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Hydrogels that degrade at different rates were prepared by copolymerizing slowly degrading macromer
poly(ethylene glycol) (PEG) dimethacrylate with a faster degrading macromer poly(lactic acid)-b-PEG-b-
poly(lactic acid) dimethacrylate. A clinically relevant population of neural cells composed of differentiated
neurons and multipotent precursor cells was cultured within hydrogels. Within 2h after encapsulation, meta-
bolic activity was higher in hydrogels prepared with increasing levels of degradable content. This improvement
was accompanied by a reduction in intracellular redox state and an increase in the fraction of glutathione in the
reduced state, both of which persisted throughout 7 days of culture and which may be the result of radical
scavenging by lactic acid. Importantly, an increase in cellular proliferation was observed in gels prepared with
increasing degradable macromer content after 7 days of growth without a shift in the cellular composition of the
culture toward the glial cell phenotype. The findings of this study provide additional insight into the growth of
neural cells in PEG-based hydrogels. Results suggest that lactic acid released during gel degradation may impact
the function of encapsulated cells, a finding of general interest to biomaterials scientists who focus on the

development of degradable polymers for cell culture and drug delivery devices.

Introduction

NEURODEGENERATIVE DISORDERS and damage after tra-
uma involve a large-scale loss of cell populations within
the brain. Transplantation therapies are being developed to
treat these conditions. Grafted neurons extend processes that
re-innervate host tissue, form synaptic connections, release
neurotransmitters, and improve behavioral deficits in animal
models of disease or injury.'™ Although grafting approaches
are promising, an excess of cells must be transplanted to
overcome the large-scale cell loss that is often observed
within the first week after the surgical procedure.”” This cell
loss has been associated in part with an acute inflammatory
response that occurs immediately after the procedure.’ Ef-
forts directed at minimizing grafted cell loss and controlling
the expansion and differentiation of self-renewing multi-
potent neural precursor cell populations would significantly
improve the availability of clinically relevant cell populations
for therapeutic use.

Hydrogels prepared from both natural and synthetic
materials are being developed with both of these goals in
mind.'*"® Hydrogels prepared from poly(ethylene glycol)
(PEG) macromers are widely studied and are particularly

promising materials for this purposelg_25 as these materials

produce minimal inflammation when implanted into brain
tissue.”* When a clinically relevant mixed population of
neurons and multipotent precursor cells is encapsulated
within three-dimensional PEG hydrogels, cells survive
well.2%® Over time in degradable hydrogel culture, cells
continue to proliferate or differentiate to form glia or neurons
that are responsive to neurotransmitter, a characteristic
necessary for functional recovery upon grafting.”® PEG hy-
drogels offer an additional advantage over natural materi-
als in that the time-scale over which the network degrades
can be controlled by either changing the chemistry of the
degradable cross-link or by incorporating nondegradable
macromer into the polymer network." Flexible control over
degradation rate is a useful tool for treating the varied types
of disease and injury that occur in the central nervous sys-
tem. For example, a hydrogel that remains intact long en-
ough to provide mechanical protection during surgery and
immediately after grafting, but then degrades to facilitate
cellular integration with surrounding tissue, would be useful
for treating strokes that often result in focal damage to brain
tissue.”” By contrast, a hydrogel that remains intact for sev-
eral months to provide protection initially and over a longer
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time period as processes grow through the hydrogel or in
contact with its surface toward more distant brain regions
would be useful for treating Parkinson’s disease in which
neurons in the substantia nigra degenerate as well as their
processes that extend to and innervate the caudate puta-
men.”

Although recent research has shown that PEG hydrogels
support the growth and differentiation of neural cell popula-
tions composed of both neurons and multipotent precursor
cells,”® permissive hydrogels that degrade over different time
scales must be developed and studied for diverse applica-
tion such as those mentioned above. The behavior of neural
precursor cells in hydrogels that degrade over different time-
scales is currently uncharacterized and is an important para-
meter to consider, as degradation rate and resultant changes in
hydrogel properties have been shown to impact the quality of
tissue that is produced and the function of individual cells
within hydrogels. For example, extracellular matrix molecule
deposition by chondrocytes® and mineralization by osteo-
blasts®® have both been shown to be more uniformly distrib-
uted through hydrogels that contain a larger fraction of
degradable macromer, likely because the gel swells to a greater
extent and the mesh size of the hydrogel increases, allowing
for increased diffusion of these components into the hydrogel
environment.”**>° The amount of degradable macromer also
impacts the function of cells within a hydrogel. In hydrogels
containing increasing levels of degradable macromer, chon-
drocyte proliferation improves over the course of 1-8 weeks of
culture.”®*?! Encapsulated osteoblast functions also improve;
cellular proliferation, metabolic activity, and alkaline phos-
phatase production over the course of 21 days of culture in-
crease as degradable content increases.*

Therefore, the goal of this research is to characterize the
growth of neural cells in hydrogels of different degrad-
able content to assess the differential effect of degradable
content on neural cell development. Experiments were de-
signed to elucidate the role that degradable poly(lactic acid)
(PLA) macromer content has on neural cells cultured within
three-dimensional hydrogels. Neural cells isolated from the
forebrain were utilized in part due to their demonstrated
potential for the treatment of a variety of degenerative dis-
orders affecting the central nervous system.*” Hydrogels
that degrade to different extents during culture were pre-
pared by copolymerizing slowly degrading macromer
(PEG-DM, also referred to as nondegradable macromer) with
degradable macromer (PEG-LA-DM). A mixed population of
neural cells, composed of postmitotic neurons and multi-
potent precursor cells, was encapsulated in copolymer hy-
drogels, and the effect of degradable macromer content on
the metabolic activity of cultures was assessed over time.
Previous work has shown that lactic acid, a molecule re-
leased during degradation of the hydrogel, has antioxidant
properties, reducing levels of reactive oxygen species (ROS)
and the intracellular redox state, and increasing cell prolif-
eration when presented to this cell population in monolayer
culture.®® These parameters of cell function were also in-
vestigated as different levels of degradable macromer in
hydrogel cultures should expose cells to different levels of
lactic acid. Finally, because the cellular composition of the
culture would be impacted by differences in either survival
or proliferation, gene expression analysis was used to detect
relative levels of precursor, neuronal, or glial cell populations
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in hydrogels prepared with different levels of degradable
macromer.

Materials and Methods
Neural cell isolation and cell culture

Embryonic day 14-15 (E14-E15) Sprague-Dawley rat em-
bryos were removed by Cesarean section, and the forebrain
was isolated and dissociated enzymatically as described in
detail elsewhere.® NIH guidelines for the care and use of
laboratory animals were observed. Immediately after isola-
tion, immunocytochemical staining verified that the cell
population is composed of a mixture of postmitotic neurons
(66%) and the remainder proliferative nestin-positive cells are
capable of proliferating and/or differentiating into neurons
or glia.*® The culture medium consisted of Dulbecco’s modi-
fied Eagle’s medium/F12 (50:50) supplemented with 1%
penicillin/streptomycin  (Mediatech, Herndon, VA), 1%
serum-free supplement, N2 (Invitrogen, Carlsbad, CA),
2.5mM L-glutamine (Mediatech), and 10 ng/mL basic fibro-
blast growth factor (Sigma, St. Louis, MO). Cultures were
grown at 37°C in 100% humidity with 5% CO,. The medium
was replaced on day 1 and every 2-3 days thereafter.

Hydrogel preparation

Using the method first developed by Sawhney et al.,** PLA
was grafted to linear PEG chains (MW 4600) to form fast-
degrading triblock copolymers. Macromers were end-capped
with methacrylate functionalitites and purified via a combi-
nation of iterative crystallization and filtration, and then pre-
cipitated in ice-cold ethyl ether (Fisher Scientific, Fair Lawn,
N]). Linear PEG chains (MW 4600) were also end-capped with
methacrylate groups to form slowly degrading macromer that
were purified by precipitation into ice-cold ethyl ether fol-
lowed by dialysis in diH,O (10wt% solution, MWCO:1000,
[Spectra/Por Biotech]) cellulose ester membrane. [Spectrum
Laboratories, Rancho Dominguez, CA]. The purified nonde-
gradable macromer solution was then frozen at —80°C and
lyophilized until dry. All macromers were stored at 4°C under
argon. Lactide addition and methacrylation efficiency were
characterized by proton NMR spectroscopy. Similar metha-
crylation efficiencies were obtained for both fast-degrading
(73%) and nondegradable (71%) macromers. The fast-degrading
macromer had an average of 2.5 lactic acid units per side.

Hydrogels were prepared with a 7.5wt% macromer so-
lution in a sterile culture medium containing cells (1 x 107
cells/mL) and 0.025 wt% photoinitiator (Irgacure 2959, Ciba,
Tarrytown, NY). The composition of the macromer solution
was varied such that it was composed of 0, 15, 30, 50, 70, or
100wt% degradable macromer, the remaining fraction be-
ing slow-degrading macromer. Forty microliters of gels was
formed by exposing the macromer—cell solution in cylindrical
molds to 365nm UV light (~4mW/cm?) for 10 min. Photo-
polymerized hydrogels were rinsed in sterile phosphate-
buffered saline (PBS) (Mediatech) and cultured in six-well
tissue culture plates as described in the section Neural cell
isolation and cell culture. For comparison measurements, in
some cases a solution of lactic acid with a pH of 7.4 was added
during the polymerization process. For other comparisons, pH
7 4lactic acid or N-acetyl-L-cysteine (NAC, Sigma) were added
to the culture medium for 30-min incubation before analysis.
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Hydrogel mechanical property measurement

Mechanical properties of the hydrogels were measured to
determine the relative integrity and degradation of hydrogels
with different degradable contents. Hydrogels laden with cells
were weighed at discrete time points and were then subjected
to mechanical property measurement. Compressive modulus
was measured on a mechanical testing system (MTS Synergie
100, MTS, Eden Prairie, MN) in unconfined compression us-
ing a low strain method (strain endpoint=0.15mm/mm).
Collected samples were lyophilized. Mass swelling ratio was
calculated as final wet mass before compression divided
by final dry mass. Mass loss was calculated by comparing final
dry masses to dry masses of the day 0 hydrogels. Four to
five hydrogels were analyzed at each time point.

Measurement of DNA, ATP, and glutathione content

Total DNA and ATP content were used to assess cell
number and mitochondrial activity, respectively, in culture.
Reduced glutathione (GSH) is a potent intracellular scavenger
of ROS. Reduced GSH content was therefore used to deter-
mine the extent to which cells in hydrogels prepared with
different degradable content were undergoing oxidative
stress, a condition that can potentially lead to apoptosis and
cell death. Cells encapsulated into hydrogels of varying de-
gradable content may be exposed to different levels of lactic
acid, a free radical scavenger,38 thus altering reduced GSH
content and cell function in hydrogel cultures. Hydrogels
were collected at discrete time points and stored at —80°C
until analysis. Hydrogels were immersed in 300 pL of cell lysis
buffer (20 mM Tris [Bio-Rad, Hercules, CA],2 mM EDTA [Bio-
Rad], 150 mM NaCl, and 0.5% Triton X-100 [Fisher Scientific]
in diH,O). Gels were crushed and sonicated on ice using a
Misonix ultrasonic cell disruptor for ~30s at an output power
of 4-5 watts. DNA was measured using the Quant-iT Pico-
Green dsDNA assay kit (Invitrogen), ATP was quantified
using the CellTiter-Glo cell viability assay (Promega, Madi-
son, WI), and reduced GSH and oxidized GSSG (glutathione
disulfide) content were assessed using the GSH-Glo kit (Pro-
mega). Briefly, sample was combined with an equal volume of
reagent in a 384-well assay plate and mixed well. After 10 min
of incubation, fluorescence (DNA assay) or luminescence
(ATP and GSH assays) was quantified using a Fluostar Op-
tima plate reader. Data were obtained from six different ex-
periments for ATP and DNA, or two different experiments for
GSH, with three to five hydrogel samples per time point.

Measurement of intracellular redox state

Intracellular redox state is an effective measure of the
abundance of ROS within a cell,*'#? and dissociated cells of-
ten undergo an inflammatory process associated with high
levels of ROS. Cells encapsulated into hydrogels of varying
degradable content may be exposed to different levels of lactic
acid during degradation, which may scavenge ROS and pre-
vent oxidative stress as well as reduce the baseline intracel-
lular redox state.®® Such a shift in intracellular redox state has
been shown to impact neural precursor cell fate where more
oxidized cellular states lead to differentiation and more re-
duced states lead to self-renewal.*>*> At discrete time points,
hydrogels were removed from the medium and intracellular
redox state was quantified by utilizing a dye that is internal-
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ized within cells and fluoresces upon oxidation.*"** To facil-
itate dye penetration into the interior regions of the hydrogel,
gels were cut into two sections before staining in a 150nM
solution of Mitotracker Orange CM-H,TMRos (Invitrogen
7511) in the phenol red-free medium for 30 min. Hydrogels
were fixed overnight in 4% paraformaldehyde at 4°C, rinsed
2xin PBS, and stored at 4°C for less than 48 h until imaging.
All images were collected using a Ziess LSM Pascal confocal
microscope and a 40x water immersion objective (Zeiss
Achroplan 40x). Z-series image stacks were collected from
the interior surface of the gel fragment every 5pum up to a
maximum depth of 130 pm. Within this range, no change in
dye penetration or fluorescence signal was detected. Using
NIH Image] software, 8-15 cells per image stack were traced
on a minimum of 4 image stacks per condition using the
bright-field setting and the average fluorescent intensity was
calculated per cell. Background fluorescence of each hydrogel
was subtracted from each average fluorescent intensity mea-
surement. At least 38 total cells were measured per experi-
mental condition.

Characterization of cell composition by quantitative
real-time-polymerase chain reaction

In the event that cell survival, proliferation, and/or dif-
ferentiation are altered by culture in hydrogels with different
degradable content, the final cell composition of the culture
would be impacted. Quantitative real-time-polymerase chain
reaction was utilized to identify such an effect on the cell
composition of the hydrogel cultures. After 7 days of culture,
standard phenol:chloroform RNA extraction was performed
on hydrogel cultures using TriReagent (Sigma). After isola-
tion, RNA was treated with DNAse (Ambion, Austin, TX)
and quantified using the Quant-iT RiboGreen RNA Assay
Kit (Invitrogen) as described in detail elsewhere.? Glia were
identified by glial fibrillary acidic protein (GFAP) expression,
neurons by p-tubulin-IIl, and neural precursors by nestin
expression. Primer sequences are provided elsewhere.”

Imaging of neural cells in PEG hydrogel culture

Cell morphology in hydrogel cultures was assessed in two
ways. Live cells within hydrogels were imaged using a
fluorescence-based membrane integrity assay (LIVE/DEAD
Viability /Cytotoxicity Kit for mammalian cells; Invitrogen)
to determine cell viability and some degree of microtis-
sue development. For imaging on both days 1 and 7 of cul-
ture, hydrogel were sectioned into 500-um-thick slices and
stained in a solution of 2 uM calcien AM and 4 uM ethidium
homodimer-1 in Dulbecco’s modified Eagle’s medium with-
out phenol red for 30 min. Hydrogel slices were imaged via
confocal microscopy in a custom imaging chamber contain-
ing sterile PBS. All images were collected using a Ziess LSM
Pascal confocal microscope. Fluorescent images were cap-
tured with a 10xor 40xwater immersion objective (Zeiss
Achroplan 10xor 40x). Two to three images were collected
every 1pum to create a projection.

Further analysis of morphology and cell composition was
performed via immunocytochemistry. After 7 days of cul-
ture, hydrogels were rinsed and fixed in 4% paraformalde-
hyde. Hydrogels were cut into 40 um section using a cryostat.
Standard immunocytochemical techniques were employed to
observe encapsulated cells. Neurons were identified by
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B-tubulin-III and glia were identified by GFAP-positive
labeling. Unless otherwise noted, all antibodies were pur-
chased from Chemicon, Temecula, CA. Secondary antibodies
conjugated to Alexafluor 633 were purchased from Invitro-
gen. Sytox green (Invitrogen) was utilized as a nuclear
counterstain.

Measurement of lactic acid concentration

Degradable materials containing PLA are expected to re-
lease lactic acid during the course of their degradation. Pre-
vious work has shown that lactic acid significantly affects the
population of cells used in this work,®® and thus it was
necessary to determine the maximum amount of lactic acid
that may be released from these hydrogels. Fifteen hydrogels
were incubated at 37°C in 4mL of the culture medium.
Medium samples were collected just before culture medium
exchange, which occurred on days 1, 3, 6, and 8 and upon
degradation at day 10. Samples were stored at —80°C until
analysis. Twenty milligrams of B-nicotinamide adenine di-
nucleotide was reconstituted in 4mL of glycine buffer and
8mL of distilled water with 200 pL lactate dehydrogenase
suspension (Sigma). A 20 uL sample or standard was com-
bined with 280 pL B-nicotinamide adenine dinucleotide re-
agent and incubated at 37°C for 30min. Absorbance at
355nm was determined using a Fluostar Optima plate reader
and was compared to a standard curve prepared from stocks
of lactate (Sigma).

Statistical analysis

For all data, statistical significance was determined using
single factor analysis of variance (alpha =0.05). Statistically
significant differences from controls are denoted with an
asterisk unless otherwise indicated.

Results
Macroscopic properties of hydrogels

Although hydrogels made from PEG-DM macromers form
cross-links that to not degrade on short time-scales in culture,
lactic-acid containing cross-links within a hydrogel are sus-
ceptible to hydrolysis. Although the 100% degradable gels
were intact on day 7, they were near the point of complete
degradation, or reverse gelation, having achieved greater
than 60% mass loss (Fig. 1a). In the 30, 50, and 70 wt% de-
gradable hydrogels, a considerably lower level of degradation
was observed, whereas minimal degradation was observed in
0% and 15% degradable hydrogels (Fig. 1a). As lactic acid
containing cross-links were degraded, macroscopic properties
of the polymer network also changed with time. At 2h post-
polymerization, values for mass loss, swelling ratio, and
compressive modulus were not statistically different across
formulations as low levels of gel degradation and subsequent
mass loss occur at this early time point (Fig. 1). By 24 h, an in-
crease in the rate of mass loss and swelling ratio and a decrease
in the compressive modulus was observed as the fraction of
degradable macromer in the gel increased. These results are
consistent with prior work showing that over time, in hydro-
gels containing increasing amounts of degradable macromer,
the degradation rate and swelling ratio increase while com-
pressive modulus decreases.**
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FIG. 1. Degradation and macroscopic properties of hydro-
gels prepared with poly(ethylene glycol)-DM (0% degrad-
able) and different levels of poly(ethylene glycol)-poly(lactic
acid)-DM (degradable) macromer. Mass loss (a), compressive
modulus (b), and swelling ratio (c) vary with degradable
macromer content. *Values significantly different from the
0% degradable condition (*p < 0.01). Compressive modulus
of 100% condition was immeasurable at 7 days due to ex-
tensive degradation.

Effect of degradable macromer content
on total ATP levels

To determine whether or not the amount of degradable
macromer present within the hydrogel impacted cell survival
and/or metabolic activity at early time points of culture
(<48h), before the onset of significant cell proliferation®
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FIG. 2. Total ATP content in hydrogels prepared with dif-
ferent levels of degradable macromer expressed as percent of
the 0% degradable condition at the 0h time point. Cells in-
corporated into higher percent degradable hydrogels do not
experience the same loss of viability as cells incorporated
into a nondegrading (0%) hydrogel, which decrease in via-
bility over time. Values significantly different from the time-
matched 0% degradable condition are indicated as follows:
*p < 0.05; *p < 0.01.

total ATP content was measured in hydrogels prepared with
different amounts of degradable macromer (Fig. 2). At these
early time points, cell number was constant across formula-
tions as reflected by DNA measurements (data not shown).
Thus, differences in ATP content reflected a change in the
viability or metabolic activity of cells in culture.
Immediately after encapsulation (0h), no difference in
total ATP content was observed between conditions. By 2h
significant differences were present with an overall increase
in ATP concentration in hydrogels containing degradable
content. Over the course of 48h ATP content decreased, in
the 0% degradable hydrogels and to a lesser extent in 15%
degradable hydrogels, reflecting a reduction in metabolic
activity and/or an increase in cell death (Fig. 2). In 30-50%
degradable hydrogels, a transient decrease in ATP content
was observed 6h postencapsulation, which may be indica-
tive of cellular damage or stress after photopolymerization.
In these conditions, however, ATP levels began to recover by
12h and were equivalent to that at Oh by 48h post-
encapsulation. In 70% and 100% degradable hydrogels total
ATP content was constant over 0-48h, suggesting that cells
experienced very little acute toxicity when cultured in these
formulations. When compared to levels in the 0% degradable
condition, at each time point, total ATP content was signi-
ficantly higher in gels containing degradable macromer
(Fig. 2). This trend was observed at all time points, sug-
gesting that the inclusion of degradable macromer improved
the viability and/or metabolic function of encapsulated cells.
This effect is likely due to lactic acid released by the degrad-
able portions of the hydrogel. Treating cells in nondegrad-
able gels with lactic acid results in similar effects. Treating
0% degradable hydrogels with 0.5mg/mL of pH 7.4 lactic
acid during polymerization led to improved metabolic ac-
tivity. At 48h after encapsulation, there was a 67% increase
in ATP content when 0.5mg/mL of lactic acid was used to
scavenge ROS during encapsulation (data not shown).
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Effect of degradable macromer content
on intracellular redox state

Reduced Mitotracker Orange, a dye that fluoresces upon
oxidation, was utilized to determine the extent by which the
level of degradable content of a hydrogel decreases intra-
cellular ROS, thereby shifting the intracellular redox state to
a more reduced level. At each time point tested, redox state
was most oxidized in the 0% degradable condition as indi-
cated by a greater intensity of measured fluorescence (Fig. 3).
As degradable content of the hydrogel increased, the intra-
cellular redox state became more reduced. The magnitude of
reduction observed as degradable content increased was
relatively consistent for each time point examined (i.e., 100%
degradable condition ranged from 13% to 22% of control
over time). It is expected that lactic acid is at least partially
responsible for this effect, as 0.5 mg/mL of pH 7.4 lactic acid
added to the culture medium of a 0% degradable hydrogel
(no degradable PLA) for 30 min reduced the redox state of
the cells to 55% of the control using standard media (data not
shown). In the same way, pH-balanced lactic acid from 0.005
to 5mg/mL reduced the redox state to 63-54% of the control.
As a comparison, a 30 min application of 1mM NAC (a po-
tent antioxidant) to the culture medium shifted the intracel-
lular redox state of cells in a 0% degradable hydrogel to 43%
of controls (data not shown).

Effect of degradable macromer content
on reduced GSH levels

Intracellular redox state can also be assessed by quanti-
fying levels of reduced and oxidized species for dominant
redox pairs found within the cell. The GSH/GSSG redox
pair is the major thiol-disulfide redox pair found within the
cell and is present at much higher concentrations than other
redox pairs.*” A decrease in reduced GSH content renders
a cell more susceptible to oxidant injury as the cell has a
reduced capacity to scavenge free radicals.
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FIG. 3. Intracellular redox state in hydrogels prepared with
different levels of degradable macromer expressed as percent
of the 0% degradable condition at each time point. Increases
in degradability reduced the intracellular redox state of cells
incorporated into the hydrogel, with a sustained reduction
for up to 7 days. Values significantly different from the time-
matched 0% degradable condition (p < 0.0001) are indicated
with asterisks (*).
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FIG. 4. Fraction of glutathione (GSH) in the reduced state for
hydrogel cultures prepared with different levels of degradable
macromer. This fraction of GSH in the reduced state for hy-
drogel cultures prepared with different levels of degradable
macromer indicates that the higher levels of degradable hy-
drogel increase the reduced GSH levels at all time points.
Values significantly different from the 0% degradable condi-
tion at each time point are indicated with asterisks (*) (p < 0.05).

At each time point the fraction of GSH in the reduced state
increased as the amount of degradable macromer within the
hydrogel increased (Fig. 4). The effects of degradable content
after encapsulation on reduced GSH content were apparent
at short time points (0 and 2h postencapsulation), immedi-
ately after cells were exposed to oxidizing radicals, which are
a product of the radical polymerization process. The effects
were also observed at long time points (7 days), where en-
dogenous ROS play a dominant role. At 7 days, all degrad-
able hydrogel formulations significantly impacted the levels
of reduced GSH. For frame of reference, a 30 min application
of 1mM NAC (a potent antioxidant), or 0.5mg/mL of pH 7.4
lactic acid to the culture medium increased reduced GSH
content of a 100% degradable hydrogel by 10.5+1.5% or
2.3 +0.2%, respectively (data not shown).

Effect of degradable macromer content
on total DNA content

To determine the extent to which the level of degradable
macromer present within the hydrogel impacted cellular
proliferation in the hydrogel after 7 days of culture, total
DNA content was measured in hydrogels prepared with
different levels of degradable macromer. Increase in DNA
content is a standard measure of cell proliferatior1,24’28’46 and
previous experiments have demonstrated via both DNA in-
crease and bromodeoxyuridine (BRDU) staining that prolif-
eration occurs in similar hydrogels.”® On day 0 of culture,
total DNA content was not statistically different for hydro-
gels prepared with different levels of degradable macromer,
suggesting that all gel compositions initially contained
equivalent numbers of cells (data not shown). After 7 days of
culture, total DNA content increased in all hydrogel condi-
tions. Total DNA content was higher in gels containing de-
gradable macromer relative to the 0% degradable condition
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FIG. 5. Total DNA content in hydrogel cultures prepared
with different levels of degradable macromer after 7 days of
growth. DNA content was used as a measure of proliferation
as all hydrogels were initially loaded equally. Cell prolifer-
ation elevated when cells were cultured with a hydrogel that
was at least 30% degradable, as indicated by a higher percent
of DNA compared with the 0% degradable cultures. Data are
expressed as a percentage of the level present in 0% de-
gradable hydrogels. *Statistical difference from control val-
ues (p <0.05).

(Fig. 5). The extent of the increase observed on day 7 de-
pended on the amount of degradable macromer in the hy-
drogel. A moderate increase in DNA content was observed
for hydrogels containing 15% degradable macromer (170% of
the 0% degradable condition at the same 7 day time point). A
higher increase was observed in gels with 30% or more de-
gradable macromer (201-242% of the control).

Effect of degradable macromer content
on cell composition and morphology

Initially upon encapsulation single cells are present
throughout the hydrogel culture (Fig. 6a). By day 7 cells pro-
liferate to form small neurospheres (Fig. 6b) that are composed
of both neurons and glial cells (Fig. 6¢c), and some nestin-
positive precursors (data not shown). At this early stage of
degradation neural processes penetrate and grow throughout
the neurosphere interior. As the material degrades at later time
points, processes do penetrate throughout the hydrogel.” In
Figure 6cell morphology in 100% degradable hydrogels is
presented; however, cell behavior in hydrogels with different
degradable content is similar over this time frame and is not
presented. Although no statistical differences were observed,
quantitative real-time-polymerase chain reaction revealed a
slight increase in f-tubulin and nestin gene expression with
increasing degradable content after 7 days in culture (Table 1).
There were no changes in GFAP expression across hydrogel
conditions.

Lactic acid concentration in the culture medium
containing degradable PEG hydrogels

Over the course of the culture period, the concentration
of lactate (ionic form of lactic acid) detected in the culture
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FIG. 6. Cell morphology in hydrogel culture. On day 1 (a) or day 7 (b) cells in degradable hydrogels were observed with
fluorescent live (green)-dead (red) indicators. Initially, single cells are present in gel cultures. On day 7 small clusters are
apparent (c). Immunocytochemistry performed on gel cultures demonstrates that these clusters are composed of neurons
(green) and glial cells (red). Nuclei are counterstained with sytox green (blue). Cell behavior in hydrogels of different
degradable content is similar to that pictured here for degradable gels at these time points. Color images available online at
www liebertonline.com/ten.

medium ranged between 0.06 and 0.17 mg/mL (Table 2) with
levels decreasing at later stages of degradation. Although
lactic acid concentration data were only collected for purely
degradable gels, it is expected that similar trends were likely
occurring in the other hydrogel formulations although as
degradable content decreased, it would be expected that the
maximum lactic acid concentration in the medium would
decrease. Additionally, while substantial concentrations of
lactic acid were found in the medium, concentrations expe-
rienced by the cells within the gel microenvironment may
have been higher given diffusional limitations.

Discussion

Hydrogels are of considerable interest in the development
of regenerative therapies for treating disease and injuries of
the central nervous system. When prepared from synthetic

TABLE 1. EFFECT OF DEGRADABLE MACROMER CONTENT
ON THE CELLULAR CoMPOSITION OF HYDROGEL CULTURES

Gene

Hydrogel

degradability GFAP Beta-tubulin Nestin
0% 1.0+0.2 1.1+0.2 1.0+0.2
15% 09+0.1 1.7£05 1.5+0.2
30% 1.4+0.2 23+1.6 1.6+0.7
50% 1.0+0.1 1.7+0.4 1.6+0.3
70% 1.4+0.2 33+13 20+£0.6
100% 0.7+0.03 24+0.6 1.9+0.3

Cell composition was assessed by quantitative real-time-
polymerase chain reaction data for GFAP, beta-1II-tubulin, and nestin
and is expressed as fold change in a gene expression relative to
the nondegradable condition on day 7 of culture. Although slight
increases in beta-tubulin and nestin expression were observed in more
degradable gels, changes in the degree of degradability did not
significantly alter the relative cell populations within the culture,
suggesting that the different hydrogels do not preferentially support
or inhibit one cell type over another. Data represent the mean+
standard error of the mean. No statistical differences were identified.

GFAP, glial fibrillary acidic protein.

materials, the rate at which the hydrogel degrades can be
controlled, a particularly useful tool as materials that de-
grade over short or long time scales both have clinical rele-
vance. However, because the rate of hydrogel degradation
has been shown to impact the quality of other types of tissue
produced within the hydrogel, it is important to first un-
derstand how neural tissue develops within hydrogels with
different mass loss profiles. Toward this end, the focus of this
work was to characterize neural cell growth within hydro-
gels prepared by combining slow-degrading (nondegradable)
macromer with different levels of degradable macromer con-
taining PLA subunits. Over time, degradable cross-links are
hydrolyzed, releasing lactic acid until a network composed
of only PEG cross-links remains. Consistent with previous re-
ports, as the gel degrades, hydrogels utilized in this work
imbibe more water, becoming more open and swollen (mesh
size increases) and, as a result, less stiff as reflected by a de-
crease in compressive modulus (Fig. 1).

In this work, within 2h of formation an improvement in
cell viability and/or metabolic function was observed as
degradable content of the hydrogel increased (Fig. 2). In
addition, intracellular redox state was more reduced and the

TABLE 2. CONCENTRATION OF LAcTIC ACID MEASURED
IN THE CULTURE MEDIUM CONTAINING
100% DEGRADABLE GELS AT Di1scRETE TIME POINTS

Lactic acid concentration
(mg/mL)

Time point
(days)

0 0.149 £0.022
1 0.134 £0.004
3 0.136 £0.003
6 0.172+0.001
8 0.087 £0.002
10 0.063 £0.001

The culture medium removed on day indicated was tested for
lactic acid concentration and indicates that lactic acid was released
from the hydrogels at substantial concentrations. Data represent
mean + standard error of the mean.
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level of reduced GSH content was increased in gels con-
taining more degradable macromer. Differences in macro-
scopic properties are not likely to be responsible for the
improvements in cell function observed at this early time
point (2h) as statistical differences in compressive modulus
and swelling ratio (thus, hydrogel mesh size) were not
present until later (24 h). Instead, the lactic acid product of
hydrogel degradation, which is a free radical scavenger®’
and can protect cells from damage due to photoinitiator-
generated and endogenously present free radicals,®® may
positively impact encapsulated cell function. Indeed lactic
acid is present during polymerization and is released into the
hydrogel culture medium at levels that scavenge radicals
and modify intracellular redox state in monolayer culture
(>0.005 mg/mL).38 Effects are likely due only to free lactic
acid released from the polymer network. Although the PLA
form is too bulky to enter the cell, both lactic acid and the
ionized-form lactate are capable of transport into cells. Lactic
acid is uncharged and small enough to permeate through the
lipid membrane; lactate is capable of entering cells via the
monocarboxylate transporter protein shuttle system.*®

Once inside the cell, lactic acid is also capable of under-
going oxidation to pyruvate, another potent antioxidant,
thus increasing intracellular pyruvate levels. Pyruvate is
then capable of decreasing quantities of intracellular ROS,
leading to a reduced intracellular redox state and, as a result,
an increase in reduced GSH content and ultimately an im-
provement in cell survival and/or metabolic activity. The tran-
sient increase in ATP content observed at the 2h time point
may be the combined effect of lactic acid as well as endo-
genous upregulation of ATP, as others have documented
an increase in ATP content when neural cells are under
stress.*

After 7 days of culture, intracellular redox state was more
reduced in hydrogels with degradable content (Fig. 3) and
reduced GSH content (Fig. 4) approached preencapsulation
levels (46.2+1.0%, data not shown), effects which may be
similarly related to the presence of lactic acid. A shift in in-
tracellular redox state has been shown to impact neural
precursor cell fate where more oxidized cellular states lead
to differentiation and more reduced states lead to self-
renewal.***3 Thus, when exposed to lactic acid released from
a biomaterial, neural precursor cells may be protected from
damage due to naturally occurring ROS; intracellular redox
state may shift to one that is more reduced, thus maintaining
cells in a proliferative state.’® At the 7 day time point total
DNA content in hydrogels increased with increasing de-
gradable macromer content (Fig. 5). The increase in DNA
content may be related to a difference in the number of
surviving, proliferative cells present in gels at 24-48 h where
conditions with lower degradable content would result in
fewer surviving cells and lower DNA content after 7 days of
growth. Lactic acid may also directly impact cell prolifera-
tion, as entry into the S phase of the cell cycle (DNA repli-
cation) is facilitated by the presence of lactate (the ionized
form of lactic acid).>°

In addition to being exposed to varying levels of lactic
acid, at these longer time points cells are gradually exposed
to three-dimensional polymer networks of different me-
chanical strength. To the best of our knowledge, there are no
data in the literature to suggest that mechanical properties
would directly impact intracellular redox state and reduced
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GSH content. However, other aspects of neural cell function
have been shown to be impacted by mechanical properties.
For example, the stiffness of a substrate has been shown to
impact cellular proliferation and/or the cellular composition
of cultures. In the case of neural cells, when cultured for
extended periods of time on two-dimensional surfaces, less
stiff surfaces tend to promote the differentiation and/or
survival of neurons while discouraging the growth of glia.”*
In this work proliferation was improved in gels with reduced
stiffness without altering cell composition. Trends similar to
what has been reported in the literature were not observed in
this work perhaps because the time-scale over which the
stiffness of the surrounding polymer network is dramatically
lower is confined to a brief window during late stages of
culture. Instead, the improvement in proliferation is more
likely related to exposure to lactic acid as previously discus-
sed. Importantly the improvement in proliferation is not ac-
companied by an increase in the growth of glial cells (Table 1),
which if implanted in the brain tissue could contribute to the
formation of a glial scar.

PEG comprised the bulk of the mass of hydrogels pre-
pared in this work with minor mass contributions from the
hydrophobic PLA subunits within the degradable crosslinks.
Although hydrogels prepared with different levels of de-
gradable macromer may exhibit differences in hydropho-
bicity, these differences were negligible given the relatively
low molar percentage of PLA incorporated (<7 mol%) and
the dominant hydrophilicity of the major component, PEG.
Thus, differences in hydrophobicity were not likely to sub-
stantially underlie the findings reported in this study. When
encapsulated in gels with different levels of degradable
macromer, the pH of the gel microenvironment is also likely
to vary, with more acidic conditions arising in faster de-
grading gels, as alluded to in previous work.?’ In this work,
the rate of ATP hydrolysis would have been impacted by a
change in pH as ATP has been shown to be rapidly degraded
outside of the 6.8 to 7.4 pH range. Because higher levels of
ATP were observed in gels containing higher levels of de-
gradable macromer, an increase in the rate of ATP hydrolysis
cannot account for trends reported in this study. Thus, hy-
drogel degradable content must preserve ATP, improving
the viability of surrounding neural cells.

Conclusions

To summarize, in this study neural cell survival and/or
metabolic function was improved in hydrogels prepared
with increasing degradable macromer content immediately
after encapsulation. This improvement was accompanied by
a reduction in intracellular redox state and an increase in
reduced GSH content, both of which persisted throughout
7 days of culture and which may be the direct or indirect re-
sult of radical scavenging by slowly released lactic acid. Im-
portantly, an improvement in cell proliferation was observed
in gels prepared with increasing degradable macromer con-
tent after 7 days of growth without a shift in the cellular
composition of the culture toward the glial cell phenotype.
Effects of degradable macromer content on cell viability
and/or metabolic function observed here are consistent with
previous reports involving other cell types, suggesting that
cell growth is generally improved by culture in hydrogels
containing degradable lactic acid cross-links. Released lactic
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acid is expected to be at least partially responsible for im-
proved metabolic activity, redox state, and reduced GSH
content because lactic acid added to nondegradable hydro-
gels resulted in similar improvements. As low levels of re-
duced GSH content are an early indicator of dopaminergic
cell stress and ultimately cell loss, lactic-acid-releasing hydro-
gels are chemically advantageous in treating Parkinson’s
disease.”” By using degradable hydrogels for cell transplanta-
tion therapy, the loss of transplanted cells may be reduced due
to effects of degradable hydrogels on reduced GSH content, an
effect that may hold true more generally for other clinically
relevant neuronal cell populations susceptible to injury from
ROS.
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