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ABSTRACT: While hydrogels exhibit numerous characteristics that make them ideal in biological applications,
they are typically limited in overall design flexibility due to the rigid dependence of their physical properties and
behavior on the chemistry and cross-linking structure of the gel's network. As the demand for hydrogels with
precisely engineered properties grows, nanotechnology may provide a means through which to circumvent the
inherent drawbacks of hydrogel systems to form unique, highly advanced materials with enhanced properties. In
this work, self-assembling nanostructured lyotropic liquid crystalline (LLC) mesophases were used as polymer-
ization templates, directing the formation of highly cross-linked PEGDA hydrogels. A 3-fold increase in both the
compressive modulus and diffusive transport is realized in the PEGDA gel as the parent LLC mesophase, and
thus the resulting structure of the hydrogel matrix is changed from a low ordered morphology to a system with
a high degree of order and geometry. Additionally, the LLC templated hydrogels exhibited unique property
relationships, including simultaneous increases in both the water absorptivity and the modulus of the material,
behavior that is not observed in nontemplated, traditional PEGDA gels. The results of this study demonstrate that
direct control over the physical properties of a cross-linked hydrogel material can be achieved simply by changing
the degree of order and geometry imposed on the forming network using nanostructured LLC templates.

Introduction various degrees of success in obtaining unique properties in
hydrogels previously unattainable using cross-link density as
the main design parameter. In addition to the strategies above,
the use of nanotechnology is beginning to be explored as a
means to engineer the properties of hydrogels for highly
advanced biomedical applicatiofdn the past decade, research
in nanostructured materials has grown exponentially as nano-
technology continues to alter the ways in which materials are
fabricated, synthesized, and proces¥e@®y accessing and
manipulating the structure of materials on the submicron scale,
unique material properties have been observed, including the
high strength of carbon nanotuli@gqroperty enhancement from
nanofillers?1-22 and biologically attractive nanosurfac€sto
name a few.

One of the more promising methods available for the
synthesis of materials with nanostructured morphologies is the
use of self-assembling media such as lyotropic liquid crystal
(LLC) solutions?* LLC solutions are distinctive media, pos-
sessing both liquidlike fluidity and the long-range order of
crystalline solids. Formed by the self-assembly of small mo-
lecular weight surfactants in solution, LLCs exhibit a number
of highly ordered nanometer scale mesophases that can be
controlled by the size, chemistry, and concentration of the
surfactant molecules in solution. Their use as polymerization
templates, directing the formation of polymer networks into
complex architectures, is a particularly promising application

Hydrogel research is advancing rapidly as these materials
expand in applications ranging from biomaterials to superab-
sorbents and toxicant removal agertslydrogels have received
particular attention in biomedical applications including contact
lenses, biosensors, drug/gene delivery, bioseparations, bioad
hesives, and tissue engineering due to their high water content
biocompatibility, high permeability/porosity, and soft tissue
characteristic-7 Traditionally, the design principles for con-
trolling the properties of hydrogels have focused on manipulat-
ing the network structure of the gel in terms of its cross-linking
density, a function of the structure, functionality, and concentra-
tion of the monomer in the gel. However, using cross-linking
density has limitations as many of the properties of hydrogels
are intimately tied to this single parameter. For example, cross-
linking density is directly related to hydrogel physical properties
such as porosity, water absorptivity, and mechanical strength
as well as the behavior of the gel in terms of permeability and
diffusive transporf=12 Particular to tissue engineering applica-
tions, the cross-linking density of the hydrogel has also been
linked to the resulting morphology and developing genotype
of the encapsulated cells it suppottd? Because of these
property relationships, using cross-linking density as a means
to optimize a particular property of the gel will inevitably elicit
changes, often undesired, in many of the other gel properties,

limiting the design flexibility and reducing the relevance of these of LLCs toward the fabrication of organic nanostructured

materials to advanced applications. polymers. To this effect, researchers have focused on the

To address these issues, researchers have explored alternatigehavior of LLC templated polymerizations with specific regard
methods to control the physical properties of hydrogels, to the formulation of LLC/monomer blends to generate various
independent of the overall cross-linking density, through the mesophase¥, the polymerization kinetics within these meso-
use of topologically restrictive free-moving cross-link junc-  phase®?7catalytic enhancement using LLCs as nanoreaétors,
tions > controlled crystalline domain$,composite additive¥’ a platform to compatibilize immiscible monoméfghe unique
and double-network hydrogel8 These studies have achieved polymeric structures fabricated from LLC templatiffgit and

the size selectivity of LLC generated membrapres.

*To whom correspondence should be addressed. E-mail; IN addition to the LLC polymerization studies mentioned
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gel properties of templating common lightly cross-linked Rontgen tube radiation source, a camera, a collimation system of
polymers such as hydroxyethyl methacrylate and acrylamide the Kratky type, and a PSD 50M position-sensitive linear detector
within LLC mesophase®:34The aim of the present study isto  (Hecus M. Braun, Graz). The ratio of the scattering peaks in
use a more robust, highly cross-linked hydrogel system and 9-SPacing was used to determine specific LLC ordered geometry
perform an in-depth characterization of controlling the physical \évclytglginzgctho iﬂ?g;eﬁgg' tr']g gggé‘é%‘;g?onwétgp:nla'\gnfgﬁgss'be

roperties of polymers that is attainable simply by changin . i i )
tpheF())rder of thg L{C template used to fabricateptk)lle g;/el Bec%ugehaw-or of the LLC/monomer formulations both pre- and postpoly-

: merization.

of the highly dependent nature of physical properties on network

2 . . . . Network Swelling. Kinetic water absorption and final equilib-
structure, it is hypothesized that by manipulating this structure iy yater absorption were measured gravimetrically by immersing

using LLC templates a significant degree of control over the gehydrated hydrogels (post surfactant removal) intéG@eionized
physical behavior of the gel will be realized. For this study, a water and measuring water uptake at given time intervals. Swelling
highly cross-linked PEGDA hydrogel will be polymerized in  measurements were taken by removing the gel from solution, patting
various LLC mesophases to alter the specific network structure the surface dry, and then recording the mass of the hydrated
of the resulting hydrogel. Material properties including network polymer. Equilibrium water absorption was determined once the
swelling, modulus, and diffusive transport will be measured as Mass of a hydrated sample did not change significantly as a function
a function of the type of template used to create each gel. By of overall swell time. For swelling and additional tests below, three
specifically correlating these three closely related network --C/Polymer bars or disks were made for all sample formulations
A ._to obtain a standard deviation for each resulting data point,
properties to the pargnt template usgd to preate each materlalrepresented by error bars in the reported figures.
a greater understanding of the relationship between the LLC

i lat d final network structure/ i il be obtained Network Mechanics.Dynamic mechanical analysis (DMA, TA
empiate and hnal network structuré/properties will be obtained. , i, ments Q800 series) was used to determine the compressive

The ability to control the structure of the network, and thus ,oquius of both dehydrated and swollen samples of the LLC

dictate the gel's physical behavior, will prove invaluable as templated hydrogels. Dehydrated disks were used as prepared. For
hydrogels are applied to a growing number of diverse and the hydrated modulus tests, dehydrated LLC templated hydrogels

advanced applications. were incubated in 37C water for 24 h prior to the compressive
test. Disk-shaped samples were placed on the compressive clamp
Experimental Section of the DMA and compressed t090—95% of their original height.

Compressive modulus was determined with previously established
method&® using stress/strain curves from the DMA results.

Network Transport. The diffusive behavior of the LLC hydro-
gels was determined by incorporating a small solute, Chicago Sky
IBlue dye, into the templated networks of the hydrogel samples.
JPost polymerization and surfactant removal, dehydrated samples
were swollen in a concentrated solution of the dye<& weeks
to allow for complete infiltration of the solute within the pores of
the hydrogel. Samples were then removed, rinsed, and placed in
individual vials of deionized water and incubated at ¥7. At
predetermined intervals, 104 of solution was removed (replaced
with 100 uL of deionized water) from each vial and diluted with
1.9 mL of deionized water in a Spectre cell. The absorbance at
’ 614 nm was determined with a UWis spectrometer to determine
the concentration of dye released at each time point. Half-life release
time constants for each sample were defined as the time required
to release half of the remaining dye in the sample, and three
consecutive constants were averaged for each templated gel.

Diffusion coefficients for the templated hydrogel materials were

Materials. The monomer used in this study was poly(ethylene
glycol) diacrylate (PEGDA, Aldrich) with a molecular weight of
575. The surfactant used was polyoxyethylene (10) cetyl ether (Brij
56, Aldrich). 1-Hydroxycyclohexylphenyl ketone (Irgacure 184,

Sky Blue Dye (Aldrich) with a molecular weight of 990 and a
hydrodynamic radius of-8 A as defined as the radii of equivalent
spheres of similar molecular weig#tAll chemicals were used as
received with no further purification.

Preparation of LLC Polymers. Lyotropic liquid crystalline
solutions were synthesized by mixing specific concentrations of
monomer, surfactant, deionized water, and photoinitiator. Heat
sonication, and mechanical mixing were employed to obtain
homogeneity within the samples and to ease handling of the
solutions. In this study, all samples contained 40 wt % monomer,
while the surfactant/water ratio was varied to achieve a number of
LLC mesophases to serve as polymerization templates. Hydrogels

were synthesized by pipetting the LLC/monomer solutions into ) : 4 C
Teflon molds to make both bar (40 mm 10 mm x 2 mm) and determined using a second-order transport equation based on Fickian

disk (15 mm diameter, 3 mm height) polymer geometries. The difquiO_n.?6 Assumptions included that the dye was evenly distrib-
samples were then photopolymerized by placing the mold under 5 uted within the hydrogel and that the majority of the dye molecules
365 nm UV light source (intensity 1.8 mW/@n10 min) in a were released from t'he two Iargg surfaces of the hydrogel bar as
nitrogen-purged environment to limit oxygen inhibition. Post OPPOsed to the relatively small side faces due to the thinness of
polymerization, gels were removed from the mold, solvent ex- the bar’s depth parameter. Asubroutlne program was used to model
changed with ethanol to facilitate surfactant removal, and dried in the transport equation, generating a number of release profiles for
a vacuum oven for 24 h. The average surfactant removal was greate@iven diffusion coefficients. The generated profiles were then
than 95% as determined gravimetrically. cor_npared to the experl_mental release profiles of the blue dye to
Characterization of LLC Mesophases.The optically anisotro- estimate diffusion coefficients for each templated gel.
pic nature of the LLC solutions and photopolymerized gels was
characterized using a polarized light microscope (PLM, Nikon
Eclipse E600W Pol) equipped with a hot stage (Instec, Boulder,  Numerous reports have focused on methods for incorporating
CO). PLM images of various LLC/monomer/water solutions were nanotechnology into polymers, often resulting in materials with
analyzed for characteristic birefringent light patterns, indicative of unique properties ranging from enhanced sieving ability within

the type of order in the liquid crystal solutions. Samples were . - . . o
: . . ; nanopore¥ to an increase in material strength with additions
characterized by placing100uL between a glass microscope slide . S
y pacing.. bi 9 b of nanocomposite®:22 In one fabrication method, nanostruc-

and coverslip. Samples were irradiated with a UV source (1.7 mW/ TS .
cn?, 10 min) to polymerize the solution. Before and after PLM tured lyotropic liquid crystalline (LLC) mesophases can be used

images were compared and used to determine the degree ofS polymerization templates, imposing a high degree of order

disruption in the LLC order that occurs during polymerization. ~ on the prepolymerized monomers and thereby structuring the
Small-angle X-ray scattering (SAXS) measurements were taken network architecture of the forming polymer. The central aim

using a Nonius FR590 X-ray apparatus with a standard copper targetof this work is not only to use LLCs to create nanostructured

Results and Discussion
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Figure 1. Phase diagram for agueous solutions of 40 wt % PEGDA
with increasing concentrations of Brij 56 at 2€. Phases are as
follows: | = isotropic, M= micellar solution, MC= micellar cubic
phase, H= hexagonal phase, & bicontinuous cubic phase, and=+
lamellar phase.

hydrogels but also to understand the relationships between the

LLC template geometry, the network structure of the resulting E > R ative LLC t ati ockwise f
; ; igure 2. Representative emplating process, clockwise from

hydrogel, and the physical behgvmr of the templ:-elted gel. ~upper left: hexagonal LLC mesophase structure, 2D hexagonal LLC

Because of the strong correlation between physical propertieswith Brij 56 surfactant chemical structure, 2D hexagonal LLC with
and network structure in hydrogel materials, the hypothesis of dispersed PEGDA monomers, and photopolymerized PEGDA in
the current study is that changes in the hydrogel network continuous hexagonal arrangement with Brij 56 surfactant removed.
structure achieved through LLC templating will have a signifi-
cant impact on the physical properties of the gel and allow a i i Fi 5
degree of control over the physical behavior of these materials. Ia?\lgrz;;n 'Es'gu"r_e .Th d f hvd | network li
To test this hypothesis, three physical properties including . etwork Sswetling. the degree of hydrogel network swelling

swelling, modulus, and permeability have been selected and'S lhlghly dgpentd.ent on b?th the hchemcal strullctlli.re co)lf thi
investigated due to their strong dependence on network structure PO'YMer and matrix parameters such as the cross-linking density

These investigations will not only reveal the relationship ?r: the t\e\?lyl;netr n(itworkf.tTo dlette:jmrl]n(ej the leffecttshofdaltermgf
between LLC template and each of the physical properties vi ﬂﬁl i?lrpééugAu;ﬁ? rierlnpa; | Y \;/o%es Olnm ?iz edgretieno
generated but also serve to elucidate the overall effect of SWe'ling aterials, samples were polymerized using

nanostructure within the matrix of the resulting hydrogel different LLC template§ including micellar, hexagpnal, and
lamellar mesophases. Figure 3A shows the volumetric s@gll (
network. ;
. . . of templated PEGDA gels as calculated by eq 1 vs time. In eq

To carry out this study, a highly cross-linked hydrogel 1\, andMq are the swollen and dry mass of the gel construct
material, poly(ethylene glycol) diacrylate (PEGDA), was pho- respectively, angs and pp are the densities of solvent (water)
topolymerized within a variety of LLC mesophases formed from 5,4 polymer respectively.
Brij 56 surfactant and water. As the concentration of Brij 56

Surfactant Removal

structures of PEGDA and Brij 56 surfactant is shown in the

surfactant is increased in a 40% PEGDA aqueous solution, a M —M
. . . . w d
number of LLC phases are formed, including micellar, discon- _
tinuous cubic micellar, hexagonal, bicontinuous cubic, and Q= Ps +1 1)
lamellar geometries, providing a spectrum of available polym- My
erization templates. A one-dimensional phase diagram at room P_p

temperature is shown in Figure 1 relating the concentration of
Brij surfactant to the LLC phase morphology for the LLC/ Networks templated with the higher ordered hexagonal and
PEGDA systems as determined by PLM and SAXS, along with |3 meljar LLC morphologies swell rapidly when placed in water
representations of the corresponding structures of various LLC it very similar profiles. Alternatively, the low order micellar
mesophases. The micellar and cubic micellar mesophases d@gmplated gel exhibits a decreased rate of water uptake as well
not exhibit long-range anisotropy and can be considered low 55 5 |ower equilibrium swell when compared to the higher
order polymerization templates when compared to the higher, orgered LLC hydrogels. By removing over 95% of the surfactant
long-range order LLC templates such as hexagonal, bicontinuousom the hydrogels tested in Figure 3A, all samples were both
cubic, and lamellar structures. When comparing the Brij 56/ chemically and compositionally similar, implying that the
PEGDA/water LLCS; to previous reports for the binary system gpserved” differences in water uptake are due to network
of Brij 56 and water;’ the progression of phases with surfactant gtryctural changes, a direct result of the specific template used

concentration is similar, although the phase transition boundariesy, create each gel. Interestingly, the geometry of the higher order
are shifted to lower surfactant concentrations. This behavioris | | cs (j.e., hexagonal and lamellar) does not seem to influence

due to the presence of PEGDA monomer, which serves to shift he rate or overall swelling in these gels to the same degree as

the phase boundaries by acting as a cosurfactant in the systemye transition from low to higher ordered templates (micellar
PEGDA was chosen in this study due to its hydrophilic nature, to hexagonal).

allowing the monomer to segregate to the aqueous or continuous Network swelling in templated hydrogels was further exam-

domains of the LLC mesophase structures. This location within ined by plotting the equilibrium water uptak®d) for PEGDA

the LLC allows the polymerizing monomer to form a continuous hydrogels with increasing surfactant concentration to produce

network, reinforcing the surfactant self-assembled structures.the spectrum of LLC phases. In Figure 3B, the equilibrium water

A representation of the LLC templating method as well as the swell in the templated hydrogel samples is shown as a function
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Figure 3. (A) Swelling profiles of 40 wt % PEGDA (MW 575) Brij 56 wt%
templated with 50 wt % Brij 56 (lamellar)w), 35 wt % Brij 56 Figure 4. Compressive modulus of (A) hydrated and (B) dehydrated
(hexagonal) M), and 10 wt % Brij 56 (micellar)®). (B) Equilibrium PEGDA (40 wt %) hydrogels templated with increasing amounts of
volumetric swell of 40 wt % PEGDA templated with increasing amounts  gyjj 56 surfactant to create specific polymer templates. isotropic,
of Brij 56 surfactant to create specific polymer templates.iotropic, M = micellar solution, MC= micellar cubic phase, H hexagonal

M = micellar, MC = micellar cubic phase, H= hexagonal phase,  phase, Q= bicontinuous cubic phase, and= lamellar.
Q = bicontinuous cubic phase, and=t lamellar.
lower order templated counterparts. It has been well documented

of the concentration of surfactant and template geometry used X . .
P g y that an increase in the overall water uptake in a hydrogel to

to make each material. The phase diagram for the prepolymer-this dearee is typically accompanied by a sianificant drop in
ized PEGDA/LLC systems is included with the plot of equi- 9938 ypicaly P y g P
librium water swell in Figure 3B to illustrate the effect of the modulus?
specific LLC template structure on the physical properties of ~ T0 further investigate this anomaly, a separate set of disks
the hydrogel. A slight increase in swelling is observed as templated with the same surfactant concentrations used in Figure
surfactant concentration is increased from 5 to 25 wt %. 4A were generated. Instead of allowing these disks to reach
However, as the Brij 56 concentration is increased near the first €quilibrium swell, they were not rehydrated after fabrication
phase boundary, marking the transition to a higher ordered and surfactant removal. As shown in Figure 4B, a significant
hexagonal LLC template geometry, a significant increase in increase in the compressive modulus of the dehydrated materials
swelling is observed. Though the main variance in network templated with higher ordered LLCs is seen when compared
swelling appears to be due to the transition from lower ordered With the isotropic lower order templates. Again, all samples
templates to higher ordered LLCs, small geometric changeste§t9d in Figure 4B are compositionally and chemjcally identical,
within the higher ordered LLC templates (i.e., hexagonal to With only the template that was used to polymerize each as the
bicontinuous cubic) also show a repeatable, statistically sig- Sole contributor to the variation shown in physical properties
nificant change in overall swell with this particular LLC template 0etween the materials. The use of higher order LLC templates
system. elicits a 3-fold increase in modulus over the low order templates,
Mechanlca| Experimentsjn addmon to a|ter|ng the rate and an Obsel’vation that iS most ||ke|y attributed to the h|gh|y uniform
overall water swell of templated polymersl it has been shown structure and induced orientation of cross-linked PEG in the
in previous research that the template geometry will have a LLC templated gels that combine to effectively resist the
significant effect on the mechanical properties of a templated compressive forces on the material.
polymer system as welt To gain a more in-depth look at the As stated above, an increase in the amount of water in a
effects of prepolymerization monomer order on the macrome- hydrogel material will serve to decrease the compressive
chanical properties of the structured PEGDA, compressive testsmodulus of the system, a trend that is evident when comparing
were performed on the PEGDA hydrogels templated with the 10% Brij samples in both the hydrated and dehydrated state
increasing concentrations of Brij 56. Figure 4A shows the (Figure 4, A and B, respectively). However, focusing on the
resulting compressive modulus of the swollen gels as a function hydrated compressive modulus in Figure 4A, as the LLC
of the surfactant concentration and the template morphology template in the monomer formulation is altered and swelling is
used to create each hydrogel. This figure indicates that asincreased (Figure 3B), there is no statistical change in the
surfactant concentration and thus overall order in the monomermodulus of these gels. This deviation from typical hydrogel
solution are increased, no general trend in the compressivebehavior is attributed to the counteracting effects of both an
modulus of the swollen hydrogels is observed. This is surprising increase in the modulus of the gels (Figure 4B) and the increased
given the fact that the samples templated with the higher order degree of swelling in these materials (Figure 3B) as the
LLC mesophases>(30% Brij 56) swell~100% more than their  polymerization template is transitioned from a low order solution
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L0 1 : half-life times defined as the time required to releas®% of
3 s ’ the dye in each network. Therefore, a general trend is observed
g 081 . 3 * in which the PEGDA hydrogels templated with the higher order
) s ' LLCs exhibit much faster diffusion times for the dye solute than
2 06 Y . ;
3 s 3 i do the low order templated gels. 'I_'hls_trend can be attributed to
@ 0415 3 [ both the greater degree of swelling in these samples and the
2 ] long-range continuous geometric void spaces generated by the
§ 0.2 ’ig [ higher order LLCs (hexagonal, bicontinuous, lamellar). In
§ contrast, the low order micellar and cubic micellar templates
0.0 ‘ ' swell to a lesser degree and form gels with discontinuous voids
0 > ) 10 15 20 that require the releasing dye to travel a more tortuous path.
Time (hr) Diffusive behavior in hydrogels has been closely linked with
~ 10 the cross-linking density and water uptake of the gel as network
< Bl ¢ ¢ swelling has previously been reported to “open up” the network,
g 81 M+MC |H|Q| L increasing pore size and increasing the rate of solute diffusion
= 6 through the network! Although a greater degree of swelling
g ¢ ¢ in the higher order LLC templated PEGDA networks may be a
2 4 contributing factor to the advanced release rate for these gels,
@ ¢ analysis of key samples in Figure 5 further serves to deconvolute
E 2 1 ¢ * the effects of increased swell and specific architecture of the
. network on the transport behavior of the material. For example,
0 ‘ ‘ ‘ ' ‘ the large increase in diffusion rate between the cubic micellar
0 10 20 30 40 50 (30% Brij 56) and lamellar (50% Brij 56), two samples that
Brij 56 wt% swell to the same degree, suggests that network structural
Figure 5. (A) Release profiles of Chicago Sky Blue dye from 40 wt  differences contribute significantly to the variations in diffusive
% PEGDA templated with 50 wt % Brij 56 (lamellar®§, 20 wt % behavior between these two samples.
Brij 56 (cubic micellar) ), and O wt % Brij 56 (isotropic)M). (B) To further investigate the effects of LLC structure on the

Release time required for approximately half of the remaining dye in

40 wt % PEGDA samples with increasing concentrations of Brij 56 difusive behavior of the templated PEGDA hydrogels, a model

surfactant to create specific polymer templatess Isotropic, M = was employed to describe the relationship between diffusivity
micellar solution, MC= micellar cubic phase, i hexagonal phase,  and network structure in these materials. A great deal of previous
Q = cubic phase, and & lamellar. research has been devoted to the development of mathematical

) ) ) ) models to describe the physical properties of hydrogels, includ-
to a higher order LLC. The increase in water uptake with LLC jng water absorptivity, modulus, porosity, and permeability,
templating decreases the strength of the gel and, in this casethrough their relation to network structural parameters such as
serves to effectively counteract the increasing dry modulus in cross-linking density235383Because of its specific application

this material, resulting in little net overall change in the {5 PEG hydrogels, a free-volume diffusion moddeq 2) was

compressive modulus of the hydrated LLC networks. chosen to model the LLC templated PEGDA gels.
Diffusion Experiments. With the strong relationship between

the physical properties (i.e., swelling and dehydrated modulus) D r v

and the LLC template used to fabricate each material, it is L= (1 — —S) exp{—( 2 )) 2)

reasonable to assume that the nanostructured morphology of Do g 1=,

the LLC template used has a significant impact on the resulting
hydrogel network architecture that is at the core of the Ineq 2,Dyis the solute diffusivity within the swollen hydrogel,
macrophysical properties evaluated. Furthermore, it is also Do is the solute diffusivity in the swelling solvent calculated
expected that a level of control over the matrix morphology in using the StokesEinstein equationys is the hydrodynamic
the LLC hydrogels would also directly affect the transport radius of the soluté is the mesh size of the hydrogel network
behavior of the hydrogel networks. To investigate the influence (a function of cross-linking density), ands is the percent
of LLC templating on the diffusive transport behavior of volume of polymer in the swollen hydrogel (inverse@in eq
structured PEGDA hydrogels, a small blue dye solute was 1). Using this model, predicted diffusion coefficieridg were
incorporated into LLC/PEGDA hydrogels templated with vary- calculated for each of the templated PEGDA hydrogels using
ing LLC morphology. The fraction of dye released for three the degree of swelling found experimentally for each gel (Figure
different network structures (lamellar, cubic, and micellar) as a 3). As expected, the more swollen gels created using the higher
function of time is shown in Figure 5A. It was found that the order LLC templates yielded slightly higher predicted diffusion
higher order LLC lamellar template, having the greatest degree coefficients than the low order templates due to the increased
of swelling (Figure 3B), also demonstrates the most rapid releasepore size in these gels. The predicted diffusion coefficients for
of the dye when compared to the lower ordered templates. the LLC templated PEGDA hydrogels are listed in Table 1 and
Diffusive transport in the LLC templated PEGDA was further shown in Figure 6.
analyzed by plotting the half-life release time for networks  To compare the predicted diffusion coefficients generated by
templated with increasing concentration of Brij 56 surfactant the free-volume model to the experimental results generated
to generate the spectrum of LLC phases. It is observed in Figurethrough dye release experiments, a diffusion-controlled transport
5B that small variations in the template geometry elicit step equation for a one-dimensional, uniformly loaded fifmvas
changes in the release rate of the dye, with decreasing half-lifemodeled to generate a range of release curves with provided
time as the template is changed from micellar, to discontinuous diffusion coefficients. By matching these generated curves with
cubic, hexagonal, bicontinuous cubic, and lamellar LLC phases. the experimental release profiles of blue dye solute from the
In this figure, more rapid diffusion is represented by smaller templated PEGDA hydrogels (Figure 5A), the experimental
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Table 1. Diffusion Coefficients for LLC Templated PEGDA LLC surfactant template. The swelling of the hydrogel networks,
Hydrogels® on which the free volume diffusivity model is based, is directly
D related to the overall network cross-linking density or average
Wt % Brij 56 (template)  swellQg)/vz free vol model exptl pore size in the gel. The presence of LLC structures shift this
0 (isotropic 2.75/0.364 272012  83rla pore size average leading to a minor increase in water uptake
10 (micellar) 2.82/0.355 802008 8314 that is translated into the small increase in diffusivity predicted
20 (cubic micellar) 2.90/0.345 8.410.31 16.7+1.4 by the model. In reality, the release of solute from the LLC
gg (rc]ubic miC?llar) 3;25;//%22%‘; 1111-%958-22 ég-gi g-g PEGDA networks will follow the large, long-range pores formed
40 ﬁbiﬁ?\?m%ﬁs cubic) 3.64/0.275  11.410.30 44.4+2.8 from the higher order LLC templates, which in turn will have
50 (lamellar) 3.87/0.258 11.86014 44.4L28 a dramatic effect on diffusive transport, limiting the accuracy

o » ) of the free volume diffusivity model that is based primarily on
aDiffusion coefficients P, 10° cm? s71) found experimentally and as

predicted from the free volume diffusion model, of Chicago Sky Blue dye thg d'?gree of hydrofgel SWﬁ!llag. In fact, to aChlelve the Slame
at 37°C as it is released from the templated cross-linked PEGDA samples. diffusivity observed for the higher order LLC templated gels, a
The template phase used to create each PEGDA network, the resultingrandom morphology PEG hydrogel would have to swett?
equilibrium swell Qe), and polymer volume fractiorvf) are included. times greater than what was actually recorded for the hexagonal,
cubic, and lamellar LLC gels.

The discrepancy between the diffusion coefficients found for
% % the LLC templated gels and the degree of swelling in these gels
suggest that the LLC pore size and the overall cross-linking
density of the network are relatively independent, a theme that
is evident in the earlier reported physical property data in this

W
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'
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Diffusion Coefficient, D (108 em? 571 )

3071 M+ MC HQp L study. For example, increases in swelling and diffusion rates

that are typically associated with major modifications to the

20 1 5 % cross-linking density of the gel were achieved with little
collateral effect on the swollen mechanical properties of the

o o |® ° . X

1071 & ® * network, a parameter that is also closely linked to the overall
— — cross-linking density of the material. Furthermore, an increase
0 5 10 15 20 25 30 35 40 45 50 in the compressive modulus of the dehydrated templated
Brij 56 wt% PEGDA gels, typically associated with an increase in cross-
Figure 6. Experimental ©) and model predicted®) diffusion linking density and decrease in swell and permeability, is instead
coefficients,D (1C8 cn? s°%), of Chicago Sky Blue dye at 37C as it accompanied by an increase in swelling and diffusivity in these

is released from templated PEGDA materials. The template phase usedsame gels. These conflicting relationships suggest that the LLC
to create each PEGDA network is included. directed pores are able to alter select physical properties of the
PEGDA hydrogels without greatly affecting the overall cross-

be estimated. The diffusion coefficients for the LLC templated g?ggne%tig:rasi:tgctg rIeTaeterc];lett\cl)v (t)r::(s Szr;vrr?(!tea:s other physical
hydrogels are listed in Table 1 and shown in Figure 6. The . . . '
hydrogels generated with low order templates exhibited diffusive ~ One of the main themes of this work is that the nanostructured
behavior similar to what is predicted by the free-volume model LLC templates are controlling the structure of the PEGDA
given the degree of network swell with these gels. Although Nydrogel networks, and in turn, the structure of each hydrogel
small changes in network structure are expected due to thenetwork is dlrectly respon3|blg for the physical behavior of that
micelle and cubic micellar features of the LLC template used 9€l- Thus, simply by changing the LLC template used, the
to create each gel, these structures are discontinuous, and th@hysical properties of the polymerized hydrogels can be
bulk of the network will be relatively similar to the random Precisely controlled. Furthermore, the nontraditional property
morphology hydrogel networks for which the free volume model relathnshlps that are observed throughout this study, including
was designed. the high transport anql mechanlpal strength of the templated
Contrary to the agreement between model and experimentalhydrogels, are also directly attributed to the unique, highly
diffusion coefficients determined for the low order templated ©rdered geometries imposed on the resulting hydrogel networks
gels, experimental diffusion coefficients for the higher order through the LLC templating process.
LLC templated gels (Figure 6) are much greater than what is  Recent studies have demonstrated that the type of surfactant
predicted by the diffusion model. Although the model predicts used, the monomer size, monomer functionality, and the
a slight increase in diffusion over the lower order templated polymerization kinetics all play a significant role in the LLC
gels due to an increased degree of swelling, it is unable to predicttemplating process, yielding materials that span the spectrum
the observed diffusion rate in the higher order templated from polymer structures that are grossly phase separated from
materials. Further insight can be gained by looking at the model the liquid crystal to network structures that are clearly a copy
and the matrix structure that is expected from the higher order of the parent LLC templat&-4-42 Recent work has also
LLC templates. The free-volume diffusivity model is specifically demonstrated that phase separation, occurring as the growing
designed to relate network structural parameters of a swollenmolecular weight polymer chains separate from the highly
hydrogel to diffusive behavior given that the network in question organized LLC mesophase, can be significantly reduced using
is of random morphology with an average cross-link density high-speed initiation techniques such as photopolymerization
and pore size indicative of the entire network. However, this is in an effort to “trap” the LLC structure within the forming cross-
not the case with the higher order LLC templated gels as a linked network?® To examine the LLC templating process for
templated structure in these networks would possess boththe PEGDA/Brij56 formulations in this work, PLM and SAXS
relatively small pores in the polymer-rich regions as well as characterization techniques were performed both before and after
fairly large pores formed from the continuous structures of the the polymerization of each system to determine the extent of

diffusion coefficient for each LLC templated hydrogel could
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LLC disruption that occurs during the reaction. In general, the (5) Jeong, B.; Bae, Y. H.; Lee, D. S.; Kim, S. Wature (London)L997,

i ; ; ; Lot 388 860-862.
optical anisotropy and scattering peak ratios characteristic of (6) Drury, J. L. Mooney, D. JBiomaterials2003 24, 4337-4351.,

the particular nanostructure .in the system do not change during (7) Andreopoulos, F. M.; Persaud Biomaterials2006 27, 2468-2476.
photopolymerization, indicating that the order and the geometry (g) maleki, A.; Kjoniksen, A. L.; Knudsen, K. D.; Nystrom, Bolym.
of the LLC monomer solutions are retained to a great degree in Int. 2006 55, 365-374.

the polymerized network. Furthermore, the results obtained in (9) Perera, D.1.; Shanks, R. Rolym. Int.199§ 39, 121-127.

this study in which chemically and compositionally equal *© gﬁféosgbgsl‘é’sjgggi’_gééé‘ Washburn, N. R.; HorkayMBcromol-
hydrogels exhibit vastly different physical behavior due to LLC  (11) Scott, R. A.; p’eppas, N. ABiomaterials1999 20, 1371-1380.
templating also suggest that the resulting hydrogel structure is(12) Lu, S.; Anseth, K. SMacromolecule200Q 33, 2509-2515.

significantly influenced by the order and geometry of the LLC (13) 236%2”;‘23-152 ?ﬁqsl‘ztg: K.S.; Lee, D. A; Bader, D.JLOrthop. Res.
template. Finally, the structure of the parent template and (14) Kim, B.S. Mooney, D. JTrends Biotechnol1998 16, 224-230.

hydrogel can be used to control and obtain unique physical (15) okumura, Y.; Ito, KAdy. Mater. 2001, 13, 485-487.

properties in the templated hydrogels. (16) DeLong, N. S.; Agrawal, S. K.; Bhatia, S. R.; Tew, G. Macro-
molecule2006 39, 1308-1310.
Conclusions (17) Haraguchi, K.; Takehisa, Adv. Mater.2002 14, 1120-1124.

.. (18) Gong, J. P.; Katsuyama, Y.; Kurokawa, T.; OsadaAdv. Mater.
Nanostructured LLC mesophases were used as polymerization ~ 2003 15, 1155-1158.
templates, imposing a high degree of order and geometry on(19) zp&'?é’afé l\lléﬁ-‘r:rl-iigé%- Z.; Khademhosseini, A.; Langeri&. Mater.
the structure of a cross-linked PEGDA hydrogel system in an ., ‘ocei 2 3 "phys s Condens. Matt@004 16, S1373-51436,
effort to influence the physical properties of the gel. It was found (1) kueseng, K.; Jacob, K. Eur. Polym. J.2006 220-227.
that simply by changing the geometry of the parent LLC (22) Decker, C.; Keller, L.; Zahouily, K.; Benfarhi, ®olymer2005 46,
template, and thus the architecture of the forming hydrogel 6640-6643. _ _
network, significant property enhancements were achieved. (23) ;ggi ‘Z’%ﬁ%’l’*’ Haberstroh, K. M.; Webster, TTissue Eng.
When compared to the nontemplated gels, a 100% increase in4) Hentze, H. P.; Kaler, E. WCurr. Opin. Colloid Interface Sci2003
water uptake, a 3-fold increase in mechanical strength, and a 8, 164-178.
3-fold increase in diffusive transport were observed in the (25) Pawlowski, D.; Tieke, BLangmuir2003 19, 6498.
PEGDA material as the network of the hydrogel was templated (26) %@ggg' M. A Olson, A. J.; Guymon, C. Rolymer 2005 46,
with highly ordered, nanOStrU?t}Jred |-|.-CS- Additionally, Fhe (27) Lester, C.L.; Smith, S. M.; Jarrett, W. L.; Guymon, C.Langmuir
LLC templated hydrogels exhibited unique property relation- 2003 19, 9466-9472.
ships, including simultaneous increases in both the water (28) Sm'chioLi;a\clleéq;gﬁgég' U.; Pindzola, B. A.; Zhou, W.Alcc. Chem.
S o : es. ) .

absorptlvny, permeabl.llty, and the mpdulus of the material, (29) Clapper, J. D.. Guymon, C. Adv. Mater. 2006 18, 1575-1580.
behavior that is not typically observed in nontemplated PEGDA (30) jan, L. S.; Radiman, S.; Siddig, M. A.; Muniandy, S. V.; Hamid, M.
gels. The knowledge and control gained from manipulating the A.; Jamali, H. D.Colloids Surf., A2004 251, 43-52.
relationships between the nanostructured architecture of the(31) Wadekar, M. N.; Pasricha, R.; Gaikwad, A. B.; Kumaraswamy, G.

Chem. Mater2005 17, 2460-2465.
parent LLC templates, the structure of the hydrogel networks, (32) Zhou, M.: Kidd, T. J.: Noble. R. D.: Gin, D. [Ady. Mater. 2005 17,

and their resulting physical properties allow for the fabrication 1850-1853.
of enhanced hydrogel materials that will play a significant role (33) Lester, C. L.; Smith, S. M.; Colson, C. D.; Guymon, C.@hem.
in a growing number of advanced applications. Mater. 2003 15, 3376-3384.

(34) McCormick, D. T.; Stovall, K. D.; Guymon, C. AMacromolecules
2003 36, 6549-6558.
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