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ABSTRACT Enzyme-mediated redox chain initiation involving glucose oxidase (GOX) was employed in an iterative solution dip-
coating technique to polymerize multiple, three-dimensional hydrogel layers using mild aqueous conditions at ambient temperature
and oxygen levels. To the best of our knowledge, sequential enzyme-mediated dip-coating resulting in an interfacial radical chain
polymerization and subsequent formation of three-dimensional hydrogel layers has not been previously explored. Conformal,
micrometer-scale, uniform poly(ethylene glycol) (PEG)-based hydrogel layers were polymerized within seconds and remained securely
associated after incubation in water for 16 weeks. Incorporation of either small molecules (i.e., rhodamine-B acrylate, fluorescein
acrylate) or fluorescent nanoparticles into crosslinked hydrogel layers during the polymerization reaction was also achieved. The
encapsulation of 0.2 um-diameter nanoparticles into hydrogels during polymerization of a 2-hydroxyethyl acrylate (HEA)/PEGs75
diacrylate monomer formulation, using the GOX-mediated initiation, resulted in minimal effects on polymerization kinetics, with
final acrylate conversions of 95% (£ 1 %) achieved within minutes. The temporal control and spatial localization afforded by this
interfacial redox approach resulted in the polymerization of uniform secondary layers ranging between 150 (£ 10) um and 650 (£
10) um for 15 and 120 s immersion times, respectively. Moreover, increasing the PEGszs-fraction within the initial hydrogel substrate
from 10 to 50% decreased the subsequent layer thicknesses from 690 (£ 30) um to 490 (£ 10) um because of lowered glucose
concentration at the hydrogel interface. The ability to sequentially combine differing initiation mechanisms with this coating approach
was achieved by using GOX-mediated interfacial polymerization on hydrogel substrates initially photopolymerized in the presence of
glucose. The strict control of layer thicknesses combined with the rapid, water-soluble, and mild polymerization will readily benefit
applications requiring formation of stratified, complex, and three-dimensional polymer structures.
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INTRODUCTION
he formation of polymer layers, that each exhibit

distinct chemical and/or mechanical properties, is
significant for a variety of applications including
controlled drug delivery (1), tissue engineering (2), food
stability (3), and surface modifications (4). Such applications
benefit from multilayer fabrication since alterations in layer
composition may ultimately yield a cohesive material strati-
fied with assorted, desired characteristics (e.g., mechanical
strength, size exclusion, hydrophobicity, cell type), generally
infeasible to obtain using a single material composition (5).
Due to the potential importance and heightened func-
tionality of layered polymer structures, several distinct ap-
proaches have been taken to fabricate such structures. One
prominent approach for generating nanoscale multilayers
involves the layer-by-layer (LBL) self-assembly of polyelec-
trolytes (6). LBL approaches have been used extensively and
successfully for numerous biomedical applications such as
the production of multilayers for pancreatic islet encapsula-
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tion (7) and the production of antifungal surface modifica-
tions (4). Another beneficial multilayering approach involves
the cross-linking of natural polymers (e.g., polysaccharides),
which is particularly advantageous for emulating native
stratified tissues when the polymer layers are laden with
cells. For example, millimeter-scale, layered alginate hydro-
gels have been employed to mimic stratified cartilage struc-
ture for tissue engineering applications (8).

In addition to the LBL approach and cross-linking of
natural polymers, the formation of synthetic-based hydrogel
layers offers many unique advantages attributable to well-
defined polymeric structures that are easily tailored for a
particular application. For example, bilayer hydrogels com-
posed of differing high-molecular-weight poly(ethylene gly-
col) (PEG) polymers were employed for protein release to
arterial media (9). Additionally, multilaminated methacry-
late-containing hydrogels have been used to investigate
controlled drug delivery (10, 11). To generate these synthetic
crosslinked hydrogels, researchers frequently use the pho-
topolymerization of acrylated monomers. For example,
recent successful investigations sequentially photopolymer-
ized hydrogel multilayers on an eosin-functionalized glass
slide support to produce covalently coupled hydrogel layers
(12). Additionally, sequential cross-linking reactions have
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FIGURE 1. Generation of a three-dimensional layered hydrogel using GOX-mediated interfacial polymerization. A cylindrical cross-linked
core hydrogel substrate (green), pre-swollen with glucose, is immersed into an aqueous precursor solution (pink) that contains the remaining
components necessary for initiating polymerization (i.e., GOX enzyme, Fe*?, and vinyl monomer). The inset is a molecular depiction that
illustrates the presence of glucose at the hydrogel substrate—precursor solution interface resulting from glucose diffusion out of the hydrogel
into the precursor solution. Catalytic turnover of glucose by the GOX enzyme generates H,0,, which reacts further with Fe*?, to ultimately
generate the hydroxyl radical initiator (¢OH) capable of reacting with a vinyl monomer. The initiation components (e.g., H,O,, glucose) and
monomer may also diffuse into the surface boundary of the hydrogel substrate (not shown here). Spatial localization of the initiation
components to the hydrogel substrate boundary, as a consequence of glucose diffusion from the core hydrogel, promotes polymerization
solely at this interface to ultimately form a polymer coating at this site. Here, the hydrogel substrate ultimately contains one layer but repeating
this entire process could generate additional layers. Moreover, each layer composition may be altered independently by simply including

differing moieties within the precursor solution (e.g., fluorescent monomers, nanoparticles, proteins, cells).

been employed to control cell morphology in three-dimen-
sional hydrogels (13). Photopolymerization offers many
benefits including mild reaction conditions capable of main-
taining the integrity of biological molecules and rapid po-
lymerization rates. However, the formation of uniform,
conformal coatings and multilayer structures in complex,
three-dimensional structures would benefit significantly from
a light-independent, interfacially triggered approach able to
cure the entire conformal layer simultaneously without
concerns of light attenuation (e.g., shadowing effects).
One such light-independent reaction involves a rapid
enzyme-mediated initiation system capable of kinetically
controlling the polymerization of water-soluble acrylate
monomers at ambient temperature and atmospheric condi-
tions (14). This initiation system utilizes the catalytic turn-
over of B-p-glucose and oxygen by the glucose oxidase (GOX)
enzyme to generate hydrogen peroxide (H,O,). By combin-
ing ferrous ions with this enzymatic H,O, production, hy-
droxyl radicals, which function as polymerization initiators,
are subsequently generated through Fenton chemistry. Be-
cause of the highly specific binding affinity between f-p-
glucose and the GOX enzyme, spatially localizing the site
where this binding event occurs also coincides with the
spatial localization of initiator generation. Here, we employ
a hydrogel as a physical barrier between the glucose and the
GOX enzyme, thus spatially controlling the enzyme-glucose
binding event, and subsequent H,O, and hydroxyl radical
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generation, to the hydrogel-solution interface. This spatial
control permits the polymerization to occur at the hydrogel
surface, ultimately forming three-dimensional hydrogel lay-
ers (Figure 1).

The current approach employs an in situ radical chain
polymerization reaction to polymerize sequential cross-
linked micrometer-scale hydrogel layers and differs funda-
mentally from the LBL polyelectrolyte approach that uses the
adsorption of pre-formed polyelectrolytes to form nanoscale
layers. The current GOX-mediated approach generates far
thicker (i.e., micrometer-scale) layers, compared to LBL, and
facilitates variations in polymer layer thicknesses simply
through manipulation of reaction conditions, such as im-
mersion time and glucose concentration. Additionally, the
applications, the advantages, and the limitations differ
between the LBL method and the current GOX-mediated
approach. For example, multiple polymer layers, as gener-
ated by the GOX-mediated method, may hold potential for
applications requiring micrometer-scale hydrogel films, such
as investigating drug release profiles from synthetic, three-
dimensional hydrogels.

Additionally, in comparison to the aforementioned pho-
toinitiation approaches used to generate planar hydrogel
slabs, the GOX initiation does not require a light source,
thereby permitting hydrogel layer formation in a variety of
three-dimensional geometries without concern of potential
shadowing effects and light attenuation during the polym-
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erization. In effect, the current approach combines the ease
of a dip-coating type methodology with the benefits of an in
situ interfacial chain polymerization to form complex, three-
dimensional, crosslinked hydrogels that are comprised of
multiple layers, each layer formed with independent control
of their composition and structure. For example, by simply
including a desired moiety (e.g., nanoparticles, acrylated
small molecules, proteins) within each aqueous dip-coating
precursor solution, these species can be readily incorporated
into the complex hydrogel structures during the rapid dip-
coating polymerization reaction.

Herein, we introduce the novel approach for the polym-
erization of three-dimensional, cross-linked hydrogel layers
using GOX-mediated radical chain polymerization. This
approach permits the formation of uniform, three-dimen-
sional layers through a simple, rapid and light-independent
iterative interfacial polymerization technique. Using this
system, we investigate the generation of sequential three-
dimensional multilayers, the incorporation of nanoparticle
and small molecule within the hydrogel layers, and varia-
tions in layer thickness by manipulation of initiation condi-
tions, including reactant concentration and time. Collec-
tively, these investigations present a novel and facile approach
to generate stable, layered hydrogels with relevance across
a broad spectrum of applications requiring stratified polymer
structures.

EXPERIMENTAL SECTION

Polymerization of Hydrogel Substrates. The three-dimen-
sional (i.e., cylindrical) core hydrogel substrates (i.e., used as a
platform for subsequent hydrogel layer formations) were formed
using either photopolymerization or GOX-mediated polymeri-
zation. For UV curing of core hydrogel substrates, 0.1 wt % of
4-(2-hydroxyethoxy) phenyl-(2-hydroxy-2-propyl) ketone (Irga-
cure 2959) (Ciba), 15 wt % PEGDAs75 and 0.1 M glucose were
mixed, added to a cylindrical mold (dimensions 4 mm x1.5
mm) and irradiated at 25mW/cm? for 10 minutes using 320—390
nm light. After briefly rinsing in water and blotting, the UV-cured
core hydrogel substrates were immediately utilized in the
hydrogel layer formation reaction using GOX-mediated dip-
coating. Unless otherwise specified in the text, all remaining
core hydrogel substrates, which had dimensions of approxi-
mately 4 mm diameter and 4.8 cm height, were generated using
the GOX-mediated polymerization. For GOX-mediated polym-
erization of core hydrogel substrates, 6.25 x 1077 M of GOX
from Aspergillus niger (Sigma-Aldrich) was added to a mixing
solution of all other reaction components comprising 2.5 x 10™*
M iron(ll) sulfate (Fe*?) (Sigma-Aldrich), 4.0 x 10™* M glucose
(Sigma-Aldrich), 1.0 x 1072 M 2-(N-morpholino)ethanesulfonic
acid (MES) buffer pH 4.5 (Teknova) and appropriate monomer
formulation. The p-(+)-glucose solution, as purchased from the
vendor, was likely equilibrated as a stable mixture of a-glucose
anomer and p-glucose anomer because mutarotation (i.e.,
optical rotation transformation) of glucose in aqueous solution
equilibrates within hours. This stable and equilibrated glucose
solution is important because the GOX enzyme selectively
catalyzes -p-glucose. After mixing, the solution was immedi-
ately transferred to a cylindrical mold and permitted to cure for
approximately 5 min, rinsed with Milli-Q water (18megohm cm
resistivity) and agitated in ~100 mL of Milli-Q water overnight.
Extensive washing of the core hydrogels was performed to
remove residual initiation components. After washing, the core
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FIGURE 2. Digital camera image displaying the formation of a three-
dimensional polymer layer on a cylindrical core hydrogel substrate
(substrate dimensions: 4 mm diameter, 4.8 cm height). A 15 wt %
PEGDA;75, 0.04 wt % fluorescein-acrylate core hydrogel substrate
swollen with 2.5 x 1072 M glucose (shown in yellow) was partially
immersed into a precursor solution containing 3.1 x 10°¢ M GOX,
2.5 x 107* M Fe*?, 10 mM MES pH 4.5, 0.005 wt % rhodamine-B
acrylate, and 15 wt % PEGDA;o for 60 s. The uniform three-
dimensional intact coating (shown in red) remained attached to the
hydrogel after agitation in water for 24 h and incubation in water
for 16 weeks.

hydrogel substrates were incubated in an appropriate concen-
tration of glucose overnight (at least 12 h) before the coating
reactions.

Polymerization reactions were monitored using Fourier trans-
form infrared (FTIR) spectroscopy with a Nicolet 750 Magna
FTIR instrument. The acrylate double bond conversion was
followed in real time using the overtone absorption peak
between 6212—6150 cm™! corresponding to the C—H stretch
of the acrylate functional group. After mixing the reaction
components, the reaction solutions were immediately trans-
ferred to a 1 mm thick, glass sample compartment and placed
in a FTIR instrument equipped with a horizontal transmission
apparatus (15).

Hydrogel Layer Formation and Characterization. For the
hydrogel layer formation (i.e., coating) reactions, all hydrogel
substrates, after overnight (at least 12 h) incubation in an
appropriate glucose concentration, were rinsed briefly in Milli-Q
water, blotted to remove excess surface water, and immersed
in 1 mL of appropriate precursor coating solution at ambient
temperature and atmosphere. During the immersion, the hy-
drogels did not make contact with the container walls to prevent
abnormalities in the coating layer morphology. To prevent
container contact, the cylindrical hydrogels (approximate di-
mensions 4 mm diameter, 4.8 cm height) were partially sub-
merged into the precursor solution, resulting in hydrogel coat-
ings as shown in Figure 2. The smaller UV-cured core hydrogels
(dimensions 4 mm diameter x 1.5 mm height) were punctured
with a fine gauge wire and completely submerged into the
precursor solution. After the appropriate immersion time, the
coating polymerization reaction was stopped by transferring the
gels into ~100 mL of Milli-Q water and further rinsed for at least
24 h prior to image analysis. For the multilayer coating experi-
ments, the aforementioned process was repeated by reswelling
the hydrogel in glucose and performing the interfacial polym-
erization process. To permit image analysis using fluorescence
microscopy, were included fluorescent acrylate monomers,
including either acryloyloxy fluorescein (fluoroscein o-acrylate)
(Sigma-Aldrich) or methacryloxyethyl thiocarbamoyl rhodamine
B (rhodamine-B acrylate) (Polysciences) or fluorescent nano-
particles (Invitrogen), in the mixture. When using the fluores-
cent monomers, the final DMSO concentration in the polym-
erization mixture was between 0.5 and 1 vol %. Specifically,
the fluorescent polystyrene nanoparticles used in these studies
included amine-modified, 0.2 um diameter yellow-green nano-
particles (excitation/emission, 505/515) or carboxylate-modi-
fied, 0.02 um diameter blue nanoparticles (excitation/emission,
365/415). The nanoparticles, as purchased from Invitrogen, are
internally labeled with fluorescent dyes. The nanoparticle stock
solutions were vortexed for 2 min immediately prior to use.

The coating characterization was performed by sectioning the
cylindrical hydrogel substrates and subsequently imaging the
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sections. The coated UV-cured core hydrogels (dimensions 4
mm x 1.5 mm) were not sectioned before imaging. The
fluorescence images were obtained using a Zeiss LSM 710 NLO
confocal microscope or a Zeiss Pascal LSM 5 confocal micro-
scope. The gels containing blue nanoparticles were imaged with
a 405 nm laser diode with fluorescence monitored from
409—499 nm. Fluorescein-acrylate- or green-yellow nanopar-
ticle-containing gels were excited using the 488 nm line from
an argon ion laser and the fluorescence was monitored from
492—557 nm. The gels containing rhodamine-B acrylate were
excited with a 543 nm helium neon laser and fluorescence was
monitored from 547—680 nm. For certain images, dyes were
imaged independently to reduce imaging bleed-through. Fluo-
rescent images were analyzed using Image] software (i.e.,
freeware provided by the National Institutes of Health).

RESULTS AND DISCUSSION

Formation of Three-Dimensional Hydrogel
Layers. In general, the GOX-mediated redox initiation system
permits rapid, light-independent, and aqueous solution chain
polymerization at ambient temperature and oxygen levels in
a manner that has been demonstrated to be sufficiently mild
to enable simultaneous cell encapsulation (14). In this initiation
system, the GOX enzyme catalyzes the oxidation of the 3-p-
glucose and subsequently utilizes oxygen to regenerate the
flavin adenine dinucleotide (FAD) enzyme cofactor and
produce H,O,. By combining ferrous ions with this enzy-
matic H,O, production, primary hydroxyl radical species are
produced that react further with acrylated monomers. No-
tably, an overall unique aspect of this GOX-mediated initia-
tion system involves the enzymatic consumption of oxygen,
a powerful inhibitor of radical chain polymerization.

Using the GOX-mediated initiation system, the current
studies demonstrate the generation of stable and uniform
three-dimensional hydrogel multilayers. This process occurs
by immersing three-dimensional hydrogel substrates, pre-
swollen with glucose, into an aqueous precursor solution
containing the remaining components necessary for initia-
tion (i.e., GOX, Fe™?, monomer). Here, the time scale for
diffusion of glucose out of the glucose-swollen hydrogel
substrate, together with diffusion of precursor solution
components into the hydrogel substrate, limits radical gen-
eration to the hydrogel substrate-precursor solution interface
(Figure 1). Thus, the polymerization reaction occurs at this
interface site to generate a polymer layer, whereas the
remainder of the precursor solution remains unpolymerized.
For monomer formulations used in these studies, diffusion
between hydrogel layers predominantly occurs with small
molecule components of the reaction (e.g., H,O,, glucose).
The GOX enzyme, with a molecular weight of 160 kDa, likely
becomes physically entrapped within the hydrogel during
the polymerization of the current monomer formulations.
In general, micrometer-thick layers were rapidly polymer-
ized (i.e., between 15 and 120 s) using this approach.

To demonstrate the effectiveness of the GOX-mediated
process in forming a uniform and conformal layer on a three-
dimensional hydrogel substrate, a cylindrical hydrogel (4
mm diameter, 4.8 cm height) comprising 15 wt % PEGDAs575
was swollen in 2.5 x 1072 M glucose, briefly rinsed in water,
blotted to remove excess water, and immersed in a coating
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precursor solution containing 3.1 x 107®*M GOX, 2.5 x 107*
M Fe*? 10 mM MES pH 4.5, and 15wt % PEGDA7q for 60 s.
A trace quantity of fluorescent monomer, either 0.005 wt
% rhodamine-B acrylate monomer for the hydrogel layer
(present in the precursor solution) or 0.04 wt % fluorescein
acrylate monomer for the core hydrogel substrate was
included during the polymerization reactions to demarcate
the polymer layers during the image analysis. After removal
from the rhodamine-B fluorescent precursor solution, the
uniform attachment of a hydrogel layer coating the three-
dimensional hydrogel substrate was immediately apparent,
as illustrated in the digital camera image in Figure 2. These
polymer coatings remained attached to the intact hydrogel
substrates after incubation in water for 16 weeks. Moreover,
any mechanical stresses present as the coated cylindrical
hydrogels were agitated in water during the washing steps
led to no discernible separation of the polymer layers.
However, the qualitative observation involving durability of
polymer layers was not further supplemented with mechan-
ical testing. Additional investigations would be necessary to
further understand the adhesive strength between these
polymer layers. The observed durability of the polymer
coatings, however, implies that strong molecular interactions
exist between the layers attributed to physical forces (e.g.,
chain entanglement, hydrogen bonding) and/or to covalent
attachment during the polymerization process. In the case
of covalent interactions, the presence of unreacted and
available acrylate groups on the hydrogel substrate surface
may react during chain propagation, consequently anchor-
ing the newly formed layer to the substrate. Additionally,
chain transfer to polymer events would also likely contribute
to the covalent attachment of the hydrogel layers. For
example, chain transfer to polymer would involve radical
displacement from a propagating chain, in the precursor
solution, to the hydrogel substrate. A radical generated on
the hydrogel substrate from chain transfer would react
further with monomers from the precursor solution, thereby
covalently attaching the newly formed polymer layer to the
original substrate.

Further investigation of the hydrogel layer morphology
was conducted by examining cross-sections of fluorescent
cylindrical hydrogels using confocal microscopy. Fluorescent
images of cylindrical hydrogel cross sections (Figure 3)
display core hydrogel substrates composed of 15 wt %
PEGDAs75 and 0.04 wt % fluorescein-acrylate that were
swollen in either 2.5 x 1072 M glucose or with 0 M glucose,
as a control. These core hydrogels were subsequently im-
mersed in a precursor solution comprising 3.1 x 107® M
GOX, 2.5 x 107* M Fe*?, 15wt % PEGDAs75, 20 wt % HEA,
and 0.005 wt % rhodamine-B acrylate for 120 s. The
reaction resulted in the generation of a 400um polymer
coating layer (shown in red) attached to the core hydrogel
substrate (shown in green) for the gel swollen in glucose. In
its role as a control, the core hydrogel substrate without
glucose failed to form any polymer coating layer, demon-
strating the specificity of the initiation reaction to the

Johnson et al. Www.acsami.org



A B 250

LI I O O I O A RO

200 —

150 - —

100 -
50 Fluorescein emission |
Rhodamine-B emission
0

B

0 100 200 300 400 500 600 700

Pixel Intensity

C D Position (micron)
250II\II\I\II\II\\I‘I\I\l\l\l‘l\lll\
200 + —

Fary
B 150 - .
9
£
o 100 i
X
o
50 Fluorescein emission |
Rhodamine-B emission
0 .‘.\.\.m.\r...,l...l.‘.m. m——

0 100 200 300 400 500 600 700
Position (micron)

FIGURE 3. These fluorescent images display cross-sections of cylindrical hydrogels generated by GOX-mediated polymerization. The core
hydrogel substrates (green) comprise 15 wt % PEGDAs;5 and 0.04 wt % of fluorescein-acrylate and were swollen with either (A) 0 mM glucose
or (C) 2.5 x 1072 M glucose. The hydrogels were briefly rinsed in water, blotted, and subsequently immersed in a precursor solution containing
3.1 x 107 M GOX, 2.5 x 107 M Fe™, 15 wt % PEGDAs5, 20 wt % HEA, and 0.005 wt % rhodamine-B acrylate for 120 s. A 400um coating
layer (red) was generated on the hydrogel swollen with glucose, whereas no coating layer was present on the hydrogel without glucose. The
fluorescent intensities were measured by placing an arbitrary line across fluorescent images A and C to extend radially from the direction of
the approximate center of the hydrogel cross-section on the image. The resulting fluorescent intensity profiles demonstrate an approximate
50um overlap in fluorescent intensities for the single coating layer (D), whereas the negative control (B) shows no fluorescence emission for
rhodamine B.

interface and the lack of non-specific staining from the hydrogel substrate boundary (e.g., hydrogel substrate
rhodamine-B fluorescent precursor mixture. crosslinking density, glucose concentration, monomer mo-

To further examine the interfacial regions of the bilayer lecular weight, etc.). However, in these studies, here par-
hydrogel, the pixel intensities (i.€., here corresponding to the ticularly above pH 7, the fluorescein acrylate derivative was
fluorescence intensities) were measured along an arbitrary subject to diffusion post-polymerization, in accordance with
line located within the fluorescent images using Image] previous reports (12). Therefore, to further examine the
software. Panels B and D in Figure 3 show the fluorescence interface between hydrogel layers, we investigated fluores-
intensity profiles for each position along the arbitrary line cent nanoparticle incorporation into the hydrogels, as dis-

placed in images A and C in Figure 3, respectively. Notably,
examining these fluorescent images indicates that the fluo-
rescein emission intensities (492—557 nm) and rhodamine-B
emission intensities (547—680 nm) overlap in approxi-

cussed in the following section.

Nanoparticle Incorporation into Multilayered
Three-Dimensional Hydrogels. A valuable character-

mately a 50 #m region at the interface between the hydrogel istic of the GOX-mediated interfacial coating method in-
layers (Figure 3D). Because the hydrogels were extensively volves the ability to sequentially generate three-dimensional
washed after the coating reactions, the overlap in fluorescent hydrogel multilayers by simple iterative immersions of
profiles suggests that molecular interactions exist between glucose-swollen hydrogels into precursor solutions. Further-
the layers. This layer overlap potentially could be readily more, incorporation of desired molecular or particulate
controlled by manipulating the parameters that affect the moieties into the hydrogel layer is achieved simply by
interdiffusion of the precursor solution components into the including these components in the precursor solution. Here,
www.acsami.org VOL. 2 ¢ NO. 7+ 1963-1972 « 2010 IENAPPLIED MATERIALS 1967
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FIGURE 4. (A, C) Fluorescent images of a cylindrical hydrogel cross-section demonstrating the feasibility of forming multiple three-dimensional
hydrogel layers. The green color displays the incorporation of 0.1 wt % of yellow/green 0.2 um diameter nanoparticles (NP); the blue color
displays the incorporation of 0.2 wt % of blue 0.02 um diameter nanoparticles (NP); the red color displays the incorporation of 0.005 wt %
Rhodamine-B acrylate. Each layer was generated by immersing the hydrogel substrate into an appropriate precursor solution for 60 s at
ambient atmosphere and temperature. The fluorescent intensity (pixel intensity) profiles were measured (B, D) by placing an arbitrary line
across fluorescent images A and C, respectively, to extend radially from the direction of the approximate center of the hydrogel cross-section
on the image.

for instance, we encapsulate nanoparticles into the sequen- (0.2um diameter) or 0.2 wt % of blue nanoparticles (0.02um
tial hydrogel layers, but this approach holds potential for diameter). The fluorescent images (Figure 4A,C) display the
encapsulating other biological moieties into the layers, such resultant cross-sections of these cylindrical core hydrogels
as proteins or cells. For example, the cellular encapsulation with three layers, as just described. Here, the demonstration
approach may be particularly advantageous because the of sequential multilayer coatings involved formation of three
GOX system was sufficiently mild to enable simultaneous hydrogel layers (i.e., core hydrogel substrate with two hy-
cell encapsulation into PEG hydrogels (14). drogel coating layers). Although not shown here, we antici-
Here, to demonstrate the formation of sequential multi- pate this process could be repeated multiple times to gen-
layer coatings, a cylindrical core hydrogel substrate (ap- erate a desired number of polymer layers (e.g., 4—5 layers)
proximately 4 mm diameter, 4.8 cm height) comprising 15 by reswelling the layered substrate with glucose and expos-
wt % PEGDAs75, 20 wt % HEA, and 0.1 wt % yellow/green ing the hydrogel to a precursor solution (i.e., GOX, Fe*? and
fluorescent nanoparticles (0.2um diameter) was swollen in monomer).
2.5 x 107 M glucose. To form the second layer, this glucose- For the gels formed using the yellow/green nanoparticles
swollen hydrogel was subsequently submerged into a pre- (n = 4 gels examined), as shown for one gel in Figure 4B,
cursor solution (15 wt % PEGDA7¢,, 0.005 wt % rhodamine-B the fluorescence intensities of the layer interfaces overlap
acrylate, 3.1 x 10°°M GOX, 2.5 x 10~*M Fe™?, 10 mM MES) for 30 um + 5 um between the core hydrogel and the
for 60 s. To form a third layer, the coated gel was again rhodamine-B first layer. The fluorescence intensities overlap
swollen with 2.5 x 1072 M glucose and subsequently sub- for 20 um =£ 5 um for the interface between the rhodamine-B
merged into precursor solution (15 wt % PEGDAs75, 20 wt first layer (red) and the second layer containing yellow/green
% HEA, 3.1 x 107°M GOX, 2.5 x 107* M Fe*2, 10 mM MES) nanoparticles. This overlap in fluorescence intensities im-
containing either 0.1 wt % yellow/green nanoparticles plies that molecular associations exist between the hydrogel
1968 IEJAPPLIED MATERIALS VOL. 2 « NO. 7 ¢ 1963-1972 ¢ 2010 Johnson et al. www.acsami.org
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layers, possibly from a combination of physical and covalent
interactions. However, the nanoparticles (0.2 um diameter,
0.02 um diameter) are likely unable to extensively diffusion
through a 15wt % PEGDA7q, hydrogel because of limitations
in the PEGDA7o, hydrogel mesh size (16, 17). These experi-
ments do not eliminate the potential for contributions to
fluorescent overlap from optical artifacts from hydrogel slice
orientation during fluorescent measurements. However, the
durability of intact multilayered hydrogels, in combination
with the likely covalent attachment mechanism (i.e., chain
transfer to polymer) does suggest strong, stable molecular
associations between these hydrogel layers.

In addition, a general important feature in Figure 4 in-
volves the entrapment of nanoparticles within the cross-
linked hydrogel layers during the GOX-mediated polymeri-
zation reaction. For example, the green colored regions in
Figure 4A,B represent the incorporation of the 0.2 um
diameter green/yellow amine-modified nanoparticles,
whereas the blue regions (Figure 4C,D) indicate the incor-
poration of the 0.02 um diameter blue carboxylate-modified
nanoparticles. Because the GOX reactions were performed
in slightly acidic conditions favorable for enzymatic activity
(i.e., pH 4.5), the amine-modified particles remain positively
charged and dispersed, and thus readily incorporated into
the gels. Although the fluorescence images indicate that the
blue nanoparticles were also entrapped within the hydrogel
(Figure 4C,D), nanoparticle agglomeration was visually ob-
served within the precursor solution when using these blue
carboxylate-modified nanoparticles. The agglomeration of
carboxylate-modified nanoparticles was likely due to the
slightly acidic pH of the solution and the presence of divalent
iron. Moreover, the nanoparticle agglomeration often re-
sulted in layers with a tendency to delaminate from the
hydrogel substrate.

To further investigate the effects of including nanopar-
ticles during the GOX-mediated polymerization reaction, we
monitored the acrylate double bond conversion profiles in
real-time using near-infrared spectroscopy (Figure 5). The
addition of 0.1 wt % of 0.2 um diameter amine-modified
yellow/green nanoparticles to a comonomer solution (15 wt
% PEGDAs75, 20 wt % HEA, 4.0 x 107* M glucose, 2.5 x
107* M Fe™?, 6.25 x 1077 M GOX, 10 mM MES pH 4.5)
resulted in a slightly lower final acrylate conversion (95 %
£ 1 %) as compared to identical reactions without nanopar-
ticles (99 % =+ 1 %). Although the addition of 0.2 wt % of 0.02
um diameter blue carboxylate-modified nanoparticles to the
same comonomer formulation produced high final acrylate
conversion, these polymer samples appeared opaque from
nanoparticle agglomeration and their associated inhomoge-
neous distribution. Reductions in polymerization rates and
final acrylate conversions were previously reported when
incorporating 20 nm diameter Nile Red (532/575 nm)
fluorescent nanoparticles into 25 wt/vol % PEGDAs;5 using
the eosin photoinitiator (18). In the current studies, however,
the polymerization occurs without light, indicating that
fluorescent nanoparticles may affect the polymerization
process in a light-independent manner, such as potentially

www.acsami.org

VOL. 2 « NO. 7 ¢ 1963-1972 ¢ 2010

0.8 - b —

0.6 - i

0.4 i

0.2 N

Double Bond Conversion

1 l 1 | 1 l 1 l 1
0 05 1 15 2 25 3 35
Time (min.)

FIGURE 5. Double bond conversion profiles for GOX-mediated
initiation in the presence of (a) 0 wt % nanoparticles, (b) 0.2 wt %
0.02 um diameter blue carboxylate-modified nanoparticles, and (c)
0.1 wt % 0.2 um diameter yellow/green amine-modified nanopar-
ticles. Reactions contained 15 wt % PEGDAj575, 20 wt % HEA, 2.5 x
107* M Fe'?, 6.25 x 1077 M GOX, 4.0 x 10~* M glucose, and 10 mM
MES pH 4.5.

terminating propagating radicals or potentially denaturing
GOX during enzyme adsorption to the nanoparticles.

Overall, the slight reduction in the polymerization reac-
tion rates in the presence of these nanoparticles would
suggest the necessity to increase the reaction times when
incorporating nanoparticles into the hydrogel layers using
the GOX-mediated dip-coating technique. Interestingly, the
presence of nanoparticles within the glucose containing core
hydrogel substrate did not affect the subsequent layer thick-
nesses. For example, using a precursor solution comprising
(15wt % PEGDA7q0, 0.005 wt % rhodamine-B acrylate, 3.1
x 107® M GOX, 2.5 x 107* M Fe*?, 10 mM MES) the
PEGDA7( layer thickness formed on a 15 wt % PEGDAs7s,
20 wt % HEA hydrogel substrate swollen with 2.5 x 1072 M
glucose and containing 0.1 wt % 0.2 um diameter yellow-
green nanoparticles was 270 um (£ 20), whereas without
nanoparticles the PEGDA7q, layer thickness was 240 um
(£10).

Controlling the Thickness of Three-Dimen-
sional Hydrogel Layers. The polymerization rates of the
GOX-mediated system are highly predictable and regulated
through simple adjustments in reaction conditions. For
example, an increase in the GOX enzyme concentration or
the glucose concentration increases the polymerization rates
of water-soluble acrylate monomers at ambient temperature
and atmosphere (14). Here, this kinetic control with the
GOX-mediated initiation translates to the facile control of
three-dimensional hydrogel layer thicknesses through the
simple manipulation of reaction conditions, such as polym-
erization time and initiator concentration.

Investigations were performed that evaluated the depen-
dence of layer thicknesses on polymerization conditions by
using cylindrical core hydrogel substrates (approximate
dimensions 4 mm diameter x 4.8 cm height) comprising
15 wt % PEGDAs75. The core hydrogels were swollen in
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FIGURE 6. (A) Digital camera image displaying the cross-sections of
cylindrical hydrogel substrates (15 wt % PEGDAs;5) that were swollen
with 0.1M glucose and subsequently immersed in a precursor
solution (15 wt % PEGDA7qo, 3.1 x 10® M GOX, 2.5 x 10~ % M Fe*?,
10 mM MES (pH 4.5), and 0.005 wt % of rhodamine-B acrylate) for
differing times. The picture illustrates that increasing time results
in thicker coatings (coatings shown in red) while maintaining
hydrogel layer uniformity. (B) Coating thickness may be controlled
by immersion time or by swelling the hydrogel substrates in differing
concentration of glucose as illustrated for 15 wt % PEGDA;;5 gels
swollen with 0.4 M (@), 0.1 M (¢), or 2.5 x 1072 M (H) glucose and
subsequently immersed into the aforementioned PEGDA7,, coating
precursor solution formulation.

differing concentrations of glucose, rinsed briefly in water,
blotted, and immersed into a PEGDA7q, precursor solution
containing 15 wt % PEGDA7q, 3.1 x 107 M GOX, 2.5 x
107 M Fe™, 10 mM MES (pH 4.5), and 0.005 wt %
rhodamine-B acrylate. A digital camera image (Figure 6A)
displays the cross-sections of these cylindrical hydrogel
substrates swollen with 0.1 M glucose and subsequently
coated for different polymerization times. Controlling the
precursor solution immersion times of the core hydrogel
substrates resulted in thickness variation while simulta-
neously maintaining the uniformity of the three-dimensional
polymer layer. For example, a 15 s immersion resulted in a
coating thickness of 150 um (£ 10 um), whereas a 120 s
immersion produced a coating thickness of 650 um (£ 10
um).

The graph in Figure 6B further illustrates that the coating
thicknesses increase linearly between 15 and 120 s immer-
sion times, indicating a nearly constant polymerization rate
throughout this period. It is expected, however, that these
coating thickness values will eventually plateau owing to the
depletion of reaction components (e.g., glucose, monomer).
Under the current reaction conditions, notably, this plateau
was not reached, and the hydrogel layer ultimately reached
a limit caused by the size restrictions of the container into
which the hydrogel was immersed. For instance, it was
observed that 15 wt % PEGDAs75 hydrogels swollen in 0.1
M glucose and immersed in the aforementioned 15 wt %
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PEGDA7qo precursor solution formulation generated a mil-
limeter-scale hydrogel layer conforming to the shape of the
cylindrical container containing the precursor solution (con-
tainer with dimensions of 12 mm diameter x 38 mm height)
after 7 min. Although polymers conforming to the container
shape may be avoided by simply employing differing sized
immersion containers, shorter immersion times, or lower
glucose/GOX concentrations, this characteristic may also
benefit applications requiring the formation of unique three-
dimensional multilayered hydrogels. For example, utilizing
complex-shaped containers may enable hydrogel formation
of desired, unique polymer shapes with a controllable
polymer core of distinct composition.

Furthermore, the thickness of the layers is controlled by
manipulating the glucose concentration within the hydrogel
substrate (Figure 6). For instance, increasing the glucose
concentration within the hydrogel from 0.025 to 0.4 M
resulted in a ~40 % increase in film thickness from 180 um
(£ 10) to 310 um (£ 10) for a 30 s immersion. Higher
glucose levels result in more glucose diffusion from the
hydrogel, thus increasing the polymerization rates at the
hydrogel substrate-precursor solution interface and ulti-
mately producing thicker polymer layers. Similar behavior
was previously observed when monitoring the acrylate
conversions of monomer solutions, wherein an increase in
glucose concentrations increased the polymerization rates
(14). Insufficient glucose quantities swollen within the hy-
drogel substrate resulted in non-uniform polymer layers. For
example, 15 wt % PEGDAs75 hydrogels swollen in 6.25 x
107 M of glucose and immersed in the PEGDA o precursor
formulation (as used in Figure 6) generated nonuniform
hydrogel layers after a 120 s immersion. This non-uniformity
is likely attributed to the low concentration of hydroxyl
radical initiating species at the hydrogel-solution interface,
being unable to uniformly overcome termination reactions
and initiate polymerization.

Additionally, increasing the polymer fraction in the core
hydrogel substrate resulted in a decrease in the layer thick-
nesses. As shown in Figure 7, the layer thicknesses decrease
logarithmically with increasing polymer content of the core
hydrogel substrates. For example, an increase in the weight
percent of the core hydrogel substrates from 10 wt %
PEGDAs575 to 50 wt % PEGDAs75 results in a corresponding
decrease in coating thicknesses from 690 um (£30 um) to
490 um (£ 10 um). Because the higher polymer content in
the core hydrogel results in increased cross-linking (19), this
trend is expected. The glucose diffusivity may decrease in
gels with higher polymer content, thereby reducing the
initiator concentration at the hydrogel-solution interface,
ultimately decreasing the initiation rates and decreasing the
hydrogel layer thicknesses.

Combining Photoinitiation and GOX-Mediated
Layer Formation. An additional, useful aspect of this
coating method involves the capacity to employ differing
core hydrogel formation mechanisms. Ultimately, this in-
terfacial polymerization approach may be applicable to any
core hydrogel substrate, whether a natural or synthetic
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FIGURE 7. Coating thicknesses generated on core hydrogels com-
posed of differing weight percents of PEGDAs5;5, The various PEGDAs;5
hydrogels were each swollen in 0.1 M glucose and submerged into
a solution containing 15 wt % PEGDA7q, 3.1 X 107 M GOX, 2.5 x
10~* M Fe*?, 0.005 wt % rhodamine-B acrylate, and 10 mM MES pH
4.5 for 120 s. Increasing the polymer fraction in the core hydrogel
substrate resulted in a decrease in the polymer layer thicknesses
because of mass transfer limitations.

polymer, into which a GOX-mediated initiation component
can be swollen (e.g., glucose, GOX). Here, we demonstrate
this concept by forming the core hydrogel by a distinct
photoinitiation method. Specifically, 15 wt % PEGDAs75
hydrogels disks (4 mm diameter x 1.5 mm height) were
generated by irradiating the monomer at 25mw/cm? for 10
min with 320—390 nm light using 0.1 wt % 12959 photo-
initiator in the presence of 0.1 M glucose. Here, the glucose
is not used for the photopolymerization reaction but instead
is incorporated into the core hydrogel substrate during
polymerization. After incorporation, the glucose is immedi-
ately ready for the subsequent layer-formation reaction via
GOX-mediated dip coating. After photopolymerization, the
core hydrogel substrate was rinsed, blotted, and immedi-
ately transferred to a PEGDA7oo monomer precursor solution
(15wt % PEGDA7g, 3.1 x 107°M GOX, 2.5 x 107% M Fe™?,
10 mM MES (pH 4.5), and 0.005 wt % rhodamine-B acrylate)
for differing times. The resultant coating sizes were 100 uM
(£ 20), 230 uM (£ 30), 450 uM (£ 50), 540 uM (£ 10) for
immersion times of 15, 30, 75, and 120 s, respectively.
These coating thicknesses were comparable to coatings
formed on core hydrogel substrates formed by the GOX-
mediated initiation system. In the case of using the photo-
polymerization method to form the core hydrogel substrates,
the hydrogels do not require additional incubation in glu-
cose, thus decreasing the overall time required for coating
formation.

This current approach, namely combining photoinitiation
with GOX-mediated interfacial polymerization, may prove
beneficial for applications where it is critical to have both
the benefits of the spatial and temporal control afforded by
photoinitiation and the light independent benefits of forming
conformal and uniform hydrogel coating with the enzyme-
mediated (redox) system. For example, photopolymeriza-
tion reactions are frequently employed for encapsulating
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cells in hydrogel scaffolds (20, 21). Here, by simply including
the biocompatible glucose molecule during the photopolym-
erization of a core cell-laden hydrogel scaffold, the cell-laden
gel could be readily coated to form additional polymer layers
(potentially with differing polymer and biological properties)
to meet the goal of mimicking native, stratified tissue (8). In
another example, the GOX-mediated dip-coating approach
could be used to generate functionalized hydrogel layers that
serve as protective barriers for cell-laden core hydrogels
(e.g., pancreatic islet laden-core gels) (22). In general, the
ability to couple photoinitiated cellular encapsulation with
a GOX-mediated layer formation system may provide a new
approach for generating multiple, three dimensional hydro-
gel cellular scaffolds. Although this manuscript details utiliza-
tion of low molecular weight monomers (e.g., PEGDA7o) for
the polymerization of hydrogel layers, we anticipate the
current method could be utilized with higher-molecular-
weight monomers, termed macromers, employed for tissue
engineering. For example, utilization of macromers for
polymerization of hydrogel layers may be important for
adequate diffusion of cellular nutrients through the polymer
layer. Further investigations, however, would be required to
assess the reaction conditions required for layer formation
with macromers, owing to concentration dependence on the
GOX-mediated reaction components on polymerization rates
(14). Currently, work is underway to investigate these
promising approaches for tissue engineering application.

Overall, this GOX-mediated coating scheme for polymer-
izing three-dimensional hydrogel layers holds potential for
differing applications. For example, the capacity to incor-
porate desired moieties into the polymer layers by simple
inclusion in a precursor solution may offer a facile method
for investigating controlled drug release profiles. In particu-
lar, given the development of nanoparticles for drug delivery
vehicles (23) and the recent use of nanoparticles embedded
within hydrogels for insulin release (24), the incorporation
of the nanoparticles during the hydrogel layer formation may
represent new avenues for investigating release profiles from
synthetic, three-dimensional hydrogels.

Although this work describes the formation of polymer
layers using glucose-swollen hydrogels with a GOX-mediated
reaction, this process could readily be generalized and
extended to other arrangements. For example, hydrogels
swollen with other components, such as GOX or Fe?*
coupled with the appropriate precursor solution, could
potentially be used for this interfacial process. Moreover, this
generalized interfacial hydrogel-forming approach, namely
the spatiallocalization of redox reactions to ahydrogel—solution
interface, holds potential for extension to other beneficial
redox reaction types and processes (25—28). In this manner,
the generalized approach of utilizing redox reactions for
light-independent formation of multiple hydrogel layers
could be customized for any particular reaction requirements.

CONCLUSIONS
We introduce a novel, light-independent approach for

generating multiple, stable three-dimensional hydrogel
layers using GOX-mediated chain initiation. The polym-
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erization of micrometer-scale, uniform hydrogel layers
occurred within seconds under ambient temperature and
atmospheric conditions via a simple interfacial polymer-
ization technique. The incorporation both of small mol-
ecules (i.e., rhodamine-B, fluorescein) and of differing
sized nanoparticles into the crosslinked hydrogel layers
was achieved; the nanoparticle incorporation showed
minimal effects on the polymerization Kinetics. Further,
the thickness of PEG hydrogel layers was easily manipu-
lated, while simultaneously maintaining uniformity, by
simply changing the immersion times and showed varia-
tions between 150 (£ 10) um (15 s immersion) and 650
(£10) um (120 s immersion) for 15 wt % PEGDAs75
hydrogels swollen with 0.1 M glucose. The hydrogel layer
thicknesses were further controlled by manipulating the
glucose quantity present at the hydrogel substrate-precur-
sor solution interface. For example, decreasing the poly-
mer fraction in the core hydrogel substrate or increasing
the glucose concentration swollen within the hydrogel
substrate resulted in thicker hydrogel layers. Finally, the
ability to sequentially employ differing initiation mecha-
nisms was achieved by using GOX-mediated dip coating
on core hydrogels photopolymerized in the presence of
glucose. Combining photoinitiation with GOX-mediated
dip coating may prove advantageous for applications (e.g.,
tissue engineering) requiring both the spatial and tempo-
ral control of photoinitiation and the light independent
benefits of the enzyme-mediated (redox) system.
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