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Abstract

Hydrogels have been widely used in tissue engineering as a support for tissue formation or to deliver
non-viral gene therapy vectors locally. Hydrogels that combine these functionalities can provide a
fundamental tool to promote specific cellular processes leading to tissue formation. This report
investigates controlled release of gene therapy vectors from hydrogels as a function of the physical
properties for both the hydrogel and the vector. Hydrogels were formed by photocrosslinking acryl-
modified hyaluronic acid (HA) with a 4-arm poly(ethylene glycol) (PEG) acryl. The polymer content,
and relative composition of HA and PEG modulated the swelling ratio, water content, and
degradation, which can influence transport of the vector through the hydrogel. All hydrogels had a
water content of 94% or higher, though the water content and swelling ratio increased with a decrease
in the PEG:HA ratio. Plasmids were stably incorporated into the hydrogel, with a majority of the
release occurring during the initial 2 days. For incubation in buffer, the cumulative release increased
with a decreasing PEG or increasing HA content, with approximately 20% to 80% released during
the first week depending on the hydrogel composition. Hydrogels incubated in hyaluronidase, an
enzyme that degrades HA, significantly increased plasmid release for hydrogels containing 4% PEG
and 4% HA-Acryl. The encapsulation of plasmid complexed with polyethylenimine had less than
14% of the complexes released from the hydrogel both in the presence and absence of hyaluronidase.
The limited release of the complexes likely results from the complex size and interactions between
the vector and hydrogel. These studies demonstrate the dependence of non-viral vector release on
the physical properties of the hydrogel and the vector, suggesting vector and hydrogel designs for
maximizing localized delivery of non-viral vectors.
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1. Introduction

The physical properties of natural and synthetic hydrogels are similar to those of the natural
extracellular matrix, making these biomaterials appealing for numerous tissue engineering
applications [1,2]. Many naturally occurring biopolymers, such as hyaluronic acid (HA) [2]
and collagen [3,4], are generally considered to be biocompatible and can be used alone or in
combination with synthetic polymers such as poly(ethylene glycol) (PEG). The natural
polymers provide specific biological interactions or functionality, whereas the synthetic
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polymers can modulate the physical properties and can be synthesized cost effectively and
reproducibly [2]. These polymers form 3D networks by cross-linking either chemically (e.g.,
acrylation), physically, or ionically [5,6]. These crosslinking techniques are generally mild,
allowing for the encapsulation of cells and other bioactive molecules. By manipulating the
polymer composition and the cross-link density, hydrogels can be created with a range of
physical properties and degradation rates.

The functionality of hydrogels used for tissue engineering can be enhanced by creating gels
capable of localized delivery of therapeutic drugs, proteins, or genes. The controlled release
of these bioactive molecules to surrounding tissue can be employed to promote the cellular
processes (e.g., proliferation, differentiation) involved in tissue formation [7,8]. For gene
delivery in particular, localized release of plasmid or DNA complexes can transfect cells for
the sustained production of tissue inductive proteins [9,10]. Hydrogels formed from a range of
polymers have been employed for the controlled release non-viral vectors, such as naked
plasmid or cationic polymer/DNA complexes [4,11-16]. For many hydrogels, release occurs
primarily by diffusion, which can be influenced by physical properties such as water content,
swelling ratio, and mesh size. The chemical composition of the hydrogel or the vector can also
influence delivery, as vectors can reversibly associate with biomaterials to influence their
transport and cellular internalization [7,17,18]. The different non-viral vectors can vary
substantially in the properties, such as size and charge [17,19], that will influence transport
through a hydrogel. Naked plasmid is highly negatively charged and has a large hydrodynamic
radius, but the delivery efficiency can be low due to plasmid degradation or ineffective
internalization or trafficking. Complexation of the plasmid with cationic polymers or lipids
can protect the plasmid against degradation, and package the plasmid to facilitate cellular
internalization and trafficking. This complexation process, involving the self-assembly of the
cationic polymer or lipid with the negatively charged phosphate backbone of DNA, may
produce complexes with properties significantly different from the plasmid [17].

In this report, we investigate the release of plasmid and DNA complexes from hydrogels, in
which the composition of both the hydrogel and vector, and degradation rate of the hydrogel
are systematically manipulated. Hydrogels are formed from a combination of PEG and HA.
PEG is used for regulating and maintaining the hydrogel stability, while HA is chosen to alter
the backbone charge and enable hydrogel degradation by the enzyme hyaluronidase (HAase)
[20,21]. The biopolymers are modified with acrylate groups to enable hydrogel formation by
photocrosslinking, a relatively mild technique that can maintain the bioactivity of encapsulated
vectors. Hydrogels with varying ratios of PEG and HA are formed containing either plasmid
or DNA complexed with the cationic polymer polyethylenimine. Initial studies characterize
the physical properties of the hydrogels, such as swelling ratio and degradation. Subsequently,
the release rate of encapsulated plasmid and complexes is determined in the absence or presence
of hyaluronidase to degrade HA. The ability to tailor hydrogels for the localized delivery of
non-viral vectors may expand their utility in numerous tissue engineering applications.

2. Materials and methods

Hyaluronic acid was a generous gift from Genzyme Corporation (1.33 x 106 Da, Cambridge,
MA). N-hydroxysulfosuccinimide sodium salt (sulfo-NHS), N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC), and adipic acid dihydrazide (AAD) were purchased
from Sigma (St. Louis, MO). NHS-PEG Acryl (MW 3400) was purchased from Nektar
Therapeutics (San Carlos, CA). Irgacure 2959 was purchased from Ciba Specialty Chemicals
Corp. (Tarrytown, NY). Dual expression plasmid encoding for luciferase (LUC) and enhanced
green fluorescent protein (EGFP) with a CMV promoter was purified from bacteria culture
using Qiagen (Santa Clara, CA) reagents and stored in Tris—-EDTA buffer (10 mM Tris, 1 mM
EDTA, pH 7.4). Branched polyethylenimine (PEI, 25 kDa) was purchased from Aldrich (St.

J Control Release. Author manuscript; available in PMC 2009 February 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wieland et al. Page 3

Louis, MO). All other reagents were purchased from Fisher Scientific (Fair Lawn, NJ) unless
otherwise mentioned.

2.1. Synthesis and characterization of acrylated hyaluronic acid

HAJ/PEG hydrogels were created through modification of both HA and PEG with acrylate
groups, which can crosslink the polymers following activation by exposure to UV light. HA-
Acryl was obtained by a two-step process that involves the initial modification of hyaluronic
acid with adipic acid dihydrazide (HA-AAD) as previously described [22], which was
subsequently modified with NHS-PEG-Acryl. HA-AAD was characterized using a
trinitrobenzene sulfonic acid (TNBS) assay (Pierce, Rockford, IL) to determine the percent of
carboxyl groups replaced with hydrazide groups. HA-AAD was then dissolved in ddH,0 (10
mg/ml HA-AAD), and 0.04 molar equivalents of NHS-PEG-Acryl were added and stirred for
16 h at room temperature. The reaction mixture was purified by dialysis, lyophilized, and stored
at 4 °C until use. Proton NMR spectroscopy was used to determine percent acrylation of the
final product. NMR spectra were obtained using an INOVA 400 NMR (400 MHz). D,0 (Acros
Organic, Springfield, NJ) was used as a solvent for all samples, and the analysis was performed
on an average of 16 scans.

2.2. Hydrogel formation

Solutions containing HA-Acryl and 4-arm PEG-Acryl (SunBio, Seoul, Korea) were prepared
in PBS with 1% (wt./vol.) of the water soluble photoinitiator, 12959 [23]. Unmodified Type 1
rat-tail collagen was also added at a concentration of 0.2 mg/ml, which was incorporated to
support cell adhesion in vitro. The polymer solutions (100 pl) were placed in a 96 well plate
and exposed to UV light to initiate crosslinking. Plates were placed 2 cm from a UV lamp that
had a wavelength centered at 365 nm (Spectroline Model SB 100P, Westbury, NY) for 2—7
min. Gelation was determined by sufficient stability for removal from the well. DNA was
incorporated by mixing either plasmid or DNA/PEI complexes prior to gelation. For plasmid
alone, pEGFP-LUC plasmid solution (50 ul of 1 mg/ml) was added. For the encapsulation of
DNA complexes, complexes were formed as described in Bengali et al. [17] and added to the
biopolymer solutions. The final concentration of the DNA within the hydrogel was 33.3 pg/
ml.

2.3. Determination of hydrogel physical properties

Hydrogels were prepared from 100 ul polymer solutions containing 1% (wt./vol.) 12959, 0.2
mg/ml collagen and varying concentrations of HA-Acryl and 4-arm PEG-Acryl (Table 1).
Hydrogels were allowed to swell overnight in ddH,0 and were then blotted to remove excess
water and weighed to obtain the swollen hydrogel mass, Ms. These hydrogels were then dried
by heating to temperatures between 90-100 °C to determine the final dry mass, My. Water
content and swelling ratios were then determined from the swollen and dry hydrogel masses.
The percent water content was determined by Eq. (1):

S

M, — M,
(s—d) x 100=water content
(1)

The mass based swelling ratio, Q, was calculated by dividing the hydrogel mass after
swelling, Mg, by the mass after the hydrogel has dried, My. The volumetric based swelling ratio,
Qv, was then calculated from Q) according to Eq. (2):

P
0,=1+=2(Q, - 1)
Ps (2)
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where py, is the density of the dry polymer and ps is the density of the solvent (1 glem3 for
water). Values for pp, were calculated by estimating the molar volume for the PEG-Acryl/HA-
Acryl polymer segment and divided by the molecular weight of the segment [24].

The average molecular weight between crosslinks (M) was subsequently calculated from Eq.
(3). In this case v, is the specific volume of the dry polymer (0.893 cm3/g for PEG and 0.813
cmd/g for HA), V1 is the molar volume of the solvent (18 mol/cm3), and y is the Flory polymer-
solvent interaction parameter (0.426 for PEG and 0.473 for HA) [25,26]. Parameters v and y
were calculated using the weighted average of for each parameter based on the polymer
composition of the gel.

(L)
v 2

(3)

The crosslink density, nu;e, was then calcula ted according to Eq. (4).

i)
kS

Ve=—

(4)

[}

2.4. Hydrogel degradation and DNA release

Gels were placed in a 48 well plate with 1 ml of PBS, either in the absence or presence of 150
U/ml HAase. Bovine testicular hyaluronidase was used for HA degradation studies, with
concentration chosen based on previous reports [22,27]. For plasmid release, the solution above
the hydrogel was sampled (200 ul) with replacement. The removed solution was used to
determine HA content and the DNA concentration. A carbazole assay was used to quantify
HA levels in solution as a measure of hydrogel degradation [28]. For plasmid incorporation
and release, concentrations were determined by fluorometry and the DNA integrity was
characterized by gel electrophoresis. For DNA/PEI complexes, DNA concentrations were
determined by radiolabeling, achieved with a nick translation kit (Amersham Pharmacia Bio-
tech, Piscataway, NJ) following the manufacturer’s protocol [3]. Release studies with
hydrogels with encapsulated DNA/PEI complexes were performed as described above. The
removed sample was added to 5 ml of scintillation cocktail (Bio-safe Il) to determine the
quantity of DNA. The activity of the collected sample was then measured in a scintillation
counter. The counts were correlated to DNA mass using a standard curve. The percentage of
DNA released was calculated as the ratio of the cumulative release at a given time divided by
the initial amount encapsulated.

2.5. In vitro transfection studies

Hydrogels with encapsulated cells and DNA complexes were formed by mixing the PEG:HA
solution, the photoinitiator, cells, and DNA complexes and adding the mixture (50 ul) to a 96
well plate. The hydrogel, ratio of PEG:HA of 8:1, was then crosslinked. The final
concentrations for DNA (complexed with PEI at an N:P ratio of 20) and MCF-7/WS8 cells
were 10 pg/ml and 1.5 x 108 cells/ml, respectively. Transfection efficiencies of the
encapsulated MCF-7/WS8 cells were determined by fluorescence microscopy. Hoechst
staining for DNAwas employed to identify cell nuclei and GFP expression identified
transfected cells. The data represents an average of 5 fluorescent images obtained from
randomly chosen areas of each gel. Fluorescence images were obtained using a fluorescence
microscope (Leica, Bannockburn, IL) equipped with a CCCD camera (Roper, Trenton, NJ).
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2.6. Statistical analysis

Release profiles were analyzed to determine statistically significant differences in the maximal
amount released. The percent release for the final collected time point was averaged and the
means compared by ANOVA followed by Tukey—Kramer post test. A value of p less than 0.05
was considered statistically significant. Statistical analyses were performed using the statistical
package JMP (SAS, Cary, NC).

3. Results

3.1. Hydrogel formation

Hydrogels were formed with PEG content ranging from 2% to 8% and HA content ranging
from 1% to 4% (wt./vol.). The extent of modification of HA carboxyl groups with hydrazide
groups was 37+4%. The extent of acrylation was determined by NMR to be 15+2% of the total
carboxyl groups modified with NHS-PEG-Acryl. Mixtures of acryl-modified HA and PEG-
Acryl formed hydrogels following exposure to UV light; however, the UV exposure time
differed among hydrogels and was dependent upon the composition. Hydrogels containing 6%
or greater PEG required between 2 and 3 min exposure, while hydrogels containing 4% or less
PEG required 5to 7 min (Table 1). The physical properties of the hydrogel were also dependent
on the polymer concentrations. The mass and volumetric swelling ratios decrease with
increasing PEG concentrations (p< 0.05). In regards to the HA concentration, the mean values
for mass and volumetric swelling ratios had a decreasing trend as the HA concentration
decreased, though the differences were not statistically significant (p<0.1). The water content
for all hydrogels was greater than 94%; however, the water content decreased as the PEG
content increased. Using the values obtained from the swelling ratio, the crosslink density and
molecular weight between crosslinks were calculated (Table 1).

3.2. HA degradation

Hydrogels containing 6% or greater PEG maintained their stable 3-dimensional structures in
the presence of hyaluronidase (HAase), whereas lower PEG contents led to dissolution on time
scales of several weeks. Hydrogels containing 6% or greater PEG are referred to as
mechanically stable, as these hydrogels retained their three-dimensional structure for at least
50 days in the presence or absence of HAase. Hydrogels with 4% PEG or less are referred to
as fully degradable hydrogels, as these gels led to complete dissolution, the lack of 3
dimensional structures determined by inspection, over times of approximately 30 to 50 days.
Gels with higher HA contents correlated with shorter times to dissolution. Percent cumulative
HA degradation is defined as the quantity of released uronic acids divided by the quantity of
uronic acids present in unmodified HA.

The release of HA for both mechanically stable and fully degradable hydrogels generally
exhibited the greatest release during the initial 2 days, and the cumulative amount released was
dependent upon hydrogel degradation. For HA and DNA release, representative curves are
illustrated in the figures, with values that characterize curves from all conditions listed in a
table. No significant difference in the amount of HA released was observed between days 2
and 5, with the exception of the fully degradable gel composed of 2% PEG and 1% HA and
4% PEG and 2% HA incubated in PBS (Fig. 1, Table 2). The release kinetics were independent
of the presence of HAase, though HAase significantly increased the cumulative amount of HA
released relative to PBS alone for gels with at least 2% HA (p<0.05). Mechanically stable
hydrogels incubated in PBS had a cumulative HA release at day 5 ranging from approximately
4% to 25% of the original HA content, while the presence of HAase increased this percentage
release to approximately 53% to 69%. The cumulative amount of HA released at day 5 was
significantly different (p<0.05) for mechanically stable gels in the presence of PBS relative to
150 U/ml HAase. The mean cumulative HA release at day 5 for fully degradable hydrogels in
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PBS ranged from 50% to 65% of the original HA content, with HAase increasing this range
from 60% to 81%. In comparing fully degradable and mechanically stable hydrogels, the fully
degradable gels produced HA release measurements which were significantly different than
those obtained for mechanically stable gels at time points of both days 2 and 5 for gels in the
presence of PBS. However, no difference was observed between these gels at day 2 in 150 U/
ml HAase.

release

For mechanically stable hydrogels, the majority of plasmid was released within the initial 2
days, and the maximal cumulative release was dependent upon the PEG content. Hydrogels
containing 6% PEG and 2% HA in the presence of PBS and gels containing 8% PEG and 2%
HA in the presence of 150 U/ml HAase had an increased plasmid release between days 2 and
10, though the quantities were relatively small (=~ 10%). The mean cumulative release for
mechanically stable gels in PBS ranged from 20% to 60% of the initial DNA loaded, and gels
with a lower PEG content exhibited a greater plasmid release. Incubation of the hydrogels in
150 U/ml HAase had a cumulative release ranging from 25% to 78% (Fig. 2 a, b, Table 3).
However, the presence of HAase significantly increased the cumulative release at day 10
relative to PBS for hydrogels containing 8% PEG and 2% HA. Additionally, hydrogels
containing 2% HA had significantly increased release of plasmid compared to hydrogels
containing 1% HA (p<0.05). Increasing the PEG content or decreasing the HA content led to
lower amounts of cumulative plasmid release. The integrity of the encapsulated plasmid was
retained during encapsulation and release, though a shift in the relative amount of plasmid in
the open and supercoiled conformation was observed (Fig. 3). In all cases, two distinct bands
appeared, representing the relaxed and supercoiled forms of the DNA, both of which are
transfection competent [11].

The release profile for plasmid from fully degradable hydrogels was similar to the mechanically
stable hydrogels, though with greater cumulative release observed. Plasmid release occurred
within the initial 2 days (Fig. 2 a), without significant increases thereafter. The mean cumulative
release for hydrogels in PBS ranged from 26% to 74% of the initial DNA loaded. The hydrogel
composed of 2% PEG and 1% HA had significantly greater release than the other hydrogels.
In the presence of HAase, the release profile was similar for all hydrogel conditions, with a
mean maximal release ranging from 65% to 80% of the initial DNA loading. The presence of
HAase increased the cumulative amount released relative to PBS for the 4% PEG/4% HA
containing hydrogels (p<0.05, Fig. 2 b, Table 3). The quantities of cumulative plasmid release
from fully degradable gels were significantly greater (p<0.05) than quantities released from
mechanically stable gels at day 2, with the exception of hydrogels containing 6% PEG and 2%
HA. The integrity of the released DNA had similar integrity to that obtained with the
mechanically stable hydrogels (data not shown).

3.4. DNA complexes release

In contrast to plasmid, DNA/PEI complexes incorporated into the hydrogels were primarily
retained within the hydrogel. In mechanically stable hydrogels, approximately 1.5% to 4.8%
of the initial DNA was released (Fig. 4 a, Table 3), and the presence of HAase increased the
release by approximately 3% (Fig. 4 b, Table 3). Release from the degradable hydrogels was
significantly greater than that from the mechanically stable hydrogels (Fig. 4, p<0.05).
However, the quantity released reached only approximately 6.3% to 14% of the initial DNA
by incubation with either PBS or HAase (Fig. 4 a, b, Table 3). The release of complexes is
significantly lower than that obtained for plasmid alone, for both mechanically stable and fully
degradable hydrogels (p<0.001).
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3.5. In vitro gene delivery

Feasibility studies were performed in vitro to determine the potential of these hydrogels for
delivery of non-viral vectors. Hydrogels with PEG:HA ratios of 8:1 with entrapped MCF-7/
WS8 cells were transfected (Fig. 5 a), indicating the bioactivity of the entrapped complexes.
The mechanically stable gels were used to provide a stable support for cell growth. Importantly,
the number of transfected cells increased from day 1 to day 3 (p<0.1) (Fig. 5 b), suggesting
that transfection occurred by entrapped complexes and not only by exposure of cells to DNA
during the initial mixing procedure.

4. Discussion

The formation of hydrogels using varied concentrations of both synthetic and natural polymers
allowed for a range of hydrogel physical properties and localized release of non-viral gene
therapy vectors. Hydrogels were formed by photocrosslinking mixtures of acryl modified PEG
and HA. Hydrogels with 6% or greater PEG were mechanically stable for more than 50 days,
while hydrogels containing 4% or less PEG were fully degradable, with times to complete
dissolution ranging from 30-50 days depending on PEG concentration. For hydrogels with
encapsulated plasmid, the cumulative release was reduced at higher PEG contents, and
increased with increasing HA content. Only fully degradable hydrogels formed with a high
quantity of HA had an increased cumulative release induced by the enzyme hyaluronidase. In
contrast, DNA/PEI complexes incorporated into the hydrogel were primarily retained, with
less than 14% of the complexes released during the initial 3 weeks. These encapsulated
complexes were bioactive and capable of cell transfection.

Hydrogels formed by combining synthetic and natural polymers can be tailored to produce a
range of physical properties. In our system, the synthetic polymer PEG is non-degradable and
provides stability to the hydrogel, whereas the natural polymer HA provides for cellular
interactions, and can be degraded enzymatically [20,21,29]. HA is a natural component of
many connective tissues, has a significant role in wound healing, and has been used in
regenerative medicine [20,21]. The hydrogels described herein were more than 94% water,
similar to previous reports [22]. Enzymatic degradation of HA was initiated by HAase, a cell
secreted enzyme [30], which allows hydrogel degradation in response to cell growth. Hydrogels
with a relatively high PEG content are mechanically stable, which may be desirable for tissue
growth in vitro or in vivo, in which maintaining the three-dimensional structure may be
necessary. However, altering the physical composition through increased HA and decreased
PEG can produce hydrogels that are fully degradable, which would be replaced by infiltrating
cells. Hydrogels with controllable stability to provide either stable or degradable hydrogels are
under development for a variety of biomedical applications [31].

The combination of PEG and HA provides physical properties for the hydrogels that differ
from the properties of either pure PEG or pure HA. Literature reports indicate that pure PEG
hydrogels (80-85% degree of modification, MW=20,000) with PEG concentrations ranging
between 10-70% wt./vol. have values for Qy, and crosslink density ranging from 15 to 45 and
6 x 107 to 7 x 108 mol/cm3, respectively [32]. However, pure HA hydrogels (7-11% degree
of modification, MW=2 x 10%) with HA concentrations ranging between 0.5-2% wt./vol. have
values for Qn, and crosslink density ranging from 42 to 52 and 1.45 x 10 % to 2.07 x 1076 mol/
cm3, respectively [26]. In this report, hydrogels formed from the combination of PEG and HA
have values for Q, ranging from 18 to 90 with crosslink density ranging from 0.7 x 1078 to
12 x 1078 mol/cm3. The broader range of values for HA/PEG hydrogels relative to the pure
hydrogels reflects the varied molecular weight of PEG and HA and the range of polymer
concentrations used for hydrogel formation. Addition of viscoelastic HA, which has a MW of
102 kDa, significantly enhances the swelling ratio of hydrogels composed primarily of PEG
(MW=10 kDa) [21]. In this report, increasing the PEG concentration decreased the swelling
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ratio, which is consistent with previous observations of PEG hydrogels [33]. Increasing the
polymer concentration would influence both the number of crosslinks and may cause increased
entanglement, leading to a decreased swelling ratio [33,34]. However an increased swelling,
which corresponds to a decreased cross-link density of the hydrogel, was observed with an
increasing HA content. This reduced cross-link density may result from the semiflexible
random coil configuration of HA, which restricts availability of potential cross-link sites on
the HA [35] and has been reported for HA concentrations used herein.

The presence of HAase affected the overall quantity of released HA, though the hydrogel
composition influenced the degradation profile. The cumulative HA release likely did not reach
100% due to modification of the HA, which prevents complete degradation. Additionally, some
HA fragments may remain attached to the hydrogel. In PBS, HA release likely occurs because
a portion of the HA polymer is not covalently crosslinked to the hydrogel network.
Characterization of the released HA indicated that the extent of acrylation was unchanged, and
that the molecular weight of the released HA had decreased relative to measurements of HA-
Acryl prior to crossslinking. Photoinitiation and photocrosslinking can partially degrade HA
[36]. Additionally, HA is well hydrated with an extended coiled structure that leads to
entanglement of individual HA molecules even at low concentrations [37,38]. This coiled
structure and entanglement may produce intra-HA crosslinking (i.e. acryl groups within HA
react) or limit reaction with the external PEG acryl groups, which would produce unattached
fragments that could diffuse from the gel. In the presence of HAase, degraded HA is due to
both the release of HA that is not covalently crosslinked and HAwhich has undergone
enzymatic hydrolysis.

The release of plasmid from the hydrogel was dependent upon its physical structure and
degradation. Previous reports of PEG:HA hydrogels used for protein delivery demonstrated a
decreasing normalized diffusivity with increasing PEG and HA concentrations [39]. The
decreasing diffusivity correlated with the decreasing water content of the hydrogel, a result
reflected in our studies in which mechanically stable hydrogels possessing decreased water
content had slower rates of plasmid release. For example, the most significant difference in the
maximal plasmid release for the mechanically stable gels was observed between gels with
greatest difference in PEG:HA ratios, which also corresponded to the greatest difference in the
swelling ratio (i.e. 6% PEG, 2% HA compared with 8% PEG, 1% HA). The decreasing water
content correlates with a decreasing mesh size of the hydrogel. Importantly, the decreasing
mesh size slowed release rather than prevented release, likely due to the conformational
flexibility of the plasmid. Plasmid with 6000 base pairs, a typical size for use in gene delivery,
has been reported as having a hydrodynamic radius of 175 nm [40], which is substantially
larger than the reported mesh sizes for PEG hydrogels. However, plasmid may traverse the
hydrogel by reptation rather than move as a fixed structure [41]. DNA entrapped within the
pores may undergo random segmental motion to traverse between pores of the hydrogel.

Degradation of HA by HAase increases the maximal release of plasmid for both mechanically
stable and fully degradable hydrogels. This degradation would reduce the cross-link density
and increase the mesh size, thereby increasing transport through the hydrogel. Increasing the
quantity of degradable segments will decrease the stability of the hydrogel, yet will increase
transport through the hydrogel and thus increase the quantity released [11]. These observations
have been reported previously with PEG-based hydrogels containing hydrolytically degradable
PLA (poly lactic acid) linkages, which provide a sustained release based on the hydrolysis of
the lactic acid segments [11]. In this report, HA-based hydrogels are employed that degrade
through enzyme action. Thus, cells infiltrating into the HA-based hydrogels will secrete HAase
to degrade the hydrogel, and may provide release based on cellular demand or activity [15].
HAase affected release most significantly for gels containing 4% PEG and 4% HA, which were
more susceptible to enzymatic degradation of HA crosslinks than the other gels. Similar to
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cumulative HA degradation, cumulative plasmid release never reached 100%. The fully
degradable had a cumulative release of approximately 90%, with no measurable amount of
DNA remaining in the gel upon completion of the release study.

DNAV/PEI complexes encapsulated in HA:PEG hydrogels were bioactive and had substantially
lower quantities released relative to naked plasmid, which may result from a combination of
the complex size and the interactions between the hydrogel and complex. In vitro transfection
was observed, which confirmed the activity of the complexes and illustrates the feasibility of
using these hydrogels for non-viral vector delivery. Complexation of plasmid with the cationic
polymer PEI is typically employed to reduce the negative surface charge of the plasmid, protect
the plasmid from degradation, and promote cellular internalization and trafficking. DNA/PEI
complexes (N: P ratio of 25) have hydrodynamic diameters 121+10 nm [17] and are likely
restricted in their ability to change conformations and thus may have limited mobility.
Alternatively, the transport of DNA complexes may be affected by non-specific interactions
with the hydrogel. Naked plasmid and complexed DNA have substantial differences in zeta
potential, with approximate values of —36.4 mV and +21.2 mV (N/P=10), respectively [17,
42]. These values for zeta potential suggest that the complexes and plasmid may have different
interactions with the hydrogel. HA has exposed hydroxyl and carboxyl groups that can impart
a net negative charge, which would repel plasmid to enhance transport but may attract
complexes and hinder diffusion. Similar observations have been noted with protein release, in
whichionic interactions between the hydrogel and the protein were manipulated to obtain either
retention or release [43]. Additionally, studies with cell culture substrates have indicated that
DNAV/PEI complexes are retained on the bio-material, with cells able to internalize the
immobilized complex. Thus, the limited release of DNA/PEI complexes likely results from a
combination of size exclusion and nonspecific interactions, and demonstrates that the release
dynamics be manipulated through the properties of the hydrogel and the encapsulated factors.

The integrity of the encapsulated plasmid was maintained by crosslinking with short exposure
times of long wavelength UV light (365 nm). When investigated by gel electrophoresis,
plasmid released from the PEG/HA hydrogels had two distinct bands pertaining to both the
supercoiled and relaxed forms, with both forms known to be transfection competent [11].
Previous studies investigating plasmid integrity in photopolymerized hydrogels indicate that
radicals formed by the photoinitiator can damage plasmids when crosslinked with long range
UV light [11]. Short range UV light results in either a linear conformation or simply degraded
fragments [16]. However, long range UVonly causes a shift in conformation from supercoiled
to open forms, both of which are transfection competent DNA. Short exposure of DNA to 365
nm light has shown to produce a 5% decrease in the supercoiled conformation, and does not
linearize plasmids [16].

5. Conclusions

Hydrogels composed of HA combined with synthetic polymers have been created via a variety
of techniques, supporting their use as a support for cell growth and drug delivery, and this
report focuses on their suitability for delivery of gene therapy vectors. PEG:HA hydrogels were
formed by photopolymerization, with the relative composition of the hydrogel determining the
stability in the presence of matrix degrading enzymes. Encapsulated plasmid was released at
rates that depended on the hydrogel composition, with faster release from hydrogels with higher
HA content. For encapsulated DNA/PEI complexes, release was substantially lower, likely
resulting from limited mobility and non-specific interactions with the hydrogel. These
hydrogels are highly tunable, and can be employed to identify the design parameters that
promote gene delivery. Hydrogels with controllable stability and the capability for localized
delivery of gene therapy vectors can both support and promote cellular processes (e.g.,

J Control Release. Author manuscript; available in PMC 2009 February 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wieland et al.

Page 10

proliferation, differentiation) involved in tissue formation and could find utility for a variety
of biomedical applications [1].
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Fig. 1.

Representative release profiles for cumulative HA degradation. Degradation studies are
performed in either PBS (a) or 150 U/ml HAase (b). The percentages of PEG and HA in the
hydrogel are: PEG6:HA1 (m), and PEG8:HAL ( A) for mechanically stable gelsand PEG2:HA1
(o), PEG4:HAZ2 (o), and PEG4: HA4 (A) for fully degradable gels. In this and subsequent
figures PEG6:HAL indicates a gel formed with a composition of 6% PEG and 1% HA.
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Fig. 2.

Representative release profiles for cumulative plasmid release from HA-based gels. Release
studies performed in the presence of PBS (a) or 150 U/ml HAase (b. The percentages of PEG
and HA in the hydrogel are: PEG6:HAL (*), and PEG8:HAL (A) for mechanically stable gels
and PEG2:HAL (o), PEG4: HA2 (o), and PEG4:HA4 (A) for fully degradable gels.
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Gel electrophoresis for plasmid released from mechanically stable hydrogels in the presence
of (a) PBS and (b) 150 U/mL HAase at days 1, 5, and 10 compared to the original pGFP-LUC
DNA prior to encapsulation (DNA STD).
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Representative release profiles for cumulative release of DNA complexes from HA-based gels.
Release studies performed in the presence of PBS (a) or 150 U/ml HAase (b) The percentages
of PEG and HA in the hydrogel are: PEG6: HA1 (m), and PEG8:HAL (A) for mechanically

stable gels and PEG2:HA1 (o), PEG4:HA2 (o), and PEG4:HA4 (A) for fully degradable gels.
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Fluorescence images of MCF-7/WS8 cells at day 7 encapsulated within an 8% PEG-Acryl/1%
HA-Acryl hydrogel and transfected with PEI/pGFP-LUC complexes (a). Cells expressing GFP
appear green while cells stained with Hoechst appear blue. Quantification of the percentage of
transfected cells (b).
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