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Mesoporous organohydrogels from thermogelling
photocrosslinkable nanoemulsions

Matthew E. Helgeson, Shannon E. Moran, Harry Z. An and Patrick S. Doyle*

We report the formation of mesoporous organohydrogels from oil-in-water nanoemulsions containing an end-functionalized
oligomeric gelator in the aqueous phase. The nanoemulsions exhibit an abrupt thermoreversible transition from a low-viscosity
liquid to a fractal-like colloidal gel of droplets with mesoscale porosity and solid-like viscoelasticity with moduli approaching
100 kPa, possibly the highest reported for an emulsion-based system. We hypothesize that gelation is brought about by
temperature-induced interdroplet bridging of the gelator, as shown by its dependence on the gelator chemistry. The use of
photocrosslinkable gelators enables the freezing of the nanoemulsion’s microstructure into a soft hydrogel nanocomposite
containing a large fraction of dispersed liquid hydrophobic compartments, and we show its use in the encapsulation and release
of lipophilic biomolecules. The tunable structural, mechanical and optical properties of these organohydrogels make them a

robust material platform suitable for a wide range of applications.

contained within a structure-forming gelator—have at-

tracted significant interest as scaffolding materials for appli-
cations in molecular separations', stimulus-responsive materials?
and devices’, and biotechnology*®. Similarly, organogels, in which
the gelator is dispersed in an oil or non-polar solvent, have received
significant attention for use in pharmaceuticals’, nanotemplating®
and photonics’. Both types of gel are typically formed by physical
or chemical crosslinking of structure-forming components, such as
synthetic or naturally occurring small molecules and polymers. In
particular, self-assembly provides a low-energy route for structure
formation, and allows for facile encapsulation of macromolecules,
colloids and biological entities such as cells'® and bioactives">!!.
Emerging applications, including advanced therapeutics’? and
sol-gel syntheses'’, have identified a need for self-assembled
‘organohydrogels’, consisting of a plurality of both oil and water,
where both polar and non-polar domains are required within the
same microenvironment for the simultaneous encapsulation of
both hydrophilic and hydrophobic species. Here, we report the
discovery of a new class of organohydrogels from oil-in-water
nanoemulsions containing a functionalized oligomeric polymer as
a gelling agent. In these materials, thermoresponsive behaviour of
the polymer gives rise to colloidal gelation of the nanoemulsion
droplets, which self-assemble into a highly porous viscoelastic net-
work. The organohydrogels are formed thermoreversibly, exhibit
remarkable solid-like behaviour and spontaneously form porous
structures near the micrometre scale. Their formation is robust over
a wide range of compositions, droplet sizes and gelator chemistries,
allowing for facile control of their mechanical properties and mi-
crostructure. Furthermore, the use of crosslinkable gelators enables
the gel microstructure to be ‘frozen’ through photopolymerization,
resulting in soft composites with enhanced mechanical properties.
Their unique behaviour, as well as their ability to combine the
chemical advantages of hydrogels and organogels in a single,
tunable platform, provide a new class of materials for engineering
viscoelastic gels to suit a variety of applications.

| | ydrogels—viscoelastic solids consisting primarily of water

Thermoreversible formation of organohydrogels
The materials in which we discovered the formation of
organohydrogels are oil-in-water nanoemulsions containing

silicone oil (polydimethylsiloxane, PDMS) droplets dispersed in an
aqueous continuous phase containing a functionalized hydrophilic
polymer, poly(ethylene glycol) diacrylate (PEGDA), and surfactant
SDS. We chose PEGDA so as to allow for photopolymerization of
the fluid after addition of an appropriate photoinitiator. We note
that these nanoemulsions are distinct from microemulsions, as the
latter are thermodynamically stable solution phases whereas the
former are kinetically stable emulsions that have been mechanically
driven to the nanoscale'. Nanoemulsions of these materials with
droplet volume fractions of ¢ = 0.1-0.33 were prepared using
high-pressure homogenization (Methods), resulting in nanoscale
droplets with average diameters, D, in the range of 40-200 nm
(Supplementary Section S1). Nanoemulsions with D > 100-200 nm
are optically turbid with paste-like appearance and rheology
(Supplementary Section S2.1). Alternatively, nanoemulsions with
D < 100 nm are low-viscosity, optically transparent liquids at room
temperature (Fig. la), and show remarkable stability with respect
to droplet size over a period of several months (Supplementary
Section S1) owing to suppressed coalescence at such small
droplet diameters'.

We observed that many nanoemulsion samples became opaque
and solid-like on heating from room temperature to elevated
temperatures (Fig. 1a), and furthermore that this transition was
thermoreversible, that is, the sample reverted back to a low-
viscosity, transparent liquid on sufficient cooling. No gelation
occurs in the absence of PDMS, indicating that gelation does
not result from bulk self-assembly of SDS and/or PEGDA in the
aqueous phase. To probe this phenomenon further, rheological
experiments including dynamic temperature sweeps were used
to probe the linear viscoelasticity of the material under small-
amplitude oscillatory shear (Fig.1). Figure la shows the elastic
and loss moduli G’ and G”, respectively, of a canonical gelling
nanoemulsion during a temperature ramp from 20 to 55°C, and
Fig. 1b shows corresponding linear viscoelastic spectra obtained
using frequency sweeps at specific temperatures. The fluid is a
low-viscosity liquid at low temperatures, with G’ 3> G’ and an
observed frequency dependence of G” ~ w. However, on increasing
temperature, the material exhibits an abrupt transition in which
G’ and G” increase remarkably by many orders of magnitude over
the range of 33-36°C, the former by as much as a millionfold.
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Figure 1| Thermoreversible formation of a nanoemulsion organohydrogel. The sample contains ¢ = 0.33 PDMS droplets with D=36+2 nm in water
with 33 vol.% PEGDA and 200 mM SDS. a, Thermal rheology of the sample from 20 °C to 55 °C, indicating the gel temperature, Tge. Inset: Photographs of
the sample taken 5 min after equilibration at the temperatures indicated. b, Linear viscoelastic spectra of the sample (filled symbols, G’; open symbols, G”)
for temperatures below, at and above the gel temperature, indicating the plateau modulus, Gp.

At an intermediate temperature, Ty, G~ G” and the observed
viscoelastic spectrum follows G’ ~ G” ~ w"/?, indicating gelation of
the fluid with behaviour that is surprisingly similar to that found
in polymer gels'®. Above this gel temperature, G’ >> G”, and both
viscoelastic moduli are nearly independent of frequency, indicating
highly elastic behaviour, with a plateau modulus, G,, in the range of
10-100 kPa. To our knowledge, this is the first report of solid-like
viscoelasticity from an emulsion-based material, and the measured
moduli seem to be the strongest ever observed in a liquid-liquid
system, including glassy emulsions'”'® and nanoemulsions', and
microemulsion-based transient gels**?!.

Microstructure and mechanism of gelation

To better understand the mechanism of organohydrogel formation,
we characterized the microstructure of the nanoemulsion in Fig. 1
using a combination of small-angle neutron scattering (SANS)
and ultrasmall-angle neutron scattering (USANS). For neutron
scattering measurements, nanoemulsions were prepared in an
aqueous solvent of 82:18 vol.:vol. H,O:D,O0 to isolate scattering
from the nanoemulsion droplets, yielding an accurate measurement
of the suspension’s microstructure. Combined SANS/USANS
spectra (Fig. 2a) of the background-corrected intensity, I, versus
the scattering vector, g, show that, well below Ty (blue symbols),
the microstructure is characteristic of well-dispersed droplets with
mild attractive interactions, as confirmed by SANS measurements
of dilute droplets (Supplementary Section S3). These interactions
persist at higher concentrations, and resulting predictions of
the scattering from a suspension of spheres identical in droplet
size and volume fraction with square-well interactions is in
near-quantitative agreement with the observed scattering for
temperatures below Ty (Fig. 2a, solid curve).

Above Ty, the high-q structure of the oil phase remains
unchanged, indicating that the droplet-scale structure and size
distribution are unaffected by the gelation process. At moderate
q values, power-law behaviour of the scattered intensity indicates
a fractal-like gel structure, where the power-law exponent of
3.42+£0.01 indicates a mixture of mass-fractal and surface-fractal
scattering?. At low q values, the scattered intensity plateaus to
a near-constant value, indicating the appearance of finite-size
structures within the gel. Overall, such scattering is indicative
of a percolated network of droplet-rich and droplet-lean regions
(Fig. 2a, inset) reminiscent of arrested heterogeneity, observed in
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some near-hard-sphere colloidal gels®. Crossover between the
moderate-q power-law behaviour and low-gq plateau indicates a
microporous structure with a characteristic length scale, &, of the
order of um.

From these microstructural data, we hypothesize that the
strong interdroplet attractions and resulting thermoreversible
formation of organohydrogels arise from thermally induced
changes in interfacial self-assembly at the oil/water interface
(Fig. 2b). As the acrylic groups of PEGDA are only mildly
hydrophilic, we suspect that increased temperature results in
dehydration of the acrylic groups, resulting in equilibrium
partitioning of the PEGDA end groups at the droplet surface. This
phenomenon is supported by the formation of small aggregates
of PEGDA in the continuous phase with increasing temperature
(Supplementary Section S3). This partitioning results in bridging
of the hydrophilic polymer between droplets, similar to telechelic
polymers**®, and in entropically driven attractions between
droplets®®¥. Above a critical temperature, increased bridging
density produces sufficiently strong interdroplet attractions to
induce colloidal gelation of the nanoemulsion, resulting in the
evolution of the observed network-like structure over time.

Effect of material chemistry

To test the proposed mechanism for gelation, nanoemulsions
were prepared with different PEGRR’' gelators, where R and
R’ represent the specific chemical end groups of poly(ethylene
glycol) (PEG). In addition to PEGDA, further PEG functionalities
studied include homobifunctional hydroxy (DOH)-, methyl ether
(DME)- and methacrylate (DMA)-terminated chemistries, and
the heterobifunctional acrylate methyl ether (AME), all with
similar degrees of polymerization. To test the ability to form
organohydrogels in these systems, as well as to compare their
relative gel properties, temperature-jump experiments were carried
out in which the viscoelastic moduli were measured as the
temperature was initially held at 15°C, then quickly stepped to
60°C, and subsequently returned to 15°C (Fig. 3a). We note that
PEGDOH exhibits no gelation, remaining a Newtonian liquid
for all achievable temperatures. Thus gelation does not result
from the solution-phase behaviour of PEG itself, and is entirely
dependent on the end-group chemistry. This is in agreement with
the proposed mechanism for gelation, as the terminal hydroxyl
groups are hydrophilic under all conditions, and thus are not
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Figure 2 | Microstructural characterization of the nanoemulsion organohydrogel described in Fig. 1. a, Combined SANS (open symbols) and USANS
(filled symbols) scattering spectra at 25 °C (blue) and 50 °C (red). Error bars represent statistical error for the measured intensity values. The unbroken
line represents the spectrum predicted for a suspension of polydisperse spheres with ¢ = 0.33 and D =36+ 2 nm and a square-well interaction fit under
dilute conditions (Supplementary Section S3), and dashed lines indicate asymptotic fits to the data over the g-ranges indicated. The lower and upper insets
show the structure of the liquid, and the mesoporous gel with a characteristic length scale &, respectively. b, Schematic diagram of the hypothesized
mechanism for gelation. Thermally induced partitioning of PEGDA end groups at the oil/water interface (enlargement) leads to effective interdroplet
attractions by polymer bridging (top) and gives rise to colloidal gelation over time (bottom).
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Figure 3 | Control of organohydrogel properties through variation of PEG end-functional chemistry. All nanoemulsions contain ¢ = 0.33 PDMS droplets
with D =40+£5 nm in water with 200 mM SDS and 33 vol.% of PEGDA (blue), PEGDMA (green), PEGDME (red), PEGAME (purple) and PEGDOH (black).
a, Oscillatory time-sweep measurements of gelation kinetics and reversibility during temperature jumps. b, Measured gel temperature, Tg, and plateau
modulus, G, as a function of PEG functional chemistry. The ordinate labels show the structures of the R and R” groups (where only one structure is present,
R=R’). Also shown are results for PEGDA where SDS is replaced with the surfactant potassium oleate (KOIAc, light blue).

346 NATURE MATERIALS | VOL 11 | APRIL 2012 | www.nature.com/naturematerials

© 2012 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nmat3248
http://www.nature.com/naturematerials

NATURE MATERIALS boi:10.1038/NMAT3248

a 80
604 Gel
o
)
40 A Liquid
20 T T T
0 0.1 0.2 0.3 0.4
(4
80
60 4 Gel
o
)
404 Liquid
20 T T T
0 0.1 0.2 03 0.4
P

b
1044
Gp~¢29i02
£ 103
-
1021 G,- $10.9£01
10 T T T T T
015 0.20 025 030 035
¢
104
G, - ¢24%02
£ 1037
-

102 4

10!

0.10 0.20 025 030 035

P

0.15

Figure 4 | Organohydrogel formation occurs over a wide range of nanoemulsion formulation conditions. a,b, Observed Ty (a) and G, (b) as a function of
the droplet volume fraction ¢ (top, for D=42+3 nm and P = 0.33) and volume fraction of PEGDA in the continuous phase P (bottom, for D=42+3nm
and ¢ = 0.33). Lines in a are drawn to guide the eye, and lines in b give power-law fits to the data.

expected to partition at the oil/water interface. This result also
rules out other possible gelation mechanisms, including specific
PEG:SDS interactions®=!.

Thermoreversible gelation occurs for all other PEG chemistries
studied, suggesting that the phenomenon is robust to a wide
range of different polymer gelators. In all cases, the gelation is
completely reversible; that is, a Newtonian liquid is recovered after
cooling the sample below T, (Fig. 3a). Subsequent temperature-
ramp and frequency-sweep measurements were used to measure
Te and G, for each of the respective PEG chemistries. We
find that the gel temperature decreases and the gel modulus
increases in the same rank order for the homobifunctional PEG
chemistries: DMA > DA > DME. Furthermore, we find that the
heterobifunctional AME chemistry yields values of Ty and G,
that are intermediate to its respective homobifunctional polymers
(DA and DME). These results confirm that the gelation process
is primarily governed by the end-group chemistry of the polymer
gelator. Moreover, the observed trends in Ty and G, seem
to coincide with the relative hydrophobicity of the functional
groups. In the context of the mechanism depicted in Fig. 2b,
this suggests that stronger partitioning of the end groups results
in a higher density of bridging polymer chains®, which in turn
give rise to stronger interdroplet attractions and, ultimately,
a stronger organohydrogel. These results not only corroborate
the hypothesized mechanism of gelation, but also show that
the mechanical properties of organohydrogels can be controlled
through proper choice of the gelator functional chemistry.

To extend the gelation phenomenon to more biocompatible
materials, we attempted to formulate thermogelling nanoemulsions
with various food-additive surfactants and oils, including fatty acids
and fatty acid esters. We find that both the reversible gel formation
(for sufficiently small droplet sizes) and the gel-paste transition
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are generalizable to other surfactants and oils, and moreover
that organohydrogels can be formed from biocompatible systems
(Supplementary Section S5). A representative result is shown in
Fig. 3, where nanoemulsions with ¢ = 0.33 PDMS oil and nominal
volume fraction of pure PEGDA added to the continuous phase
P =0.33 in the presence of 200 mM potassium oleate, a fatty acid
surfactant, show reversible gelation that is comparable to that in the
presence of SDS. Interestingly, we find that both the gel temperature
and modulus are not significantly affected by the surfactant
used at fixed droplet size and concentration (Supplementary
Section S5), providing further evidence that gelation is controlled by
end-group partitioning of the polymer, and not specific polymer—
surfactant interactions.

Effect of material composition

To further test the generality of organohydrogel formation in the
nanoemulsion materials, we characterized the rheology and phase
behaviour of the PDMS-in-water/PEGDA nanoemulsions using an
expansive phase study over the composition space available for
nanoemulsion formulation, including droplet size, D, oil volume
fraction, ¢, and nominal volume fraction of pure PEGDA added to
the continuous phase, P. We find that thermoreversible gelation is
robust over a wide range of conditions, including volume fractions
as low as ¢ = 0.12 and PEGDA concentrations as low as P =0.1.
The results of these studies are summarized in Fig. 4, in which T
and G, are plotted over a range of conditions for each respective
compositional variable with the other conditions fixed.

We find that T, decreases significantly with increasing ¢ for
0.1 <¢ <0.3, and that G,, increases by several orders of magnitude
over this range of droplet concentrations. Similar behaviour is
observed with increasing P, whereby an increase in the polymer
concentration in the aqueous phase results in a significant decrease
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Figure 5 | The drop-size dependence of organohydrogel rheology indicates a gel-paste transition. Data for nanoemulsions containing ¢ = 0.33 and
P=0.33 with Cs =200 mM SDS. a, Linear viscoelastic spectra of G’ (filled symbols) and G” (open symbols) versus applied frequency for the average
droplet diameters shown. b, The observed Ty decreases with increasing droplet size in the gel regime, and is below measurable values in the paste regime.
¢, The normalized plateau modulus exhibits different behaviour with increasing interaction range, §, in the paste and gel regimes (inset: unscaled data).

Lines are drawn to guide the eye.

in the gel temperature, as well as a significant increase in G,. For
both changes in ¢ and P, we find that G, exhibits power-law
behaviour with respect to the compositional variables. The modulus
of colloidal gels is usually found to scale as G, ~ ¢*, where x
is related to the fractal dimension of particle clusters comprising
the gel network®. For ¢ > 0.25, we observe such a scaling, where
G, ~ ¢*°. The value of the exponent is characteristic of dense
clusters, in agreement with the measured gel scattering (Fig. 2a).
However, for ¢ < 0.25, a very different behaviour is observed,
where G, ~ ¢'°’. Such an exponent cannot be explained by
traditional fractal theories for percolated structures, indicating
that viscoelasticity in this regime relies on other microstructural
phenomena that are at present unknown.

Importance of droplet size to organohydrogel formation

The measured dependence of the nanoemulsion rheology on the
droplet size exhibits an interesting transition near an average
droplet size of 100 nm (Fig. 5). Nanoemulsions with droplet sizes
below this transition exhibit thermoreversible gelation and solid-
like viscoelasticity similar to that shown in Fig. 1c, where G’ and G”
are nearly independent of applied frequency. However, nanoemul-
sions with droplet sizes above the transition exhibit linear viscoelas-
ticity similar to concentrated emulsion pastes'” over all accessible
temperatures, where both G' and G” are frequency dependent,
and G” exhibits a distinct minimum at moderate frequencies. This
‘gel-paste’ transition highlights the need for nanoscale droplets for
thermoreversible gelation to occur. Furthermore, the gel modulus
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of emulsions with nanoscale droplets is several orders of magnitude
greater than that of their paste-like counterparts (Fig. 5a).

The observed gel-paste transition with increasing drop size
could represent a transition between different arrested states of the
nanoemulsion suspension. Arrested states in attractive near-hard-
sphere suspensions have been the subject of significant theoretical
study in the context of classical mode-coupling theory**°, and a
number of limiting cases have been described depending on the
location of the gelation threshold relative to equilibrium phase
boundaries of the suspension. Our materials represent a fascinating
new system to compare with these theories, as the interdroplet
interactions are dynamically tunable, enabling access to rich
non-equilibrium behaviour. Specifically, the microphase-separated
structure identified by USANS indicates that the nanoemulsions
exhibit a so-called ‘type II’ gel®®, where the gel transition lies
within the equilibrium gas-liquid binodal. We particularly note
the cluster mode-coupling theory presented in ref. 37, which
identifies two limiting cases of this behaviour: one in which the
resulting arrested clusters percolate but do not macroscopically
separate owing to cluster—cluster repulsion, and another in which
the clusters do not percolate and macroscopic phase separation
proceeds over long times. Although the qualitative discrepancies
in rheology of these limiting cases have not been studied, it is
plausible to think that these two states are manifest in the gel-paste
transition we observe.

Inspired by these theoretical studies, we expect the normalized
modulus, G,(D)’/ksT, to depend significantly on § = 2R,/(D),
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where R, is the radius of gyration of PEGDA. Here, § sets
the relative range of attractive interactions induced by reversible
polymer bridging®®. The resulting plot (Fig. 5c) identifies two
distinct regimes. In the gel-like regime (large §), the scaled
modulus decreases as §2, in agreement with mode-coupling theory
predictions of suspensions with attractions of the same range®.
By contrast, in the paste-like regime (small §), the scaled modulus
increases significantly with increasing 8. The transition between
these two behaviours occurs at § ~ 0.01. Thus, we identify the
range of interdroplet attractions as an important parameter for the
occurrence of thermoreversible gelation.

Overall, the remarkable rheological properties of the
nanoemulsion organohydrogels are unique when compared with
other reported viscoelastic emulsion-based systems. For example,
the thermoreversibility of gelation is distinct from previous reports
of irreversible viscoelastic nanoemulsion glasses'**® and colloidal
crystals®®, in which the viscoelastic microstructure is driven by
long-range interdroplet repulsions. The gelation phenomenon
is also distinct from the paste-like rheology of such systems,
in which deformation of drops above the close-packed limit
leads to vitrification and glassy dynamics!’. Furthermore, the
nanoemulsion organohydrogels are strikingly different from
viscoelastic microemulsions?®**?, as the latter typically exhibit
terminal liquid-like rheology rather than the solid-like elastic
behaviour reported here. This is due to distinct differences in the
microstructural underpinnings of viscoelasticity in the respective
materials. In contrast to thermodynamically stable microemulsions,
where viscoelasticity arises from dynamic percolation of transient
clusters*!, our nanoemulsions exhibit static, arrested percolation.
Furthermore, although the molecular process of interdroplet
bridging is qualitatively similar to that found in microemulsions
containing telechelic polymers***, we note that colloidal stability
of the microemulsion phase in those materials is maintained,
such that viscoelasticity arises from a transient polymer network
physically crosslinked by the droplets, similar to other transient
networks in coordination polymers*> and polymer-like micelles*.
By contrast, viscoelasticity in the organohydrogels arises from
interdroplet cluster—cluster ‘bonds’, which result in the observed
solid-like viscoelasticity. However, further detailed characterization
of interdroplet interactions and resulting microstructure of the
organohydrogels throughout the gel transition is necessary to test
whether the gelation mechanism is best described through the
formalism of arrested states in colloidal suspensions®®, and provide
amore expansive understanding of these new materials.

Soft nanocomposites from crosslinkable gelators

For many self-assembling materials, it is desirable to make their
microstructure permanent. Here, this is achieved through the
use of crosslinkable gelators such as PEGDA and PEGDMA,
thereby enabling the formation of a crosslinked polymer gel in
the continuous phase. To test the ability of such materials to
effectively ‘freeze’ the nanoemulsion microstructure, we carried
out experiments on a nanoemulsion with ¢ = 0.33 in an aqueous
phase containing P = 0.33 PEGDA and 1 vol.% Darocur 1173
photoinitiator (Fig. 6). Ultraviolet-initiated photopolymerization
of the fluid then results in free-radical polymerization of PEGDA to
form a hydrogel within the continuous phase. Figure 6a shows the
results of combined SANS/USANS measurements on samples after
ultraviolet exposure in both the gelled (top) and liquid (bottom)
states. As was done previously, the measurements were made in
a solvent of 82:18 H,0:D,0 to isolate the nanoemulsion droplet
scattering. We find that the nanoemulsion photopolymerized in
the gelled state (Fig. 6a, top) maintains nearly identical scattering
after ultraviolet exposure (filled symbols), even on cooling well
below T,y (open symbols), indicating that photopolymerization
maintains a fractal-like percolated structure. Thus, we hypothesize
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that the resulting structure contains a colloidal gelled nanoemulsion
that is kinetically trapped within a hydrogel matrix in the aqueous
phase (Fig. 6a top, inset).

Conversely, the nanoemulsion photopolymerized in the liquid
state (Fig. 6a, bottom) exhibits similar scattering after ultraviolet ex-
posure for temperatures below Ty (filled symbols), indicating that
colloidal stability of the nanoemulsion is maintained throughout
the photopolymerization process. However, once the temperature
is increased above Ty (open symbols), the nanoemulsion exhibits
increased low-q scattering, with a plateau at the lowest g values,
whereas the high-q scattering remains unchanged. This indicates
the formation of small clusters of droplets within the crosslinked
hydrogel mesh (Fig. 6a bottom, inset). We hypothesize that the
mechanism of this temperature-induced clustering is similar to
that of the gelation process in the absence of photopolymerization,
in which acrylic groups partition at the droplet interface, leading
to short-range attractions between droplets. However, the nascent
hydrogel mesh in the continuous phase sterically prevents percola-
tion of these clusters.

The demonstrated ability to ‘freeze’ the nanoemulsion mi-
crostructure within a hydrogel matrix can be used to tune the
mechanical properties of the resulting nanoemulsion—hydrogel
composite. Figure 6b shows large-amplitude oscillatory shear rhe-
ology data taken for nanoemulsions photopolymerized in situ both
below (blue symbols) and above (red symbols) Ty . Specifically,
strain sweeps were used to characterize the equilibrium modulus,
Gy, in the low-strain limit, as well as the apparent yield strain, ¥,
given by the crossover in G’ and G” with increasing strain amplitude.
The results show that the post-cure mechanical properties of the
composite gel vary significantly depending on the microstructure
during photopolymerization. For example, photopolymerization
in the gelled state results in a moderate decrease in G, (from
770 = 20kPa to 560 &= 10kPa), but also an order-of-magnitude
increase in y, when compared with the nanoemulsion photopoly-
merized in the liquid state. We also note that the nanoemulsion
photopolymerized below T is optically transparent, whereas
that photopolymerized above T, is opaque, a difference that
arises owing to the difference in scattering between the respective
suspension microstructures. These results demonstrate that both
the mechanical and optical properties of the organohydrogel
composite can be dynamically controlled from brittle to flexible
and from transparent to opaque by tuning the nanoemulsion
suspension microstructure within the composite material.

Our crosslinkable nanoemulsions exhibit optical transparency
and liquid-like rheology below T, that enables them to be
easily photopatterned into sophisticated hydrogel-nanoemulsion
composite microstructures that would otherwise be prohibited
by larger-scale emulsions (Supplementary Section S4). To
demonstrate this, we used stop-flow lithography** to generate
shape and chemically anisotropic nanoemulsion-laden composite
microgels (Fig. 6¢,d). In one case, we used different crosslinkable
nanoemulsions of the same composition loaded with two
different fluorescent lipophilic dyes serving as model active
compounds, PKH26 (red) and DiOC,s (green), to generate
striped ‘microtablets’ (Fig. 6¢) where the active compounds are
hierarchically compartmentalized. At the micrometre scale, the
actives are segregated in different domains (red and green stripes)
whose size and configuration can be controlled by the flow-
lithography process, whereas at the submicrometre scale the actives
are homogeneously distributed within the nanoemulsion droplets,
enabling uniform loading with simultaneous spatial localization.
Such a scheme would be useful in situations where encapsulation of
multiple chemically incompatible lipophilic actives is required in a
single-particle vehicle.

In a second case, we prepared tablet-shaped microgels where
a hydrophobic anchoring scheme was used to attach soluble
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Figure 6 | Photocrosslinking of organohydrogels allows for ‘freezing’ of the nanoemulsion microstructure, yielding soft composites with unique
properties. a, Combined SANS/USANS spectra of nanoemulsion samples with ¢ = 0.33, P=0.33 PEGDA and D =32+ 2 nm containing 1vol.%

photoinitiator for the conditions and temperatures indicated. A nanoemulsion crosslinked in the gelled state retains its suspension microstructure even on
cooling below the gel temperature (top), whereas a nanoemulsion crosslinked in the liquid state exhibits limited ability to form small droplet clusters when
heated above the gel temperature (bottom). b, Nonlinear viscoelastic strain sweeps of G’ (filled symbols) and G” (open symbols) of the materials in a at an

applied frequency of 10 rad s~1. The apparent yield strain (crossover of G’ and G”) of the crosslinked material increases by an order of magnitude for
crosslinking above the gel temperature (red points) when compared with that below the gel temperature (blue points). Inset: Photographs of the
corresponding composites. ¢, Fluorescence optical microscopy image of hydrogel-nanoemulsion composite ‘microtablets’ prepared by stop-flow
lithography with spatially segregated compartments containing the nanoemulsion in a loaded with red (PKH26) and green
(3,3'-dioctadecyloxacarbocyanine perchlorate, DiOCsg) fluorescent lipophilic actives. Flow rates of monomer streams were actively adjusted to
demonstrate facile control over the size and configuration of compartments. The schematic representation depicts the contents of each compartment.

d, Demonstration of phototriggered release of a model biomolecular complex from hydrogel-nanoemulsion composite microparticles: (1) particles are
incubated with Chol-PC-BT, resulting in encapsulation at the oil/water interface; (2) particles are incubated with SA-Cy3 reporter, resulting in BT-SA-Cy3
complexation; (3) ultraviolet exposure results in photolysis of Chol-PC-BT and subsequent rapid release of the BT-SA-Cy3 complex. Micrographs show a
representative particle before (left) and after (right) 30 s of ultraviolet exposure at the times indicated. Scale bars, 50 um.

biomolecules of interest to the droplet interface (Fig. 6d, top).
Specifically, particles were incubated post-synthesis with a
cholesterol-modified biotin that had a photocleavable linker
(Chol-PC-BT) as a model bioactive, resulting in adsorption of the
bioactive to the oil/water interface. Hydrophobic anchoring was
confirmed through a further incubation with a streptavidin—Cy3
fluorescent reporter (SA-Cy3), which selectively binds to
Chol-PC-BT, resulting in fluorescently labelled particles (Fig. 6d,
bottom). Once encapsulated, triggered release of the BT-SA-Cy3
complex was achieved through ultraviolet photolysis of the PC
linker, resulting in an initial burst-like release over a period
of seconds followed by sustained release over a period of
hours. Such an encapsulation and delivery scheme is highly
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flexible, as the hydrophobe could be modified to achieve
adsorption behaviour ranging from semi-permanent to reversible
anchoring, whereas the hydrogel microstructure (for example
the crosslink density) can be independently controlled to modify
the release kinetics.

Conclusion

In summation, the unique properties of our nanoemulsion
organohydrogels, including thermoreversible gelation, solid-
like viscoelasticity, mesoscale porosity and ability to be
photocrosslinked to create multifunctional organohydrogel
composites, provide new capabilities for the design of soft
composite gels with highly tunable structural, mechanical and
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transport properties when compared with traditional molecular
hydrogels and organogels. Specifically, the ability to process
the nanoemulsion in the liquid state, as well as the inherent
micrometre-scale porosity developed within the gel, provide a
facile route to three-dimensional scaffolds for encapsulation of
both hydrophilic and hydrophobic compounds within the same
supported material. We note that the nanoemulsion materials
provide an attractive alternative route to organohydrogels when
compared with so-called ‘bijels™>*, in that they can be formed
more robustly over a wide material window and present higher
interfacial area for interphase transport owing to smaller-
scale porosity and lack of impenetrable solids at the oil/water
interface. Furthermore, the ability of photopolymerization to make
permanent various kinetically stable microstructures provides
a further degree of freedom with which to tune the ultimate
properties of the material.

These unique properties call for more directed studies aimed at
the design of nanoemulsion organohydrogels towards a number of
potential applications, including porous materials for tissue regen-
eration, drug delivery, inorganic templating and smart materials.
Here, we have demonstrated the utility of crosslinked organohy-
drogel nanocomposite microgels for controlled encapsulation and
release of a wide range of active compounds, including small
molecules, and bioactives. These studies show that photopatterning
of composite microgels enables several capabilities that would be
impossible to achieve with traditional polymer hydrogels, using
comparatively low-cost, commercially available materials. For in-
stance, the organohydrogels possess hitherto unachieved levels of
loading capacity for lipophilic or amphiphilic compounds owing
to the homogeneously distributed liquid nanocompartments with
easily controllable size and concentration. Furthermore, photopat-
terning of the nanoemulsions allows for the unique ability to
produce microgels with controlled shape independently of the
gelation or encapsulation process, which has proven important for
in vitro delivery of microparticles’. Finally, the chemical inter-
face and high surface area provided by the nanoemulsion enable
new and efficient non-covalent motifs for immobilization and
controlled release of both lipophilic and soluble actives. As these
properties can be achieved while retaining independent control
over the crosslinked polymer network in the continuous phase, our
materials hold potential advantages for a number of applications,
including therapeutic scaffolding materials and delivery vehicles for
combination drug therapy'>*.

Methods
PDMS (viscosity =5 cp), SDS, PEGOH (M,, ~ 600gmol’l), PEGDA
(M,,~700 gmol "), PEGDME (M,, ~ 500 g mol "), PEGDMA (M,, ~750 gmol ),
PEGAME (M,, ~ 600 gmol’l) and PKH26 were purchased from Sigma Aldrich
and used as obtained without further purification. Solutions of PKH26
(Ex/Em = 551/567 nm) and DiOC,s (Ex/Em =484/501 nm, Invitrogen) in
ethanol were used to fluorescently label the oil nanodroplets. Aqueous stock
solutions were prepared in deionized water (18.3 M€, Millipore Milli-Q).
Deuterium oxide (D,0, 99.9%, Cambridge Isotope Laboratories) was used as
the solvent for SANS/USANS measurements to enhance neutron contrast. A
short modified DNA oligonucleotide, 3'-cholesteryl-TEG-AAAAA-PC-biotin-5'
(Chol-PC-BT, where PC represents the photocleavable spacer) was synthesized by
Integrated DNA Technologies. Tris-EDTA buffer was purchased from OmniPur,
and diluted at a ratio of 1:100 with deionized water (100x Tris-EDTA buffer).
Nanoemulsions were prepared by the following procedure. The continuous
phase was prepared by mixing the appropriate amounts of pure PEGDA (or other
polymer), SDS stock solution and water (or D,0) to yield the desired final SDS
concentration and nominal polymer volume, P, on the basis of the initial volume
of PEGDA (or other polymer) added and the final continuous phase volume. A
crude emulsion was first prepared by adding the oil phase dropwise to the premixed
continuous phase, agitated by a magnetic stir-bar rotating at 800 r.p.m. High-
pressure homogenization of the crude emulsion was carried out using an Avestin
Emulsiflex-C3 homogenizer operating at 15 kpsi. Samples were cooled to 5°C
between passes, and were homogenized for N = 15-20 passes, until the resulting
material exhibited no significant change in average droplet size. Nanoemulsion
samples were stored at 5 °C for at least 24 h before further experiments.
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Nanoemulsion droplet sizes were measured by dynamic light scattering using
a Brookhaven Instruments BI-200SM multi-angle light-scattering apparatus.
Samples were diluted to ¢ = 0.002 using a mixture of P =0.33 in deionized water.
Dilution of the nanoemulsion with the appropriate continuous phase is known
to have a negligible effect on the average droplet size*’. Autocorrelation functions
were measured at a scattering angle of 90° and a temperature of 25 °C. A cumulant
analysis was applied to the data to obtain the z-average hydrodynamic diameter, D,
and polydispersity, o, defined here as the variance of the size distribution relative to
the average size. In some experiments, an arbitrary size distribution was fitted to the
measured autocorrelation function using CONTIN analysis.

Rheological characterization was carried out on a TA Instruments AR-G2
stress-controlled rheometer with a 60 mm, 2° upper-cone geometry and a
temperature-controlled Peltier lower-plate geometry. A solvent trap wetted
with deionized water was used to limit sample evaporation. Temperature-ramp
experiments were carried out by heating the sample at a rate of 2°Cmin~" while
monitoring the viscoelastic moduli under small-amplitude oscillatory shear at an
applied frequency of v =20rad s™' and strain amplitude of y, = 0.05%. Frequency
sweeps at selected temperatures were carried out over a range of 0.2-200rad s™" at
a strain amplitude of y, = 0.05%. Temperature-jump experiments were carried out
by making a series of time-sweep measurements, starting at 15 °C for 5 min, then
jumping to 60 °C for 15 min, then returning to 15 °C for 10 min, while monitoring
the viscoelastic moduli under the same conditions stated previously. In cases where
the observed value of T,y was above 60 °C, temperature-jump experiments were
instead carried out to 80 °C.

Rheo-ultraviolet experiments were carried out on a Rheometrics ARES
rheometer with a 20 mm quartz upper-plate geometry and a temperature-controlled
Peltier lower-plate geometry. Broad-spectrum ultraviolet light was provided by
a Lumen Dynamics OmniCure S2000 spot-curing system at an intensity of
1.5W cm™2. The resulting measured irradiance through the optical path at the
sample location was 13 mW cm™2. Samples were loaded and equilibrated at the
desired temperature as previously described, and then exposed to ultraviolet light
in 10's pulses with 60 s in between pulses until the measured value of G’ showed
no significant change between pulses to ensure complete polymerization of the
sample (Supplementary Section S4). Subsequently, large-amplitude oscillatory
shear measurements were carried out over increasing strain amplitudes from
0 =0.02%-50% at a fixed frequency of o =20rads™".

SANS and USANS measurements were carried out at the National Institute of
Standards and Technology Center for Neutron Research. SANS experiments were
carried out on the NG7 30 m SANS instrument within the 10CB sample environ-
ment. Temperature control was obtained using a Julaba temperature-bath unit, and
samples were left to equilibrate for at least 30 min before measurement. Scattering
using incident neutrons of wavelength 1 =6 A and a wavelength spread (full-width at
half-maximum) of AA/A=11% was collected at detector distances of 1 m with 20 cm
offset, 4 m and 13.5 m for high-g measurements. Scattering using incident neutrons
of wavelength A = 8.09 A and a wavelength spread (full-width at half-maximum) of
AX/A=11% was collected at a detector distance of 15.3 m for low-q measurements.
USANS measurements were carried out on the BT5 perfect-crystal diffractometer
within the 6CB sample environment. Temperature control was obtained using a
Julaba temperature-bath unit, and samples were left to equilibrate for at least 30 min
before measurement. Data were reduced and (where necessary) de-smeared using
the National Institute of Standards and Technology IGOR software package®.

Stop-flow lithography was carried out using previously published methods*
to produce hydrogel-nanoemulsion composite microgels, which were then
used for model encapsulation and release studies. See Supplementary Section
S4 for further details.

Received 1 June 2011; accepted 11 January 2012; published online
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