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ABSTRACT: Immediately following spinal cord injury,
further injury can occur through several secondary injury
cascades. As a consequence of cell lysis, an increase in
extracellular Ca2+ results in additional neuronal loss by
inducing apoptosis. Thus, hydrogels that reduce extracellular
Ca2+ concentration may reduce secondary injury severity. The
goal of this study was to develop composite hydrogels
consisting of alginate, chitosan, and genipin that interact
with extracellular Ca2+ to enable in situ gelation while
maintaining an elastic modulus similar to native spinal cord
(∼1000 Pa). It was hypothesized that incorporation of genipin
and chitosan would regulate hydrogel electrostatic characteristics and influence hydrogel porosity, degradation, and astrocyte
behavior. Hydrogel composition was varied to create hydrogels with statistically similar mechanical properties (∼1000 Pa) that
demonstrated tunable charge characteristics (6-fold range in free amine concentration) and degradation rate (complete
degradation between 7 and 28 days; some blends persist after 28 days). Hydrogels demonstrate high sensitivity to Ca2+

concentration, as a 1 mM change during fabrication induced a significant change in elastic modulus. Additionally, hydrogels
incubated in a Ca2+-containing solution exhibited an increased linear viscoelastic limit (LVE) and an increased elastic modulus
above the LVE limit in a time dependent manner. An extension of the LVE limit implies a change in hydrogel cross-linking
structure. Attachment assays demonstrated that addition of chitosan/genipin to alginate hydrogels induced up to a 4-fold increase
in the number of attached astrocytes and facilitated astrocyte clustering on the hydrogel surface in a composition dependent
manner. Furthermore, Western blots demonstrated tunable glial fibrillary acid protein (GFAP) expression in astrocytes cultured
on hydrogel blends, with some hydrogel compositions demonstrating no significant increase in GFAP expression compared to
astrocytes cultured on glass. Thus, alginate/chitosan/genipin hydrogel composites show promise as scaffolds that regulate
astrocyte behavior and for the prevention of Ca2+-related secondary neuron damage during acute SCI.
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1. INTRODUCTION

Spinal cord lesions vary in size and severity. However, contusive
injuries are most common.1 Recent reviews reveal interest from
the scientific community to develop novel biomaterial hydrogels
for spinal cord injury (SCI).2,3 Hydrogels are ideal scaffolds for
the treatment of contusive SCI as many are injectable, conform
to the irregular geometry of the contusive lesion and can mimic
the mechanical properties of native spinal cord tissue. Following
SCI, primary mechanical trauma causes cell swelling and lysis,
leading to an increase in extracellular Ca2+.4 In a rat model of SCI,
a 4.1-fold increase in extracellular Ca2+ concentration was
observed eight hours postinjury and remained stable for at least
72 and up to 168 h postinjury.5 During subacute SCI, increased
extracellular glutamate triggers an influx of Ca2+ into neurons6

leading to an increase in calcium dependent neuronal

apoptosis.7,8 Removal of extracellular Ca2+ reverses episodes of
glutamate induced excitotoxicity.9 Furthermore, inhibiting Ca2+

influx by blocking Na+-Ca2+ exchangers decreases neuronal
death.10 Thus, hydrogels that utilize Ca2+ following SCI as a
gelation mechanism may aid in hydrogel solidification in situ and
potentially reduce Ca2+-induced secondary injury.
Alginate is utilized for tissue engineering applications due to its

biocompatibility and low cytotoxicity.11 Alginate hydrogels have
been injected into the adult rat spinal cord, without inciting an
inflammatory response.12 Alginate hydrogels are a good choice
for spinal cord applications in that alginate hydrogels form
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through cross-linking with divalent cations. The application of in
situ forming hydrogels were recently explored for ophthalmic
drug delivery by utilizing Ca2+ present within tears.13 Thus,
alginate hydrogels may be able to solidify in situ due to the
prevalence of Ca2+ in cerebrospinal fluid.
Cellular attachment to a biomaterial surface may occur

through inclusion of integrin-mediated focal adhesion complexes
or materials that enable electrostatic interactions between the
surface and the cellular membrane. However, due to the lack of
intrinsic integrin binding sites and its negatively charged
character, unmodified alginate exhibits low cellular attachment.14

Chitosan, an amine-containing, positively charged polysacchar-
ide polymer has been used to alter hydrogel charge within an
agarose/methylcellulose hydrogel blend to facilitate cellular
adhesion.15 In addition, genipin, a naturally derived cross-linker,
is well suited for use in spinal cord environments as it induces
neurite outgrowth,16 is anti-inflammatory,17 and has been used to
cross-link chitosan containing hydrogel systems without any
significant cytotoxicity.18,19 Genipin reacts with amine groups on
chitosan chains and reduces the number of free amine groups
available for protonation, decreasing the overall positive charge
of the material. Furthermore, an increase in genipin concen-
tration within chitosan containing hydrogels can increase elastic
modulus and hydrogel stability.18 Thus, by varying polymer
concentrations, composite hydrogel systems may be created with
unique degradation rates, electrostatic character, and cellular
adhesion profiles.
Many hydrogel systems demonstrate tunable mechanical

properties that can approximate the mechanical properties of
soft tissue in the central nervous system (CNS). Control of
mechanical behavior is important when developing new hydrogel
systems for SCI since neurons exhibit increased neurite
branching20 and neurite extension21,22 on substrates that mimic
the elastic modulus of native CNS tissue (300−1000 Pa).23,24 By
controlling alginate and Ca2+ concentrations, alginate hydrogels can
be fabricated to mimic the elastic modulus of native CNS tissue.25

Furthermore, introducing other species to alginate, such as chitosan
and genipin, may allow for development of hydrogel systems with
elastic moduli similar to native CNS tissue that also exhibit a variety
of physical characteristics.
Hydrogels are injected into experimental SCI models for

numerous purposes including as a scaffold to support axonal
ingrowth across the injury site,26,27 carrying stem or progenitor
cells within the lesion,28−30 or controlling delivery of therapeutic
drugs to mitigate some facet of the injury.31,32 Hydrogel systems
are rarely developed to influence astrocyte behavior although
some hydrogel systems demonstrate direct influence on
astrocyte behavior.33 Several studies suggest that the presence
of glial support cells, such as astrocytes, is critical for axonal
regeneration. For example, increased axonal regeneration is
observed following astrocyte migration into biomaterial scaffolds,
with axons often migrating parallel to astrocytes.34−36 Furthermore,
hydrogel systems that are not biocompatible with astrocytes may
encourage the transition of astrocytes to a reactive state and promote
glial scar formation. If a hydrogel system is incompatible with
astrocytes and encourages glial scar formation, then functional
restoration may be difficult regardless of the efficacy of the hydrogel
system in promoting neuronal regeneration.
In this study, it was hypothesized that alginate/chitosan/

genipin hydrogels could be developed that respond to the
presence of Ca2+ within external media at concentrations similar
to that in cerebrospinal fluid. By utilizing Ca2+ present within the
surrounding media to finalize in situ gelation, the amount of Ca2+

mediated neuronal cytotoxicity would likely decrease. These
hydrogel systems would possess mechanical properties similar to
native CNS tissue and differential electrostatic properties to
promote astrocyte adhesion. Alginate, chitosan, genipin, and
Ca2+ concentrations were varied to fabricate hydrogel blends
with statistically similar elastic moduli, as determined by small
amplitude oscillatory shear (SAOS) rheology. To model in situ
hydrogel formation, hydrogel mechanical behavior was charac-
terized using rheological testing following incubation in media
containing either normal (1.8 mM) or elevated (6 mM) Ca2+

concentrations. To determine the effect of chitosan and genipin
on hydrogel electrostatic character, the free amine content within
hydrogel blends was determined using a ninhydrin assay. Primary
rat astrocytes were cultured on hydrogels to examine the
interplay between astrocyte adhesion and hydrogel composition.
Additionally, Western blotting was performed on astrocytes
cultured on hydrogels to explore how hydrogel composition
affects the production of glial fibrillary acidic protein, a key
marker of astrocyte reactivity. Furthermore, degradation assays
and scanning electron microscopy were used to analyze
degradation rate and pore structure and to evaluate their
potential for delivery of therapeutic agents.

2. EXPERIMENTAL METHODS
Materials. Genipin was purchased from Wako Pure Chemical

(Japan). Alginic acid sodium salt and low molecular weight chitosan
(Lot# KBD3830, 92.2% deacetylation) were purchased from Sigma-
Aldrich (Saint Louis, MI). Neurobasal media, Dulbecco’s Modified
Eagle Medium (DMEM), B27 Supplement, penicillin/streptomycin,
L-glutamine, Phosphate Buffered Saline (PBS), and Heat Inactivated
Horse Serum (HIHS) were purchased from Gibco. Calcein AM and
Hoechst 33342 were purchased from Invitrogen. All other chemicals
used were purchased from Sigma-Aldrich. Figures were created using
SigmaPlot 11 (Systat Software, San Jose CA).

Alginate Hydrogel Fabrication. To make alginate hydrogels,
sodium alginate was dissolved in 10 mL of 0.85% NaCl. The sodium
alginate solution was mixed for 30 minutes via magnetic stirring with
10mL of a varying concentration of CaCl2 to produce specific hydrogels.
The finalized alginate hydrogel was collected by centrifugation and
removal of the supernatant.

Alginate/Chitosan/Genipin Hydrogel Fabrication. Low molec-
ular weight chitosan was dissolved in 6 mL of 0.4% acetic acid. The
chitosan solution was neutralized to 7 pH using 0.5 M NaOH. Genipin
was added to the neutralized chitosan solution, and the solution was
brought to a final volume of 10 mL by addition of 0.85% NaCl. The
range of genipin concentrations tested within this study was determined
based on previous hydrogel studies that utilized genipin to cross-link
chitosan without a significant cytotoxic effect.18,19 Within this range,
genipin concentrations were chosen to fabricate hydrogels with
differential cross-linking patterns that exhibited different physical and
mechanical properties. The chitosan/genipin solution was incubated at
37 °C for 24 h to induce chitosan/genipin cross-link formation. After
24 h, 5 mL of sodium alginate in 0.85%NaCl was added to the chitosan/
genipin solution. The resulting solution was mixed with 5 mL of a
varying concentration of CaCl2 for 30 minutes. The CaCl2
concentration was adjusted in order to provide a uniform elastic
modulus between all hydrogels. For example, when 0.125% chitosan and
0.1% genipin were added to 0.5% alginate hydrogels, CaCl2
concentration was increased from 22 to 24 mM in order to prevent a
significant change in elastic modulus. The finalized hydrogel was
collected by centrifugation and removal of the supernatant. To describe
the hydrogel compositions used throughout this article, a shorthand
naming convention was applied as follows: A hydrogel composed of
0.5% w/v alginate, 0.125% w/v chitosan, 0.1% w/v genipin, and 24 mM
CaCl2 is given the name A5/C125/G1/Ca24. Table 1 provides a
summary of hydrogel compositions used in this study. Alginate,
chitosan, and genipin polymers were sterilized via ethylene oxide
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sterilization. Acetic acid, NaOH, CaCl2, and NaCl solutions were
sterilized via autoclave.
Rheological Characterization. An AR-G2 rheometer (TA Instru-

ments, New Castle, DE) with a parallel plate geometry (20 mm
diameter) was used to determine hydrogel viscoelastic behavior.
Rheological analysis was performed at 37 °Cwith a gap size of 1000 μm.
For each sample, 500 μL of hydrogel was injected on the rheometer
using a 22.5G, 1 mL syringe. Time sweeps were performed at 1% strain
with a 1 Hz frequency to determine gelation time at 37 °C. Hydrogel
materials are partially gelled prior to testing due to the presence of CaCl2
in the fabrication solution. In the context of this study, gelation time is
defined as the point of elastic modulus saturation in response to the
change in temperature. Hydrogel gelation was considered complete
when no significant difference in elastic modulus was observed
compared to the elastic modulus recorded after 60 minutes. For
subsequent tests, hydrogels were equilibrated at 37 °C for their
respective gelation time. Next, the linear-viscoelastic (LVE) limit for
strain was determined by performing a strain sweep from 0.1%−100% at
a frequency of 1 Hz. A strain of 1% was below the LVE limit for each
hydrogel and was used for all subsequent testing. After determination of
the strain LVE limit, frequency sweeps were performed over the range of
0.1−100 Hz using a chosen strain below the LVE limit. The LVE region of
the frequency sweep (defined as the region in which the elastic modulus is
constant over a range of frequencies)was determined, and a frequencywithin
the LVE regionwas chosen for subsequent testing. This value was 1Hz for all
hydrogels characterized. Time tests were performed for one hour to
determine ultimate elastic modulus (UEM), using the strain and frequency
values within their respective LVE regions as previously determined.
To model hydrogel gelation in situ, 500 μL of hydrogels was injected

into chamber slides and incubated at 37° C for 2 or 5 days in 200 μL of
neurobasal media containing 2% v/v B27 Supplement, 1% v/v
penicillin/streptomycin, and 0.5 mM L-glutamine. To observe how
the increase in Ca2+ concentration following SCI affects hydrogel
gelation, two concentrations of CaCl2 were utilized: 1.8 mM (normal)
and 6 mM (elevated). Following SCI, Ca2+ concentration can increase
up to 4.1-fold from normal Ca2+ concentrations (1.4 mM), and a Ca2+ of
6 mM was used to approximate this value. Furthermore, a Ca2+

concentration of 1.8 mM was used for in situ gelation modeling to
correspond with the Ca2+ concentration in cell culture media.
Three hydrogel blends were chosen for in situ gelation modeling

with an elevated Ca2+ concentration based on their dominant method
of cross-linking: A5/C0/G0/Ca22 (alginate/Ca2+), A5/C125/G1/
Ca24 (chitosan/genipin, genipin/genipin), and A5/C25/G01/Ca20
(alginate/chitosan). Media was removed and replaced every 24 h. After
the appropriate time point was reached, media was removed, and
rheological assessment was performed.
Degradation. There are no endogenous enzymes within the SCI

environment to degrade alginate. For alginate-based biomaterials, the
dominant form of degradation is caused by the diffusion of Ca2+ ions
from the hydrogel and subsequent dissolution of alginate polymer
chains.37 To measure hydrogel degradation rate, 500 μL of hydrogel was
injected into a 24 well plate. After injection, hydrogel weight was
measured, and 200 μL of artificial cerebrospinal fluid (aCSF) was added
and replaced every 24 h. The composition of aCSF was as follows:
[Na+] − 150 mM, [K+] − 3 mM, [Ca2+] − 1.4 mM, [Mg2+] − 0.8 mM,
[P] − 1 mM, [Cl‑] − 155 mM.

Hydrogels were allowed to degrade for 0, 1, 3, 5, 7, 10, 14, 21, or 28
days at 37 °C. After the respective time point was reached, the degraded
hydrogel was removed, and the wet weight was measured. The wet
weight was used to calculate the percent remaining of degraded gels
using

= *
⎛
⎝⎜

⎞
⎠⎟

W
W

%Gel Remaining 100f

0 (Equation 1)

whereWf is final wet weight andW0 is initial wet weight. Degraded gels
were frozen at −80 °C for 24 h and lyophilized for 24 h, and the dry
weight was recorded.

Ninhydrin Assay. To assess hydrogel electrostatic character by
measuring the number of free amine groups, a ninhydrin assay was
performed as previously described.38 For the assay, 1 mL of ninhydrin
solution was added to 100 μL of hydrogel. This reaction persisted for
20 minutes at 100 °C. After 20 minutes, 200 μL of the reacted solution
was removed, and the absorbance value was read at 570 nm using a
BioTek Synergy 4 plate reader. A standard glycine curve was used to
determine free amine group concentration.

Astrocyte Adhesion Assay. The Institutional Animal Care and
Use Committee at Rensselaer Polytechnic Institute approved all
procedures in this study involving astrocytes. Astrocytes were isolated
from P2 neonatal rat cortex (Sprague-Dawley, P2; Taconic Farms, Inc.)
as previously described.39 Only primary or 1st passage astrocytes were
used in this study. To assess astrocyte/hydrogel interaction, 500 μL of
hydrogels was injected into chamber well slides (Lab-Tek, Thermo
Fisher Scientific, Rochester NY), and astrocytes were seeded at a density
of 100,000 cells per well with a total volume of 200 μL of astrocyte
media. Astrocyte media consisted of 10% v/v HIHS and 1% v/v
penicillin/streptomycin in DMEM. After incubation for 2 days,
astrocytes were stained with a mixture of 4 μg/mL of Calcein AM and
10 μg/mL of Hoechst 33342 (diluted in PBS) added in a 1:1 ratio with
culture media for 20 minutes and imaged at 10X and 40X using a Zeiss
LSM 510 META Laser Scanning Confocal Microscope.

Images of astrocytes labeled with Calcein-AM and Hoechst 33342
were analyzed using a Matlab (MathWorks, Natick, MA) code to
determine the number of attached astrocytes, the number of astrocyte
cell clusters, and the number of astrocytes per cell cluster. A cell cluster
was defined as a region in the Calcein AM channel that overlaps one or
more nuclei labeled with Hoechst 33342. The number of cells in a
cluster was determined by counting the number of Hoechst 33342
labeled nuclei within a single region labeled for Calcein AM. Individual
cell numbers were determined using the Hoechst 33342 signal. To
perform the analysis, both the Calcein AM and Hoechst 33342 channels
were blurred using a Gaussian filter followed by background subtraction
using the sliding paraboloid method. Next, the Calcein AM andHoechst
33342 channels were segmented using a k-means algorithm using five
means. After segmentation by the k-means method, the Hoechst 33342
channel was further segmented using a watershed filter. Finally, a count
was performed to determine the number of Hoechst 33342 objects
within a single region of the segmented Calcein AM image.
Postprocessing was performed on 10X magnification images of both
Calcein AM and Hoechst 33342 stained images.

Western Blot Analysis. Protein expression in cultured astrocytes
was determined by quantitative Western blot analysis. As described
previously, three hydrogel compositions were chosen for Western blot
analysis based on their dominant method of cross-linking as well as their
astrocyte adhesion response: A5/C0/G0/Ca22, A5/C125/G1/Ca24,
and A5/C25/G01/Ca20. Astrocytes were seeded on top of 500 μL of
hydrogel injected into 6 chamber slide wells for each hydrogel type at a
density of 100,000 cells per well with a total volume of 200 μL of
astrocyte media. Furthermore, astrocytes were seeded at the same
concentration on poly-D-lysine (PDL) coated glass bottomed, chamber
slide wells as a control group. Astrocytes were lysed using RIPA buffer
(Sigma-Aldrich, R0278) with the addition of one cOmplete Mini
protease inhibitor tablet (Roche Diagnostics, Indianapolis, Indiana) per
10 mL of RIPA buffer. Total protein concentration was determined
using the colorimetric QuantiPro BCA Assay Kit (Sigma-Aldrich), and
subsequent changes in absorbance were measured using a BioTek

Table 1. Hydrogel Compositiona

gel type
alginate

concn [w/v]
chitosan

concn [w/v]
genipin

concn [w/v]
CaCl2 concn

[mM]

A25/C0/G0/Ca22 0.25% 0% 0% 22
A25/C125/G1/Ca23 0.25% 0.125% 0.1% 23
A25/C25/G05/Ca18 0.25% 0.25% 0.05% 18
A5/C0/G0/Ca22 0.5% 0% 0% 22
A5/C125/G1/Ca24 0.5% 0.125% 0.1% 24
A5/C25/G01/Ca20 0.5% 0.25% 0.01% 20
aCalcium concentration was adjusted in order to provide a uniform
elastic modulus between hydrogel blends.
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Synergy 4 plate reader. Protein solutions were diluted in a 1:1 ratio with
sample buffer (0.125% w/v bromophenol blue, 25% v/v glycerol,
2.5% w/v SDS, 20 mM dithiotheritol, and 25 mM Tris at a pH of 6.8)
and frozen at −20 °C until utilized for the assay. Protein was loaded
into a 10% polyacrylamide gel, separated via SDS-PAGE, and trans-
ferred onto a polyvinylidene difluoride (PVDF) membrane for
immunoblotting. Following protein transfer, membranes were blocked
with 0.5% w/v milk in Tris-buffered saline containing 0.05% v/v Tween
20 (TBST) for 1 h. Membranes were incubated at 4 °C with anti-GFAP
antibody (1:15,000, Sigma-Aldrich, SAB2500462), washed three times
with TBST for 1 hour, and subsequently incubated with an appropriate
horseradish peroxidase (HRP)-conjugated secondary antibody
(1:100,000, Jackson ImmunoResearch, West Grove, PA). HRP signal
was detected using an Immun-Star WesternC Chemiluminescence Kit
(Bio-Rad, Hercules, CA). Following imaging of the GFAP signal, PVDF
membranes were subsequently stripped of antibodies and reprobed with
an anti-α-tubulin antibody (Sigma-Aldrich, Saint Louis, MO, T6199)
and a corresponding HRP-conjugated secondary antibody (1:100,000,
Jackson ImmunoResearch, West Grove, PA) to ensure equal levels of
protein loading. Quantitative analysis was performed on Western blots
using protein isolated from three independent cultures (n = 3) using the
Analyze>Gels function of ImageJ (U.S. National Institute of Health,
Bethesda, MD). For quantification, intensity levels of each GFAP band
were normalized to the intensity of their respective α-tubulin band.
Furthermore, all GFAP/α-tubulin intensity ratios were divided by the
average GFAP/α-tubulin intensity ratio of the glass control group in
order to a) normalize the average value of the control group to a value of
1 and b) provide experimental GFAP/α-tubulin tubulin intensity ratios
as a fold-increase relative to the glass control. An experimenter blinded
to the different groups performed all Western blot experiments and
quantification.
Scanning Electron Microscopy. Scanning electron microscopy

was performed on hydrogels to observe gel morphology and porosity.
Hydrogels were frozen for 24 h at −80 °C and lyophilized for 24 h. A
cross-section of the hydrogel sample was mounted to aluminum stubs
with carbon tape. Samples were sputter coated at 25% for 60 s using a
Denton Desk V sputter coater with a platinum target. Hydrogel samples
were imaged using a Zeiss SUPRA 55 FESEM with an accelerating
voltage of 3 kV.
Statistical Analysis. All error bars denote the mean plus or minus

the standard deviation. All experiments were performed on three

independently fabricated samples on separate days. For astrocyte image
analysis, three images were captured from each sample and image analysis
was performed as previously described. Data from each sample was pooled
prior to statistical analysis, providing an n = 3 for each group. Statistical
significance between groups was determined by one-way ANOVA and
Tukey-KramerHSD tests using JMP software (SAS, CaryNC). Differences
were considered significant for p < 0.05.

3. RESULTS

Sensitivity of Alginate Hydrogels to Changes in Ca2+

Concentration.To evaluate the sensitivity of elastic modulus to
variations in Ca2+ concentration, strain sweeps were performed
on alginate hydrogels fabricated using differing amounts of CaCl2
(Figure 1). Rheological analysis of alginate hydrogels revealed a
decreasing elastic modulus in response to a 1 mM incremental
decrease in the concentration of CaCl2 (Figures 1A and 1B). For
0.25% alginate hydrogels, a significant decrease in elastic modulus
was observed when CaCl2 concentration was decreased from 23 to
22 mM (23 mM: 2072 ± 376 Pa, 22 mM: 1165 ± 179 Pa;
Figure 1A). Similarly, for 0.5% alginate hydrogels, the elastic
modulus was significantly decreased when CaCl2 concentration was
decreased from 22 to 21 mM (22 mM: 1211.3± 102.7 Pa, 21 mM:
745 ± 126.4 Pa; Figure 1B). However, no significant difference in
elastic modulus was observed when CaCl2 concentration was
changed from 22 to 21 mM for 0.25% hydrogels or from 22 to
23 mM for 0.5% hydrogels.
Gelation time tests were performed to examine the influence

of physiological temperature on hydrogel formation and to
determine how hydrogel composition affects elastic modulus.
Results demonstrate that complete gelation occurred within
30minutes for all hydrogels (Figure 1C and 1D). The concentration
ofCaCl2 within each hydrogel was adjusted prior to testing to ensure
that no significant difference in elastic modulus was observed
between hydrogel blends 30 minutes after the start of gelation time
tests (Figure 1E).

Rheological Behavior of Hydrogels Following an in
Situ Model of Hydrogel Gelation. To model in situ hydrogel

Figure 1. Sensitivity of hydrogel elastic modulus to changes in Ca2+ concentration and hydrogel composition. A-B) Strain sweeps demonstrating mM
level sensitivity to changes in Ca2+ concentration for (A) 0.25% or (B) 0.5% alginate hydrogels. C-D)Gelation time tests demonstrating gelation kinetics
for alginate or composite hydrogels with a base of (C) 0.25% or (D) 0.5% alginate. E) Comparison of elastic modulus of all hydrogels 30 minutes after
beginning of the gelation time tests. n = 3, mean ± standard deviation. (* denotes statistically significance differences between all groups.)
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response to cerebrospinal fluid (CSF) within a spinal cord lesion,
hydrogels were incubated for two or five days in neurobasal
media containing similar Ca2+ concentrations to that observed in
CSF before and after injury (1.8 and 6 mM, respectively).
Following incubation, rheological testing was performed, and
results were compared to nonincubated controls (Figure 2,
Supplementary Figure 3). For hydrogels incubated with 1.8 mM
Ca2+, no significant change in elastic modulus was observed at 1%
strain (below the LVE for all hydrogels) two days following
incubation for all hydrogels, with the exception of the 0.5%
alginate hydrogel (Figure 2). For 0.5% alginate hydrogels,
addition of 0.125% chitosan and 0.1% genipin increases elastic
modulus at 1% strain following five days of incubation compared
to alginate hydrogels (Figures 2D and 2E). Furthermore,
addition of 0.25% chitosan and 0.01% genipin to 0.5% alginate
hydrogels prevents a decrease in elastic modulus at 1% strain that
is observed in 0.5% alginate hydrogels (Figures 2D and 2F).
Conversely, the same behavior was not observed in hydrogels
with a base of 0.25% alginate. The elastic modulus of all
hydrogels containing 0.25% alginate significantly decreased after
five days of incubation when compared to nonincubated samples
(Figures 2A, 2B, and 2C).
Following incubation, hydrogels exhibited a shift in the LVE

limit towards higher strain values compared to nonincubated
samples (Figure 2). Hydrogels that exhibit no significant change
in elastic modulus at 1% strain after two days of incubation
exhibit a significantly higher elastic modulus at 50% strain and a
shift in the LVE limit towards a higher strain magnitude (Figure 2).
Following five days of incubation, a statistical difference in elastic
modulus was not always observed at 50% strain in hydrogels
exhibiting a shift in the LVE limit, due to a decrease in elastic
modulus above the LVE limit. However, a shift in the LVE limit was
observed in all hydrogels incubated for two or five days compared to
nonincubated hydrogels. The shift indicates that incubation induced
changes in hydrogel structure is maintained over time and is not lost
with a decrease in elastic modulus (Figure 2). Analysis of viscous

modulus (Supplementary Figure 1) and phase angle (Supple-
mentary Figure 2) data support the results presented in Figure 2. A
delay in the increase in both viscous modulus and phase angle in
response to an increase in applied strain is observed following in situ
gelation modeling, indicating more stable and solidlike hydrogel
behavior compared to nonincubated hydrogels. Additionally, similar
results are observed following in situ gelation modeling of hydrogels
with media containing elevated Ca2+ concentrations (6 mM;
Supplementary Figure 3).
Frequency sweeps were performed on all hydrogels to

determine a frequency value for which each hydrogel blend
behaves in a linear viscoelastic manner. A frequency of 1 Hz was
within the LVE region for all hydrogel blends, pre- and
postincubation, and was chosen as a suitable frequency for
further testing (data not shown). Time tests were performed to
determine the ultimate elastic modulus (UEM) of hydrogel
blends after incubation in media containing either low (normal)
or high (elevated) concentrations of Ca2+ (Figure 3). The change
in UEM after incubation is dependent on incubation time,
hydrogel composition, and Ca2+ concentration within the
incubation solution. The UEM of all hydrogel blends
significantly decreases following 5 days of incubation in media
containing a low concentration of Ca2+. Conversely, incubation
in media containing a high concentration of Ca2+ prevents a
significant decrease in UEM at both day 2 and day 5 time points.
The UEM of 0.5% alginate hydrogels drops significantly
following incubation in media with low Ca2+ concentration,
and a significant difference in UEM is observed between high and
lowCa2+ concentrations at day 2 and day 5 (Figure 3A). Composite
hydrogels display a similar trend to that observed in alginate
hydrogels, in a manner dependent on chitosan and genipin
concentration (Figures 3B and 3C). However, the rate of decrease
in hydrogel UEM after incubation in low Ca2+ media is significantly
slowed in composite hydrogels, compared to alginate hydrogels.
While a significant difference in UEM is observed after two days of
incubation in low Ca2+ media (compared to day 0 low Ca2+ and all

Figure 2. Changes in rheological behavior of hydrogels following in situ gelation modeling with a normal (1.8 mM) Ca2+ concentration. Strain sweeps
demonstrating the effect of incubation in Ca2+ containing media on (A) A25/C0/G0/Ca22, (B) A25/C125/G1/Ca23, (C) A25/C25/G05/Ca18, (D)
A5/C0/G0/Ca22, (E) A5/C125/G1/Ca24, and (F) A5/C25/G01/Ca20 hydrogels. n = 3, mean± standard deviation. (* denotes significance between
day 0 and day 2. + denotes significance between day 0 and day 5. # denotes significance between day 2 and day 5.)
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high Ca2+ hydrogels), no significant difference in UEM was
observed after two days in incubation for all composite hydrogels
tested. Furthermore, for hydrogels containing 0.125% chitosan and
0.1% genipin, a significant difference inUEMwas observed after five
days of incubation in low Ca2+ media when compared to all high
Ca2+ time points. However, when chitosan and genipin
concentrations were changed (0.25% and 0.01%, respectively), no
statistical difference was observed at day 5 for hydrogel incubated in
low and high Ca2+ media. It is noteworthy that the UEM of day five
hydrogels remainswithin the range (300−1000Pa)23,24 exhibited by
CNS tissue.
Effect of Hydrogel Composition on Hydrogel Degra-

dation Rate. Since our hydrogel is designed to interact with
CSF Ca2+ to reduce the impact of secondary excitotoxic neuronal
damage and facilitate astrocyte adhesion as the injury site
stabilizes, it is desirable for the hydrogel to persist through the
subacute phase of SCI. Therefore, an in vitro degradation study
was performed to determine the effect of chitosan concentration

and hydrogel composition on the degradation rate of hydrogels
within aCSF ([Na+]− 150mM, [K+]− 3mM, [Ca2+]− 1.4 mM,
[Mg2+] − 0.8 mM, [P] − 1 mM, [Cal‑] − 155 mM) (Table 2).
Alginate hydrogels degraded more quickly than composite
hydrogels. For 0.25% and 0.5% alginate gels, 35% and 25% of the
initial wet weight was lost within the first day, respectively.
Comparatively, composite hydrogels exhibited significantly less
degradation (greater than 95% and 90% of wet weight remained
at days 1 and 5, respectively) than alginate hydrogels. Alginate
hydrogels were completely degraded by day 14, while at least
80% of the hydrogel wet weight remained after 14 days for
composite hydrogels. All hydrogels with at least a 0.05% genipin
content degraded quickly after day 14, becoming fully degraded
before day 21. The only hydrogel to remain intact throughout the
entire 28 day study contained the highest alginate and chitosan
concentrations and the lowest genipin concentration (A5/C25/
G01/Ca20). Detailed degradation profiles are provided in
Supplementary Figure 4.

Figure 3.Comparison of the change in ultimate elastic modulus following in situ gelation modeling for low and high calcium concentrations. Time tests
demonstrating the effect of incubation in media containing low (normal) and high (elevated) Ca2+ concentrations for (A) A5/C0/G0/Ca22, (B) A5/
C125/G1/Ca24, and (C) A5/C25/G01/Ca20 hydrogels. n = 3, mean ± standard deviation. (Bars with the same letters represent groups in which no
statistical differences were observed, while bars with different letters are statistically different from one another.)
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Effect of Hydrogel Composition on Free Amine
Content within Composite Hydrogels. Amine containing
polymers are used in several hydrogel applications to improve
cellular adhesion.15,26,40,41 To measure the amount of free amine
groups within composite hydrogels, ninhydrin assays were
performed. By determining the amount of free amine groups,
the relative positive charge character of each hydrogel sample can
be determined.
Ninhydrin assays demonstrate a significant difference in free

amine group concentration within composite hydrogels in a
composition dependent manner (Figure 4). For hydrogel blends

with a fixed alginate concentration, an increase in chitosan
concentration and decrease in genipin concentration provide a
significant increase in free amine group concentration (2.7- and
3.4-fold increase for 0.25% and 0.5% alginate hydrogels,
respectively). Similarly, for hydrogel blends with fixed chitosan
and genipin concentration, a decrease in alginate concentration
resulted in a significant increase in free amine group
concentration (2.9-fold increase for 0.125% chitosan hydrogels).
Interestingly, for hydrogels where chitosan concentration is fixed,
alginate concentration is decreased, and genipin concentration is
increased, a significant increase in the concentration of free
amine groups is observed (2.3-fold increase for 0.25% chitosan
hydrogels).
Visualization of External Hydrogel Appearance and

Internal Hydrogel Structure. The external appearance

(Figure 5; left) and internal structure (Figure 5; right) of all
hydrogels were examined. Alginate hydrogels exhibit a trans-
parent appearance (Figures 5A and 5B), while the addition of
chitosan/genipin to hydrogels induces a blue hue in a manner
dependent on genipin concentration (Figures 5C-5F). Hydro-
gels fabricated with 0.125% chitosan and 0.1% genipin exhibit a
dark blue hue (Figures 5C and 5D). An increase in chitosan and
decrease in genipin to 0.25% and 0.05%, respectively, appears to
induce a slight lightening in hydrogel color (Figure 5E).
However, a further decrease in genipin concentration (0.01%
genipin; Figure 5F) produces a significantly lighter hydrogel,
which is light blue/green in appearance.
Scanning electron microscopy (SEM) images of the hydrogels

revealed a highly porous network (Figure 5; right). The addition
of chitosan/genipin appears to impact the number of pores as
well as their size in a concentration dependent manner. The
addition of 0.125% chitosan and 0.1% genipin appears to
produce a more open hydrogel morphology, with less pores of
greater size (Figures 5C and 5D). However, a further increase in
chitosan and decrease in genipin produces a hydrogel structure
containing a larger number of pores with smaller diameters
(Figures 5E and 5F), more closely resembling the structure of
alginate hydrogels. Pore size for all hydrogels is large enough to
allow for diffusion of media into the interior of the hydrogel, as
evidenced by the presence of phenol red within the interior of the
hydrogel during incubation experiments (data not shown).

Attachment Assays Demonstrate Composition De-
pendent Astrocyte Attachment and Clustering on the
Surface of Hydrogels. The addition of chitosan/genipin to
alginate hydrogels significantly affects the number of astrocytes
attached to the hydrogel surface as well as influences the
incidence of astrocyte clustering (Figure 6). Figures 6A-6C show
the proposed cross-linking mechanisms and observed cellular
interaction within alginate hydrogels (Figure 6A), composite
hydrogels with low chitosan and high genipin concentration
(Figure 6B), and composite hydrogels with high chitosan
concentration and low genipin concentration (Figure 6C).
Figures 6D-6F show fluorescent images of cells cultured on
hydrogels at 10X magnification, and Figures 6G-6I show
fluorescent images of cells cultured on hydrogels at 40X
magnification for alginate hydrogels (A25/C0/G0/Ca22; Figures
6D and 6G), composite hydrogels with low chitosan and high
genipin concentration (A25/C125/G1/Ca23; Figures 6E and 6H),
and composite hydrogels with high chitosan and low genipin
concentration (A25/C25/G05/Ca18; Figures 6F and 6I). Image
analysis was performed on 10X magnification images for all
hydrogel blends in order to determine the number of astrocytes
attached to the hydrogel surface (Figure 6J) and determine the
extent of cell cluster formation (Figure 6K) and the number of
cells within each cell cluster (Figure 6L). This is done to provide

Figure 4. Ninhydrin Assay. The number of free amine groups within
composite hydrogels is composition dependent. An increase in chitosan
concentration and decrease in genipin concentration leads to an increase
in the number of free amine groups. n = 3, mean ± standard deviations
(* denotes significance between connected groups. # denotes
significance between all groups.)

Table 2. Hydrogel Wet Weight Degradationa

% gel remaining

time point (days) A25/C0/G0/Ca22 A25/C125/G1/Ca23 A25/C25/G05/Ca18 A5/C0/G0/Ca22 A5/C125/G1/Ca24 A5/C25/G01/Ca20

1 65 ± 11 99 ± 3b 99 ± 3b 76 ± 3 104 ± 3b 95 ± 3b,c

5 54 ± 3 98 ± 1b 90 ± 4b 79 ± 6 100 ± 2b 97 ± 5b

14 0 82 ± 5b 92 ± 2b,c 0 85 ± 3b 95 ± 4b

28 0 0 0 0 0 60 ± 14b,c

aValues are provided as percentage of hydrogel remaining. n = 3, mean ± standard deviation. bDenotes significance between hydrogels with and
without chitosan/genipin. cDenotes significance between alginate/chitosan/genipin hydrogels with fixed alginate and differing chitosan
concentrations).
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an estimate of how densely cells pack together or spread out
along the hydrogel surface.
The addition of chitosan and genipin to alginate hydrogels

significantly increased the number of astrocytes attached to the
surface of hydrogel blends, in a concentration dependent manner
(Figure 6J). Astrocytes cultured on alginate hydrogels
demonstrate the lowest amount of cellular adhesion (298 ±
50.5 and 260 ± 57.8 cells/sample for 0.25% and 0.5% alginate
hydrogels, respectively), with the exception of A5/C25/G01/
Ca20 hydrogels (422 ± 77.8 cells/sample). The addition of
0.125% chitosan and 0.1% genipin to 0.25% alginate hydrogels
significantly increases the number of astrocytes attached to the
hydrogel surface (1253 ± 91.8 cells/sample). Increasing the
alginate concentration in these hydrogels decreases the number
of attached astrocytes (795 ± 95.5 cells/sample). However, a
further increase in chitosan concentration along with a decrease
in genipin concentration significantly decreases the number of
attached astrocytes when alginate concentration is kept constant
(715 ± 172 and 422 ± 77.8 cells/sample for 0.25% and 0.5%
alginate hydrogels, respectively).
Images were also analyzed to determine the clustering patterns

of astrocytes on the surface of each type of hydrogel blend
(Figure 6K). Astrocytes cultured on alginate hydrogels form
a relatively small number of clusters on the hydrogel surface
(74 ± 4.6 and 70 ± 16.1 clusters/sample for 0.25% and 0.5%
alginate hydrogels, respectively). Astrocytes cultured on hydrogels
containing 0.25% chitosan formed a statistically similar number of
cell clusters compared to alginate hydrogels (66 ± 10.5 and
55 ± 9.3 clusters/sample for 0.25% and 0.5% alginate hydrogels,
respectively). However, hydrogels fabricated with 0.125% chitosan
and 0.1% genipin exhibited a significantly higher number of cell
clusters when compared to all other hydrogels (383 ± 52.7 and
198 ± 41.1 clusters/sample for 0.25% an 0.5% alginate hydrogels,
respectively).

Astrocytes cultured on alginate hydrogels exhibit a small
number of cells/cluster (Figure 6L; 12± 2.3 and 12.5± 5.3 cells/
cluster/sample for 0.25% and 0.5% alginate hydrogels,
respectively) and appear to prefer to cluster together on the
hydrogel surface (Figures 6D and 6G). Hydrogels fabricated with
0.25% chitosan exhibit an increase in astrocyte attachment but no
change in the number of clusters compared to alginate hydrogels,
and thus astrocytes exhibit a high number of cells/cluster on
these hydrogel surfaces (33.5 ± 8.1 and 25.2 ± 4.7 cells/cluster/
sample for hydrogels containing 0.25% and 0.5% alginate,
respectively). Similar to alginate hydrogels, astrocytes on
hydrogels containing 0.25% chitosan tend to form dense clusters
rather than spread out across the entirety of the hydrogel surface
(Figures 6F and 6I). In contrast, astrocytes cultured on hydrogels
containing 0.125% chitosan form a large number of clusters
containing a relatively small number of cells (10.1± 1 and 12.2±
1.1 cells/cluster/sample for 0.25% and 0.5% alginate hydrogels,
respectively) and spread out along the entirety of the hydrogel
surface (Figures 6E and 6H). The schematics in Figures 6A-6C
detail the proposed cross-linking mechanisms within each type of
hydrogel and how this cross-linking behavior influences astrocyte
attachment to the hydrogel surface.

Protein Analysis Demonstrates Composition Depend-
ent GFAP Expression in Astrocytes Cultured on the
Surface of Hydrogels. Hydrogel composition has a significant
effect on the GFAP expression of astrocytes cultured on hydrogel
surfaces, in a composition dependent manner (Figure 7).
Figure 7A shows representative Western blots for the
intermediate filament GFAP, a protein that has been strongly
linked to the formation of reactive astrocytes in SCI, and the
loading control protein α-tubulin. Bands for the target GFAP
protein (indicated by an arrow) as well as extraneous bands due
to nonspecific antibody binding can be observed in the blots for
certain groups (Figure 7A). Figure 7B shows the results of
Western blot quantification displayed as the intensity ratio of

Figure 5. Images (left) and scanning electron micrographs (SEM; right) of alginate and composite hydrogels. A) A25/C0/G0/Ca22, B) A5/C0/G0/
Ca22, C)A25/C125/G1/Ca23, D) A5/C125/G1/Ca24, E) A25/C25/G05/Ca18, and F) A5/C25/G01/Ca20. For SEM micrographs: magnification
−300X, scale bar −100 μm.
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GFAP bands to α-tubulin bands, normalized to the expression of
astrocyte seeded on poly-D-lysine (PDL) coated glass substrates.
Astrocyte expression of GFAP is significantly affected by the

surface on which they are grown (Figure 7). Astrocytes grown on
PDL-coated glass exhibit the least GFAP expression, on average,
when compared to astrocytes cultured on all hydrogel surfaces
(Figure 7B). However, astrocytes cultured on alginate hydrogels
exhibit no significant increase in GFAP expression, compared to
astrocytes cultured on PDL-coated glass (1.13 ± 0.79-fold
increase). The concentration of chitosan/genipin added to
alginate hydrogels has a significant effect on theGFAP expression
in astrocytes that are cultured on top of composite hydrogels.
The addition of 0.25% chitosan and 0.01% genipin to 0.5%
alginate hydrogels results in a slight (but not statistically
significant) increase in the average GFAP expression of cultured
astrocytes, compared to astrocytes cultured on 0.5% alginate
hydrogels and PDL-coated glass (1.41 ± 0.58-fold increase,
relative to PDL-coated glass). A decrease in chitosan
concentration (0.25% to 0.125%) combined with an increase
in genipin concentration (0.01% to 0.1%) induces a significant
increase in GFAP expression, compared to both PDL-coated
glass and 0.5% alginate hydrogels (2.58 ± 0.23-fold increase,
relative to PDL-coated glass). However, there is no significant
difference in GFAP expression in astrocytes cultured on
chitosan/genipin containing hydrogels (1.41 ± 0.58 and

2.58 ± 0.23-fold increase, relative to PDL-coated glass for
composite hydrogels containing 0.25%/0.01% and 0.125%/0.1%
chitosan/genipin, respectively).

4. DISCUSSION

Hydrogel GelationMechanisms andCharge Character-
istics. Alginate/chitosan/genipin biomaterial systems have been
previously utilized for the production of microcapsules for oral
drug delivery42 as well as stiff hydrogel discs for the delivery of
drugs within the gastric system using N,O-carboxymethyl
chitosan.43 However, these materials were designed for use as
drug delivery scaffolds, without regard to their mechanical
properties and cellular interaction. In this study, we report a
novel fabrication technique for the manufacture of a soft,
injectable hydrogel capable of responding to millimolar changes
in Ca2+ concentration in an in situ gelation model. By controlling
the degree of different types of cross-linking, elastic moduli can
be maintained and degradation rate, charge character, pore
structure, and astrocyte interaction can be tuned by altering
hydrogel composition. There are four types of cross-linking
exhibited within composite hydrogels in this study: alginate/
Ca2+, alginate/chitosan, chitosan/genipin, and genipin/genipin.
Alginate cross-links with divalent cations such as Ca2+ by
sequestering Ca2+ between guluronic acid residues to bind
together polymer chains.44,45 The properties of the resulting gel

Figure 6. Astrocyte interaction within different hydrogel blends. A-C) Schematics detailing the proposed internal cross-linking nature of hydrogels and
cellular interaction for A) alginate hydrogels, B) composite hydrogels with low chitosan and high genipin concentrations, and C) composite hydrogels
with high chitosan and low genipin concentration. D-I) Representative fluorescent images of astrocytes attached to different hydrogel blends: D,G)
A25/C0/G0/Ca22, E,H) A25/C125/G1/Ca23, and F,I) A25/C25/G05/Ca18 (D-F: 10X Magnification, scale bar −300 μm G-I: 40X Magnification,
scale bar −100 μm. Green − Calcein AM, Blue −Hoechst 33342. J-L) Analysis performed on 10X fluorescence images detailing J) the number of cells
per sample, K) the number of clusters per sample, and L) the number of cells per cluster per sample for each hydrogel blend. n = 3, mean ± standard
deviation (Bars with the same letters represent groups in which no statistical differences were observed, while bars with different letters are statistically
different from one another.)
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are dependent on alginate concentration, co-polymer ratio,
molecular weight, and Ca2+ concentration. Naturally, this
method of cross-linking is limited by the amount of available
cross-linking sites, implying a theoretical saturation point where
the addition of further Ca2+ will no longer enable cross-linking to
occur within the hydrogel.25

Additional cross-linking occurs between chitosan and alginate
due to the precipitation of alginate/chitosan polyelectrolyte
complexes.46 Alginate/chitosan polyelectrolyte complex forma-
tion is proposed to occur by charge neutralization of the carboxyl
and amine groups on alginate and chitosan backbones,
respectively.47 It is possible that polyelectrolyte complex
formation may occur between amine groups on the chitosan
chain and carboxyl groups on guluronic acid residues, interfering
with the potential for alginate to cross-link with divalent cations
such as Ca2+.
The addition of genipin adds another dimension of cross-

linking within hydrogels. Genipin induces cross-linking within
hydrogels fabricated from many different types of polymers
including collagen, chitosan, and fibrin.48,49 Genipin forms cross-
links through a reaction with primary amine groups to produce
a secondary form of genipin that exhibits a strong blue color.50

The rigid structure enforced on chitosan chains by covalent

cross-linking limits access to ionic binding sites and may limit the
potential for alginate/chitosan polyelectrolyte formation.18

However, this effect is dependent on genipin concentration, as
the amount of free amine groups is decreased as the amount of
genipin is increased. Furthermore, genipin has the ability to
cross-link with itself and form polymerized genipin chains of
varying length.51 This allows for a variety of chemical cross-link
patterns between chitosan chains that increase resistance to
degradation by reducing access to enzymatic degradation sites.
For each hydrogel blend, the Ca2+ concentration within the

hydrogel was adjusted during fabrication in order to provide the
desired elastic modulus. It is possible that addition of chitosan
and genipin to alginate hydrogels limits efficiency of alginate/Ca2+

binding by limiting the number of consecutive alginate/Ca2+

binding sites through chain entanglements and alginate/chitosan
polyelectrolyte complex formation. The relatively high genipin
concentration in hydrogels containing 0.125% chitosan may
facilitate the formation of genipin/genipin cross-links between
chitosan chains, further preventing formation of long regions of
alginate/Ca2+ cross-linking. Conversely, when chitosan concen-
tration is increased to 0.25% and genipin concentration is
decreased, the Ca2+ concentration needed to prevent a significant
change in the elastic modulus is reduced compared to hydrogels
fabricated with the same alginate concentration. Increasing
chitosan concentration and decreasing genipin concentration
provides a higher concentration of free amine groups on the
chitosan backbone and would likely lead to increased alginate/
chitosan polyelectrolyte complex formation, compared to
hydrogels fabricated with smaller chitosan or higher genipin
concentrations. Increased polyelectrolyte complex formation
would likely utilize carboxyl motifs from alginate guluronic acid
residues to increase cross-linking density between alginate and
chitosan chains. This would likely increase the elastic modulus of
the material and lower the Ca2+ concentration necessary to
prevent a significant change in elastic modulus.
The different cross-linking motifs exhibited within our

hydrogel influence the availability of charged groups on chitosan
and alginate and in turn affect the charge of the hydrogel as a
whole. Thus, the charge character of composite hydrogels is
largely dependent on hydrogel composition and internal cross-
linking structure. Figures 6A-6C provide a schematic diagram for
the proposed cross-linking mechanisms within each type of
hydrogel blend and demonstrate how internal cross-linking may
affect astrocyte attachment and hydrogel electrical charge. Our
study demonstrated that when chitosan and genipin concen-
trations were kept constant, a decrease in alginate concentration
caused a significant increase in free amine group concentration.
This indicates that alginate chains are likely forming polyelec-
trolyte complexes with chitosan amine groups and decreasing
positive hydrogel charge. Interestingly, for hydrogels with
constant chitosan concentration, a decrease in alginate
concentration supplemented with an increase in genipin
concentration demonstrates a smaller increase in free amine
group concentration compared to when genipin concentration
was unchanged. This is not unexpected, as the resultant decrease
in alginate/chitosan polyelectrolyte complex formation frees up a
number of amine groups that can be utilized for chitosan/genipin
cross-link formation. Similar behavior is observed when chitosan
concentration is varied. When alginate concentration is kept
constant, chitosan concentration is doubled and genipin
concentration is decreased from 0.1% to 0.01%, a 3.4-fold
increase in free amine group concentration is observed for
composite hydrogels containing 0.5% alginate. Similarly, when

Figure 7.GFAPexpression in astrocytes cultured ondifferent hydrogels. A)
Representative Western blots showing the GFAP and α-tubulin
expression in astrocytes cultured on poly-D-lysine coated glass or
hydrogels with different polymer compositions. B) Quantitative analysis
performed on Western blots demonstrating the relative GFAP
expression in astrocytes cultured on different surfaces. n = 3, mean ±
standard deviation. (Bars with the same letters represent groups in
which no statistical differences were observed, while bars with different
letters are statistically different from one another.)
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the genipin concentration was decreased from 0.1% to 0.05%, a
2.7-fold increase was observed for composite hydrogels
containing 0.25% alginate. This indicates the concentration of
genipin within alginate/chitosan/genipin hydrogels significantly
impacts chitosan cross-linking and the bulk charge characteristics
of hydrogels.
Furthermore, the dominant method of cross-linking within

each hydrogel blend significantly affects hydrogel degradation
rate. For alginate hydrogels, a relatively linear decrease in
percentage of gel remaining is observed throughout the entirety
of degradation. Surface degradation would likely dominate, as the
dissociation of alginate/Ca2+ cross-links on the hydrogel surface
would promote dissolution of alginate chains before Ca2+ ions
can diffuse out of the hydrogel bulk. The inclusion of chitosan/
genipin would promote the formation of alginate/chitosan
polyelectrolyte complexes and chitosan/genipin cross-links,
helping to keep the hydrogel intact for a longer period of time
as Ca2+ ions diffuse out of the hydrogel bulk. Eventually, enough
Ca2+ has diffused out of the gel that the hydrogel bulk is no longer
stable and quickly degrades. This may be the reason that many
alginate/chitosan hydrogels degrade slowly initially and then
quickly degrade between days 14 and 21.
Rheological Characterization and Modeling of in Situ

Hydrogel Behavior. Increased extracellular Ca2+ following
initial trauma is linked to an increased incidence of neuronal
apoptosis,7,8 and interventions aimed at lowering extracellular
Ca2+ or preventing cellular uptake demonstrate a decrease in
secondary neuronal cytotoxicity.9,10 One of the main efforts of
this study was to develop and characterize a hydrogel that would
interact with extracellular Ca2+ present within cerebrospinal fluid
to spur in situ gelation. In order to approximate in situ gelation,
hydrogels were exposed to CSF-like media at 37 °C containing
either normal (1.8 mM) or elevated (6 mM) Ca2+ concen-
trations. Following incubation, rheological analysis was per-
formed on hydrogels to determine if incubation in Ca2+

containing media provides a change in viscoelastic behavior
and promotes interaction with Ca2+ ions present within the
incubation media.
Alginate hydrogels fabricated in this study demonstrate

sensitivity to changes in CaCl2 concentration as small as 1 mM
(Figure 1A, 1B). For both 0.25% and 0.5% alginate hydrogels, an
increase in Ca2+ concentration during fabrication results in a
significant increase in elastic modulus (Figure 1A, 1B). This
implies that, at these Ca2+ concentrations, alginate/Ca2+ cross-
linking sites are not saturated and that the majority of Ca2+ ions
included during fabrication are being utilized for cross-linking.
Furthermore, this implies that a number of guluronic acid
residues remain available for Ca2+ cross-linking. Due to the
homogenous nature of our material, it is highly likely that un-
cross-linked guluronic acid residues are exposed to the
surrounding Ca2+ containing solution and are available for
further cross-linking.
Previously, in situ gelation of alginate hydrogels for ophthalmic

drug delivery was observed using simulated tears containing
approximately 0.5 mM CaCl2.

13 The extent of hydrogel gelation
was dependent on the composition of alginate polymers.
Significant gelation in situ was observed only with higher
concentrations (>0.5%) of alginate polymer modified to exhibit a
high concentration of guluronic acid residues (>65%).
Furthermore, upon injection, the outer surface of the alginate
solution cross-links instantaneously upon contact with the
simulated tear solution. This promotes the formation of a strong
cross-linking gradient within the hydrogel and makes the

formation of a homogenously cross-linked hydrogel difficult.
Additionally, this cross-linking method is more likely to saturate
the alginate/Ca2+ cross-linking sites on the hydrogel surface and
significantly decrease diffusion within the hydrogel. For example,
hydrogels that were able to gel in situ within simulated tear
solution demonstrated the lowest drug release rate. A hydrogel
material that demonstrates homogenous physical and mechan-
ical behavior would provide a significant benefit, as heteroge-
neous hydrogel properties could lead to unintended and variable
cellular behavior in vivo. Using the novel fabrication method
described within the text, we have developed an alginate based
hydrogel system that exhibits consistent, homogenous, and
controllable physical and mechanical properties while maintain-
ing the ability to interact within Ca2+ ions present in the
surrounding media.
Rheological studies demonstrate that these hydrogels are able

to interact with calcium ions at a concentration as low as 1.8 mM
in an in situ gelation model (Figure 2, Supplemental Figure 3).
The linear viscoelastic limit (LVE) of a viscoelastic material is
defined as the highest strain value that can be applied to a
material before observing a change in elastic modulus. In the
context of hydrogel materials, the magnitude of the LVE limit is
associated with the structural stability of the material, the
transition from a solid to a liquid like phase and material break
down. For highly ordered structures, such as cross-linked
hydrogels, a change in the magnitude of the LVE limit could
indicate a change in the internal cross-linking structure of the
hydrogel material. Rheological analysis demonstrated that all
hydrogels tested within this study exhibit an increase in
magnitude of the LVE limit after being incubated in media
containing either normal (1.8 mM) or elevated (6 mM) levels of
Ca2+ for a period of either two or five days at a temperature of
37 °C (Figure 2, Supplemental Figure 3). Control hydrogels that
were incubated at 37 °C for their respective gelation time (in
order to stabilize temperature dependent changes in viscoelastic
behavior) exhibited a similar increase in elastic modulus but
exhibited a lower LVE limit. Neurobasal incubation media used
in this study contains various amino acids and vitamins used to
promote cell growth, in addition to inorganic salts. Due to its
charged nature, alginate has been shown to form polyelectrolyte
complexes with other oppositely charged materials including
poly (L-lysine).52 While this type of polyelectrolyte formation
would not likely increase cross-linking between alginate chains, it
is possible that this type of bond formation would alter hydrogel
mechanical behavior by increasing chain entanglements and
decreasing the potential for structural cross-linking. Further-
more, hydrogels incubated with media containing either Ca2+

concentration exhibit an extended period of solidlike behavior
above the LVE limit, demonstrating a significant resistance to
solid-liquid phase change (Figure 2, Supplemental Figures 2 and 3).
This provides further evidence for an increase in structural integrity
and a change in the cross-linking behavior of hydrogels following
incubation in Ca2+ containing media. Swelling of alginate hydrogels
is significantly influenced by salt concentrations within the hydrogel
and surrounding media.53 Swelling was observed for all hydrogels
during both degradation and in situ gelation experiments and would
likely assist in the movement of Ca2+ ions into the hydrogel.
Furthermore, rheological characterization demonstrated that the act
of injection changes the mechanical behavior of hydrogels (data not
shown). It is possible that shear thinning during injection induces a
change hydrogel structure that allows for easier diffusion ofCa2+ into
the hydrogel or allows for greater Ca2+ interaction within alginate
cross-linking sites on the surface of the hydrogel. Injected hydrogels
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were utilized for all experiments performed within this study.
Together, these results provide evidence that alginate and composite
hydrogels are capable of interacting with Ca2+ in our in situ gelation
model to increase hydrogel stability by promoting further hydrogel
cross-linking.
In order to determine how exposure to Ca2+ concentrations in

CSF might influence the ultimate elastic modulus (UEM) of
hydrogel blends, time tests were performed on hydrogels using
our in situ gelation model with normal (1.8 mM) and elevated
(6 mM) Ca2+ concentrations (Figure 3). The change in UEM
following incubation is strongly influenced by the concentration
of Ca2+ within the incubation media and the dominant type of
cross-linking within each hydrogel. An increase in Ca2+

concentration within the incubation media would decrease the
concentration gradient between the hydrogel and incubation
media. Hydrogels exposed to elevated Ca2+ levels demonstrate
no significant decrease in UEM at all time points (Figure 3).
However, the rate of UEM decrease for hydrogels exposed to
normal Ca2+ varies significantly depending on hydrogel
composition and the dominant type of cross-linking within
each type of hydrogel. For alginate hydrogels (A5/C0/G0/Ca0,
Figure 3A), alginate/Ca2+ cross-linking is the only cross-linking
mechanism present and because of the Ca2+ concentration
gradient, the magnitude of UEM decreases quickly. When a low
concentration of chitosan and a high concentration of genipin
(A5/C125/G1/Ca24, Figure 3B) are added to alginate hydro-
gels, chitosan/genipin cross-linking dominates. A lesser amount
of free amine groups remain on chitosan chains to interact with
the alginate polymer, allowing for significant alginate/Ca2+ cross-
linking to remain. While the Ca2+ concentration gradient allows
significant degradation to take place, chitosan/genipin cross-
linking, and to a lesser extent alginate/chitosan polyelectrolyte
formation, maintains the UEM of the hydrogel for a longer
period of time. When chitosan concentration is increased and
genipin concentration is decreased (A5/C25/G01/Ca20, Figure 3C),
alginate/chitosan polyelectrolyte complex formation dominates,
providing a significant amount of structural integrity to the
hydrogel in the presence of decreasing alginate/Ca2+ cross-
linking, significantly inhibiting a decrease in UEM. It should be
noted that the decreased elastic modulus exhibited by incubated
hydrogels falls within the range reported for native CNS tissue.
Astrocyte Behavior and Drug Delivery Applications.

Numerous hydrogel systems have been fabricated with the goal
of increasing neuronal regeneration and neurite outgrowth
following traumatic SCI.2,3 However, the particular hydrogel
material revealed here is designed with the intention of
interacting with astrocytes in the acute spinal cord environment.
A few studies have utilized hydrogel systems to decrease
astrocyte activation and glial scar formation within in vivo
models of SCI.27,33 In one study, Khaing et al.33 injected a high
molecular weight hyaluronic acid hydrogel into a rat T8
hemisection SCI model and observed a significant decrease in
glial fibrillary acidic protein (GFAP) positive cells and total
chondroitin sulfate proteoglycans (CSPG) deposition. Similarly,
Jain et al.27 injected an in situ gelling agarose hydrogel containing
brain derived neurotrophic factor into a similar animal model and
observed a decrease in GFAP and CS-56 (CSPG) staining within
the lesion site. Neuronal and glial cells respond differently to the
properties of their substrate, including material stiffness.
Differentiation of adult neural stem cells (aNSC) favored a neuronal
phenotype when cultured on softer substrates (100−500 Pa), while
substrates with an elastic modulus above 1 kPa promoted the
formation of glial cultures.54,55 These results suggest that our

hydrogels may be supportive of glial cell function immediately after
injection when their elastic modulus is relatively high and become
increasingly supportive of axonal sprouting at longer incubation
times as their elastic modulus decreases. Furthermore, hydrogel
degradation has been demonstrated to facilitate the extension of
neuronal process in some hydrogel systems.56−58

Promoting positive interaction between astrocytes and
biomaterials within the spinal cord environment is critical for
the success of any biomaterial-based SCI treatment. Astrocytes
are often the first support cells to migrate into the biomaterial
scaffold, and axonal regeneration is often observed following
astrocyte migration into scaffolds.34−36 Additionally, a material
that is incompatible with astrocytes may promote the formation
of reactive astrocytes, encourage formation of the glial scar, and
ultimately inhibit axonal regeneration and discourage functional
recovery. Furthermore, by promoting astrocyte attachment to
the hydrogel surface, the potential for our hydrogel system to be
used as a vehicle for delivery of therapeutic agents to astrocytes in
the lesion site may be improved.
Astrocyte behavior in response to culture on hydrogel surfaces

is highly dependent on hydrogel composition (Figures 6 and 7).
By altering hydrogel composition, the amount of astrocyte
attachment and the degree of astrocyte reactivity can be
controlled. It is proposed that the dominant type of cross-
linking within hydrogels is largely responsible for the differences
observed in astrocyte interaction with the hydrogel surface
(Figures 6A-6C). Astrocytes cultured on alginate hydrogels
exhibited very low cellular attachment and demonstrated no
significant increase in GFAP expression compared to astrocytes
cultured on poly-D-lysine coated glass (Figures 6J and 7B). This
is not an unexpected result, as the highly negatively charged
nature of alginate inhibits astrocyte interaction with the hydrogel
surface. The addition of 0.25% chitosan and 0.01% genipin to
alginate hydrogels results in a similar number of astrocytes
attached to the hydrogel surface, as compared to alginate only
hydrogels (Figure 6J). However, a significant increase in number
of cells per cluster was observed when astrocytes were seeded on
hydrogels of this type. This clustering behavior was initially
believed to be a result of the transition of cultured astrocytes to a
reactive state and an increase in astrocyte proliferation. However,
no significant increase in GFAP expression was observed in
astrocytes cultured on hydrogels of this type, compared to
alginate hydrogels and PDL coated glass. Astrocyte proliferation
is observed in many types of CNS trauma and is highly correlated
with severe astrogliosis and an increase in GFAP expression.59

Healthy or mildly reactive astrocytes demonstrate relatively less
GFAP expression and little to no proliferation.60 Thus, it is
unlikely that the clustering behavior observed on these hydrogels
is caused by an increase in reactive astrocyte proliferation and is a
result of cross-linking behavior within these hydrogels. The
relatively low concentration of genipin (0.01%) leads to a high
number of free amine groups (Figure 4) and the likely formation
of alginate/chitosan polyelectrolyte complexes. The neutral
charge of these polyelectrolyte complexes would likely be
incompatible with astrocyte attachment, creating large sections of the
hydrogel surface that are inhibitory for astrocyte attachment. This
may be the reason that low attachment (Figure 6J) and high
clustering of astrocytes (Figures 6K and 6L) is observed on these
hydrogels blends, despite an overall higher positive charge (Figure 4).
A decrease in chitosan concentration (0.25% to 0.125%) along

with an increase in genipin concentration (0.01% to 0.1%)
provides a significant change in the behavior of astrocytes
cultured on the hydrogel surface (Figures 6 and 7). Astrocytes
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cultured on top of these hydrogels exhibit the highest amount of
attachment, compared to alginate hydrogels and composite
hydrogels with 0.25% chitosan and 0.01% genipin. In addition,
astrocytes cultured on these hydrogels exhibit a significantly
higher GFAP concentration than those cultured on alginate
hydrogels or PDL-coated glass. Together, these results suggest
that this hydrogel composition is promoting the transition of
cultured astrocytes to a more reactive state, leading to a
subsequent increase in astrocyte proliferation or that the
hydrogel is more amenable to astrocyte attachment and astrocyte
activation is a consequence of better astrocyte attachment.
Astrocyte attachment is observed over the entirety of the
hydrogel surface for hydrogels fabricated with 0.125% chitosan
and 0.1% genipin, implying a more homogenous distribution of
free amine groups on the hydrogel surface. The relatively high
level of genipin would increase cross-linking between chitosan
chains and increase the incidence of genipin/genipin cross-
linking. Furthermore, the presence of large clusters of free amine
groups would be limited, reducing the formation of large
domains of alginate/chitosan polyelectrolyte complexes on the
hydrogel surface. Together, these results demonstrate that
hydrogel composition directly influences astrocyte attachment
and activation in a composition dependent manner.
Composite images of astrocytes costained with Calcein-AM

and Hoechst 33342 were created in order to determine if culture
on alginate/chitosan/genipin hydrogels causes significant cell
death. Calcein AM is a live cell stain that requires cellular
metabolism to produce fluorescence, and Hoechst 33342 is
capable of crossing the cellular membrane in both live and dead
cells. Thus, cells that are costained were considered alive, while
cells stained with only Hoechst 33342 were considered dead.
Qualitative visualization showed a high correlation between
Hoechst 33342 and Calcein AM staining. Furthermore, the
concentrations of genipin used within the study are equal to or
below that which has been previously used in other studies that
have utilized genipin as a cross-linking agent in chitosan
containing hydrogels.18,19 These studies demonstrated signifi-
cant cellular proliferation and no significant cytotoxic effects for a
variety of cell types after addition of genipin to the hydrogels.
Additionally, our hydrogel blend was fabricated to interact

with growth inhibitory Ca2+ levels in postinjury CSF not only to
facilitate gelation in situ but also to help buffer out excess Ca2+ in
an effort to reduce secondary neuronal damage during the acute
and subacute phases of SCI. By reducing the magnitude of the
initial increase in Ca2+ within CSF during the acute phase of SCI,
the degree of excitotoxic secondary neuron damage would be
limited. Furthermore, based on the degradation rate of alginate/
chitosan hydrogels, the concentration of Ca2+ ions being released
from the degrading hydrogel is unlikely to be significantly
cytotoxic. Ca2+ ions would be slowly released from the degrading
hydrogel into the surrounding CSF where cellular mitochondrial
storage and astrocytic connections to the vascular system
through the blood brain barrier would work to prevent the re-
establishment of cytotoxic calcium levels. This also implies that
this hydrogel system should be employed as soon as possible
following the initial injury in order to be maximally effective.
These results provide for an interesting potential drug delivery

application for our hydrogels during the acute/subacute phase of
SCI. During these phases of SCI, astrocytes undergo a series of
morphological changes and exhibit significantly modified protein
expression in a process termed reactive astrogliosis.59 A long
term consequence of reactive astrocyte formation is the
upregulation in production of neuronal growth inhibitory

CSPGs and formation of a glial scar around the lesion site.61 A
number of studies have assessed the ability of different
therapeutic agents to reduce the inhibitory nature of the glial
scar.62,63 Favorable astrocyte adhesion to hydrogels allows for
astrocytes to remain in a position to readily interact with any
therapeutic agents released. Furthermore, a material that allows
for astrocyte adhesion without inducing significant reactive
astrocyte formation would provide a significant advantage in
preventing glial scar formation. All hydrogel blends examined in
this study were degraded within the subacute time frame of SCI,
demonstrating the potential for therapeutic delivery aimed at
controlling reactive astrogliosis and CSPG content within the
subacute phase of SCI. We hypothesize that our hydrogel may be
a suitable platform for the delivery of therapeutic agents during
the acute/subacute phase of SCI in order to reduce reactive
astrogliosis and glial scar formation and encourage axonal
extension into the lesion site.

5. CONCLUSIONS
The physical characteristics of alginate/chitosan/genipin
composite hydrogels were characterized using small amplitude
oscillatory shear rheology, degradation and ninhydrin assays, and
scanning electron microscopy. Our results demonstrated that
alginate/chitosan/genipin hydrogels with different compositions
could be fabricated to exhibit elastic moduli similar to native
spinal cord tissue. By altering hydrogel composition, the positive
charge character and degradation rate of the hydrogels is variable.
Alginate/chitosan/genipin hydrogels incubated in Ca2+

containing, CSF-like media exhibited changes in mechanical
behavior indicative of a change in the internal cross-linking
structure of hydrogels in an in situ gelation model. The addition
of chitosan and genipin to alginate hydrogels significantly
increased hydrogel degradation time in a concentration depend-
ent manner. Furthermore, addition of chitosan and genipin to
alginate hydrogels resulted in a more positively charged hydrogel
in a concentration dependent manner, indicating that hydrogel
charge character can be tuned by adjusting the relative
concentrations of chitosan and genipin. Astrocytes cultured on
hydrogels containing chitosan and genipin demonstrated an
increase in astrocyte attachment, relative to alginate hydrogels.
However, this behavior decreased with increasing chitosan and
decreasing genipin concentration. Additionally, astrocyte GFAP
expression was dependent on hydrogel composition. An
increased amount of GFAP was produced in astrocytes cultured
on hydrogels demonstrating the highest degree of astrocyte
attachment. This indicates that the positive charge character of
the hydrogel may not be the most important factor in astrocyte
compatibility, and the method of hydrogel cross-linking plays an
important role in controlling astrocyte adhesion and reactivity.
Together, these results demonstrate that alginate/chitosan/
genipin hydrogels show great promise for facilitating interaction
with and delivering therapeutic agents to astrocytes within the
acutely injured spinal cord as well as providing a means to
decrease Ca2+ related secondary neuronal damage.

■ ASSOCIATED CONTENT
*S Supporting Information
Figures S1 and S2 show the viscous modulus and phase angle
complementary to the elastic modulus data provided in Figure 2
for hydrogels that underwent in situ gelation modeling with
1.8 mM Ca2+. Figure S3 provides elastic modulus, viscous
modulus, and phase angle from strain sweeps of hydrogels that
underwent in situ gelation modeling with 6 mM Ca2+. Figure S4
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provides the complete degradation profiles for all hydrogel
blends. This material is available free of charge via the Internet at
http://pubs.acs.org.
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