translated across other related
areas for the synthesis of novel tunable composite materials with well-
defined interfaces.

5. Conclusions

We have prepared horizontally-layered and vertically-stacked poly-
HIPE-hydrogel composite materials with well-defined interfaces that
show negligible inter-layer mixing. The physical and mechanical prop-
erties of the materials in the composite materials (H-PH-HGs) matched
the corresponding single-material controls. Specifically, hydrogels pre-
pared from layered- and non-layered protocols obtained swelling ratios
and gel fractions of ~ 500 % and 85% respectively, and the hydrogels
obtained G’ values of ~ 35 kPa. The mechanical properties of polyHIPEs,
layered and non-layered, could be controlled by varying the thiol-ene
ratio with polyHIPEs prepared from a 1:1 ratio obtained the highest
Youngs Modulus of ~ 25 kPa and maximum strain of 65% compared to
polyHIPEs having a 2:1 ratio that obtained values of ~ 7 kPa and 55%
respectively. The layered and non-layered polyHIPEs both obtained an
interconnected open-cell porosity with pore sizes having an average
diameter of ~ 18 pm and a total porosity of ~ 65% for polyHIPEs pre-
pared from a 1:1 thio-ene ratio. These results support our hypothesis
that using photoinitiated crosslinking reactions between complemen-
tary thiol- and ene- functionalized polymers result in composite mate-
rials with defined interfaces between hydrogel and porous polyHIPE
layers. As a result of this work, we have introduced a new technique to
prepare layered-composites with spatially controlled polyHIPE and
hydrogel layers. Previous literature reported the preparation and char-
acterization of layered polyHIPEs [6,59] or layered hydrogels [56,58],
but, to our knowledge, materials have not previously been prepared that
combine the advantageous properties of both polyHIPEs and hydrogels
in spatially defined materials as we have demonstrated here. Further-
more, our synthesis method is a simple and easily adaptable technique
that does not require complex instruments or reagents and results in
materials with controllable physical and mechanical properties. We
envision this work providing a robust platform for preparing polyHIPE-
hydrogel composite materials, and future work may focus on intro-
ducing functionality to the polyHIPE and hydrogel networks while
maintaining defined interfaces for applications including biomaterials

Fig. 6. Digital images of S-PH;.1-HG 0. Image (a) is the composite after solvent exchange to water and (b) is a top view of the composite after drying. The white
portion in digital images corresponds to the polyHIPE portion while the clear or yellow portion is the hydrogel (yellow arrows in a).
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a-bn
c-dm

Fig. 7. Digital images of five-layered composite (a and b) and seven-layered composite (¢ and d) in the dried (left) and hydrated (right) state. The polyHIPE portion

is white and the hydrogel portion is clear in each composite.
or soft robotics.
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