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Abstract

Although hydrogels now see widespread use in a host of applications, low fracture toughness and
brittleness have limited their more broad use. As a recently described interpenetrating network
(IPN) of alginate and polyacrylamide demonstrated a fracture toughness of 9000 J/m?2, we
sought to explore the biocompatibility and maintenance of mechanical properties of these
hydrogels in cell culture and /n7 vivo conditions. These hydrogels can sustain a compressive strain
of over 90% with minimal loss of Young's Modulus as well as minimal swelling for up to 50 days
of soaking in culture conditions. Mouse mesenchymal stem cells exposed to the IPN gel-
conditioned media maintain high viability, and although cells exposed to conditioned media
demonstrate slight reductions in proliferation and metabolic activity (WST assay), these effects are
abrogated in a dose-dependent manner. Implantation of these IPN hydrogels into subcutaneous
tissue of rats for 8 weeks led to mild fibrotic encapsulation and minimal inflammatory response.
These results suggest the further exploration of extremely tough alginate/PAAM IPN hydrogels as
biomaterials.

Introduction

Hydrogels are now ubiquitous in their use in a wide range of fields. The availability of both
natural and synthetic variants, the ability to be mechanically and chemically tuned, and the
prospect of simultaneously controlling mechanical, chemical, and biological responses all
promote hydrogels' use in applications ranging from medical devices, to microfluidics, to
household products [1]. However, many hydrogels tend to be brittle, and mechanical
limitations have thus precluded their more effective use in applications such as ligament and
tendon prostheses, or soft robotic actuators [2]. For example, most hydrogels exhibit fracture
toughness of less than 100 J/m?2, an order of magnitude lower than that of cartilage [3].
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Efforts to surmount these mechanical challenges have included the design of hybrid
hydrogels, consisting of interpenetrating networks (IPN] of two different polymers. This
approach follows the paradigm that the toughness of a hydrogel can be increased in
conjunction with the elastic modulus by adding elements into the system that dissipate
energy when strained [4]. Initial attempts at such material designs included IPNs of two
covalently crosslinked networks, but these materials were limited as the covalent crosslinks
were permanently broken with high strain, precluding repeated loading with the same
toughness [4]. More recent approaches have combined covalently and ionically crosslinked
polymers, although the highest achievable fracture toughness with those formulations is
1000 J/m? [4-6].

Recently, a new hydrogel consisting of an IPN of alginate and polyacrylamide (PAAM) was
reported which displays remarkable mechanical properties [7]. One advantage of this
material is its incorporation of two, well-characterized materials, alginate and PAAM.
Alginate is a naturally-derived polymer, attractive for, among other properties, its ease of
chemical modification, controllable degradation, and self-healing properties when ionically
cross-linked [8]. PAAM has long been used in contact lenses, and its hydrophilic and bio-
inert nature makes it attractive for biomedical applications, among others [9, 10]. The
mechanical properties of these new hydrogels are striking. For example, they provide a
fracture toughness of 9000 J/m?, an order of magnitude tougherthan cartilage and on the
order of natural rubber [11]. An optimal formulation of the hydrogel can stretch to over
twenty times its original length, and even, when subjected to a notch defect, stretch to over
seventeen times its original length [7]. This gel exhibits three mechanisms that likely
contribute to its toughness, whereas previous gels have only met two or fewer of these
criteria [4, 5, 7]. First, the ionically-crosslinked alginate component provides an energy
dissipation mechanism upon straining. Secondly, the long polyacrylamide polymer chain
allows for crack bridging and hence maintenance of mechanical integrity once the ionic
crosslinks are broken. Thirdly, secondary crosslinks that form between the alginate and
polyacrylamide networks allow for force transfer between the two [7]. These properties
suggest the potential for the use of these gels in a variety of applications, including
orthopedic applications as a prosthetic, non-scaffold material, where their notch-insensitive
nature could potentially be exploited to be compatible with suturing. In addition, in
orthopedic applications, the failure mode of many materials, both natural and implanted, is
fracture, and the high fracture toughness of these gels directly addresses that limitation [12].

Although PAAM is widely used in biomedical applications, toxicity of its monomer,
acrylamide, has been documented [13]. Before exploiting these gels for biomedical
applications, it is necessary to characterize their biocompatibility, as well as maintenance of
mechanical properties when subjected to physiologic conditions. Here, we fabricate alginate/
PAAM IPN hydrogels optimized for toughness and provide the first demonstration of the
mechanical properties of these materials in compression. The effect of incubation in cell
culture medium is then examined. The /n vitro viability, metabolic activity, and proliferation
of mouse mesenchymal stem cells is explored when cultured in media conditioned by these
gels, due to the presence of these cells in orthopedic settings, a potential application area of
these gels. Finally, the /n vivoimmunogenicity of the hydrogel is examined by histology of
gels implanted in subcutaneous pockets in male Lewis rats.

Materials and Methods

Cell Culture

Unless otherwise stated, D1 mouse mesenchymal stem cells (ATCC) were cultured in
Dulbecco's Modified Eagle Medium (DMEM, Lonza) with 10% Fetal Bovine Serum and
1% Penicilin/Streptomycin in a 37°C, 5% CO» environment.
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Sample Preparation

Alginate/PAAM hybrid gels were prepared as previously described [7]. Alginate (Protanol
LF 20/40, FMC Technologies) and acrylamide (Invitrogen) were dissolved in water in a 1:6
ratio in order to achieve a final polymer concentration of 14% in the gel. This solution was
rapidly mixed with N,N-methylenebisacrylamide (Invitrogen) as the acrylamide crosslinker,
calcium sulfate slurry (Sigma) as the alginate crosslinker, N,N,N’,N’-
tetramethylethylenediamine (Invitrogen) as the acrylamide crosslinking accelerator and
ammonium persulfate (Sigma) as an acrylamide crosslinking photoinitiator. For the /n vitro
proliferation and metabolic activity assays, the gels were prepared with two different
acrylamide crosslinking densities: 0.06 wt% N,N-methylenebisacrylamide relative to
acrylamide, referred to as “optimal” and 0.03 wt%, referred to as “low.” The optimal
crosslinking density was used in all other IPNs. This mixture was poured into a glass mold
and exposed to a 254 nm light source for 1 hour. The alginate crosslinking was then allowed
to complete overnight before gels were removed from the mold.

PAAM and alginate gels were also prepared as controls, using the same weight percentage
polymer as in the hybrid gels. Before testing, gels were washed for 30 hours in serum-free
DMEM (Lonza).

Two different schemes were to used in the cytotoxicity tests, and will be referred to as 1)
cumulative, and 2) snapshot. The general paradigm was to condition cell culture media by
soaking gels in the media for various time points and then assaying the media for its impact
on cultured cells.

In the first scheme, at time zero, three circular gels (3mm thick, 8mm diameter) per time
point were placed in 25 mL complete cell culture media (DMEM, 10% Fetal Bovine Serum,
1% penicillin/streptomycin) and were placed in a 37°C, 5% CO» environment. At the time
points of interest, the gels were removed from the media, which was then frozen. After all
time points had been completed, the media was thawed and used as the cell culture media
for the assays to follow, described below. Hence, this scheme examines potential cumulative
release or degradation products.

In the second scheme, at time zero, fifteen circular gels (3mm thick, 8mm diameter) per time
point were placed in 35 mL complete cell culture media (DMEM, 10% Fetal Bovine Serum,
1% penicillin/streptomycin) and were placed in a 37°C, 5% CO» environment. At the time
points of interest, three gels were removed from the media, and were transferred to 35 mL
fresh complete media for three days, which was then collected and frozen. After all time
points had been completed, the media was thawed and used as the cell culture media for the
assays to follow, described below. Hence, this scheme examines snapshots of potential
release or degradation.

In Vitro Cytotoxicity Assay

The WST assay is a cytotoxicity assay comparable to the MTT assay. For the conditioned
media collected via both schema described above, the WST assay (Millipore) was performed
per the manufacturer's instructions after seeding 5000 D1 cells/well in 100 yL complete
culture media in 96 well plates for 8 hours before changing to 100uL conditioned media for
72 hours prior to the assay. The plates were read measuring absorbance at 450nm using a
BioTek plate reader. Time points were chosen as to span a range during which any release of
unincorporated reagents or degradation products would be expected.
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In Vitro Proliferation Assay

In 24 well-plates, D1 cells were seeded at 5000 cells/well in 500 yL complete media and
allowed to adhere for 6 hours in standard cell culture conditions. Media was changed to
conditioned media from both schema and after 72 hours, cells were trypsinized and counted
using a Coulter Counter Z2 (Beckman Coulter). Time points were chosen as to span a range
during which any release of unincorporated reagents or degradation products would be
expected.

Live/Dead Staining

For the 50-day time point in the second scheme, cells were cultured as in the proliferation
assay. Instead of counting, however, live/dead staining was performed using the Live/Dead
Kit (Life Technologies) per the manufacturer's instructions. Fluorescence images were
acquired using 488 nm and 514 nm excitation channels.

Compression Testing

For testing the maintenance of elastic moduli of gels in culture conditions, gels were soaked
for various times as described in Scheme 1. Upon removal from the media, gel dimensions
were measured with calipers and the gels were subjected to compression tests using a
mechanical testing apparatus (Instron Model 3342), with a 50N load cell, a compressive
strain rate of Imm/min, and no preload. Young's Modulus was calculated from the slope of
the linear region of the resulting true stress/true strain curve. For testing the compressive
properties of the gels outside of culture conditions, cylindrical gels 30mm in diameter and
12mm high were cast and tested as above, but the strain was terminated at a 90% strain and
a 1000N load cell was used.

High Performance Liquid Chromatography

IPN gels were fabricated and washed as described above, and placed in sterile PBS in cell
culture conditions for 40 days. At this point, the gels were removed and this PBS was saved.
A standard curve of endotoxin-free acrylamide monomer (Sigma) in sterile dH,0 was
prepared and run on an Agilent 1200-series HPLC using an established protocol [14].
Between runs, the machine was flushed and the conditioned PBS was run, comparing the
integrated peak area in the total ion count channel of the sample to those of the known
concentrations from the standard curve.

In Vivo Biocompatibility

Results

Gel samples were prepared as above using endotoxin-free alginate (FMC Technologies). All
other gel components were sourced from the UltraPure line of endotoxin-free reagents
(Invitrogen) and all gel solutions were autoclaved prior to casting. Alginate, PAAM, and
hybrid gels were prepared in triplicate and implanted in dorsal subcutaneous pockets in
Lewis rats in accordance with the Harvard University Standing Committee on the Use of
Animals in Research and Teaching. At 8 weeks, animals were sacrificed and the gels and
surrounding tissues were removed. Sectioning, paraffin embedding, and Hematoxylin—Eosin
(HE) staining was performed by Mass Histology (Worcester, MA). P.A. is a board-certified
pathologist and examined all histological sections. The 8-week time point was chosen to in
order to gauge the fibrotic response to the hydrogels.

The initial mechanical properties and changes over time /7 vitro, of the IPNs, were first
analyzed. Alginate/PAAM IPN hydrogels were synthesized with a 6:1 PAAM/alginate ratio
as previously optimized for fracture toughness [7]. It has been suggested that the emergent
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properties of these gels, compared to alginate or PAAM alone, result partially from
secondary cross-links between amine groups on PAAM and carboxyl groups on alginate, as
well as the ability for ionic crosslinks between alginate chains to break under strain and
reform after unloading at elevated temperatures. However, the mechanical properties of
these gels in compression had not been explored. Strikingly, these gels were able to sustain a
compressive strain of over 90% with full strain recovery (Fig. 1A,B). In order to
characterize the change in IPN hydrogels' physical and mechanical properties over time, IPN
gels were soaked in culture medium and at various time points, their elastic modulus was
measured via compression testing. There were no statistically significant deviations in
elastic modulus as a function of soaking time (Table 1A). Swelling was also examined, with
any changes in gel volume over time potentially attributable to changes in gel porosity or
surface effects. However, no appreciable changes in volume were observed as a function of
soaking time (Table 1B).

To first examine any potential cytotoxicity of these alginate/polyacrylamide interpenetrating
networks, the viability and metabolic activity of mouse mesenchymal stem cells exposed to
gel-conditioned media were examined. No significant difference in cell viability was seen
between cells exposed to the IPN-conditioned media and controls (Fig. 2). Next, an /in vitro
cytotoxicity assay (WST assay) was used to profile the metabolic activity of cells exposed to
IPN-conditioned media at different time points. In order to asses both the cumulative effects
of IPN gel exposure, as well as capture the profile of how any effects may progress over
time, cells were exposed to media in which gels continuously could release soluble products
(cumulative), or media in which gels could release products for sequential 3-day periods
(snapshot). In the cumulative case, activity tended to be lower in all gel cases versus the no
gel control, although these differences were only statistically significant at 3 days (Fig. 3A).
For all gels in the snapshot scheme, however, no statistically significant reductions in
activity were seen for the first three time points, although in both IPN cases, the metabolic
activity dropped to the PAAM levels in a statistically significant manner at the 50-day time
point (Fig. 3B). This statistically significant drop in metabolic activity was recovered if the
IPN-conditioned media was diluted 1:10 with complete media from the no gel condition.
Although the dilution results in statistically significantly lower metabolic activity versus the
nondiluted condition at 3 days, the activity is still comparable to that of the alginate case.
This result suggests a concentration-dependent effect of IPN gel exposure, and that
potentially negative effects of these gels on the metabolic activity of cells can be mitigated
in a concentration-dependent manner. It should also be noted that there were no statistically
significant differences in metabolic activity between cells exposed to media conditioned by
the IPNs of different acrylamide crosslinking densities, which was suggestive of a minimal
effect of the N,N-methylenebisacrylamide on the cells.

A proliferation assay was then performed in order to test the effects of IPN-conditioned
media on this aspect of cell function. Paralleling the cytotoxicity assay, reductions were seen
in cell proliferation in all gel conditions containing alginate (Fig. 4A). There also was a
reduction in proliferation with conditioned media from longer-incubating IPN gels and this
was not seen in the controls. In the snapshot case, a reduction in proliferation with the
conditioned medium from alginate-containing gels was observed, but no reduction in
proliferation was found with the media conditioned with PAAM gels (Fig. 4B). As in the
cumulative scheme proliferation assay, there was a reduction in proliferation with
conditioned media from the longer-incubating IPN gels, but this reduction was recovered by
diluting 1:10 with control media.

High performance liquid chromatography (HPLC) was used in order to investigate if free
acrylamide was released from the IPN gels (Supp. Fig. 1). The IPN gels were soaked in
PBS, and HPLC was performed on the conditioned PBS in order to quantify acrylamide
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release, revealing that 83 + 3 pg acrylamide was released per gel over 40 days. Assuming
that acrylamide release in cell culture media and PBS is comparable, this value also implies
that the cells in the 40 day cumulative proliferation study were exposed to an acrylamide
concentration of approximately 1 mM. Since the relevant concentration to which cells would
be exposed /n vivois unclear due to diffusion of any released monomer and interstitial fluid
flow, the experiments to follow serve to examine potentially deleterious effects of these
hydrogels /n vivo.

Alginate, PAAM and IPN gels were implanted in dorsal subcutaneous pockets in male
Lewis rats (Fig. 5A,B) for 8 weeks in order to assess inflammation, vascularization, and
fibrosis of the surrounding tissue. After 8 weeks, the hydrogels had been encapsulated and
the resulting tissue pocket displayed new vasculature (Fig. 5B,C). In PAAM (Fig. 5D),
alginate (Fig. 5E), and IPN (Fig. 5F) cases, H&E staining of the tissue surrounding the gels
showed the absence of macrophages or lymphocytic infiltrations, suggesting a limited
inflammatory response, at this 8-week time point. A fibrotic, collagen encapsulation was
also visible surrounding the implantation sites in all cases, while the presence of red blood
cells suggested the formation of new vasculature in the presence of the implants. The PAAM
gels, however, (Fig. 5D, Supp. Fig. 2) led to a higher degree of compaction and vascularity,
compared to the alginate and IPN gels. In addition, the PAAM gels displayed more collagen
condensation in the fibrotic sheath as well as plump, stellate fibroblasts that could be
indicative of a response to the mechanical nature of the gel. It should be noted, however, that
the average thickness of the fibrous encapsulation did not vary significantly between gel
types (Supp. Fig. 3). Exhaustive examination of the stained hydrogels themselves (Fig. 5E)
revealed no cells infiltrating into the gels, as would be predicted by the small pore size of
hydrogels at such weight percentages [7].

Discussion

Characterization of extremely tough IPNs has revealed the ability of these gels to sustain a
90% compressive strain, as well as maintenance of mechanical properties through long-term
exposure to cell culture conditions. Minimal degradation of these gels in these conditions is
evidenced by the lack of change in the Young's Modulus and swelling behavior as a function
of exposure time to culture conditions. It has previously been shown that alginate must be
modified via oxidation in order to degrade and that oxidation or a light-induced free radical
mechanism is required for PAAM degradation, none of which are present in this study
[15-17]. As these IPN hydrogels are particularly attractive for their mechanical properties,
the maintenance of such in cell culture and /n vivo environments is critical, although more
characterization is necessary to ensure that their toughness is maintained after /n vivo
implantation.

The results from the /n vitro cell studies suggest that these IPN gels are generally non-
cytotoxic. The high cell viability when exposed to IPN-gel conditioned media is indicative
of minimal acute cytotoxicity, while any statistically significant reductions in metabolic
activity or cell proliferation are only seen for continuous, long-term concentration of agents
released from the gels. These metabolic activity and proliferation results are consistent with
literature describing high metabolic activity of cells exposed to alginate gels for fewer than
10 days, as well as proliferation of cells exposed to alginate on the same order of magnitude
of the results shown here, although the literature also reports an effect of the relative number
of alginate mannuronate and guluronate residues on cell proliferation [18, 19]. In addition,
statistically significant reductions in cell metabolic activity with PAAM gels are consistent
with literature reporting similar effects that suggests latent acrylamide monomer as a
potential source of such reductions [20]. One hypothesis for the reductions in metabolic
activity and proliferation with the IPN and alginate gels relative to the no gel controls is that
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all gels other than PAAM contain alginate, which is known to bind heparin-binding growth
factors [21]. The alginate could be sequestering growth factors from uptake by cells and thus
slightly inhibiting their metabolic activity. The reductions can be recovered by diluting the
cell culture media with media that had not been exposed to a gel, suggesting a
concentration-dependent response of cells to these materials, and thus minimal deleterious
response of cells to this material if the gel concentration is sufficiently low or the fluid
surrounding the gel is periodically replaced. Moreover, the lack of statistically significant
differences in cell proliferation and metabolic activity between IPN cases of different
acrylamide crosslinking densities suggests that the reductions are not due to the acrylamide
crosslinker. Although the /n vitro toxicity of acrylamide has not been reported for
mesenchymal stem cells, reductions in /n vitro proliferation of neural progenitor cells has
been documented at acrylamide concentrations in excess of 2.5 mM, and similar reductions
in proliferation have been reported in primary rat astrocytes in culture at acrylamide
concentrations in excess of 0.5mM [22, 23]. Hence, the projected acrylamide concentration
in the cumulative scheme cell studies of approximately 1mM provides a possible cause for
these reductions. These /n vitro cytotoxicity results are important when considering these
IPNs for applications such as microfluidics and soft robotics, and suggest an extensive
washing step may be desirable before using in continuous contact with cells.

The implantation study of the IPN gels suggests minimal inflammation /n vivo. Histology of
the tissue surrounding the gels shows an absence of immune cells and a comparable fibrotic
response between alginate and the IPN gels as evidenced by less collagen compaction and
vasculature relative to the PAAM gels. These results are consistent with literature exploring
the /in vivo biocompatibility of alginate and PAAM, which describes alginate as only non-
immunogenic and PAAM as eliciting a mild inflammatory response [18, 24]. The favorable
histology of the IPN gels relative to the PAAM gels suggests that /77 vivo exposure to latent
acrylamide monomer is minimal [24]. In addition, the similar histological response between
the IPN gels and alginate is suggestive of the non-inflammatory nature of the IPNs, as
alginate is well characterized and highly used /in vivo [18]. This in vivoresponse to the IPN
gels is of critical importance when considering their use in therapeutic applications and
medical devices with a high degree of human interaction.

Conclusions

These results demonstrate that alginate/PAAM IPN gels show minimal effects on cells /n
vitroand in vivo, as compared to pure alginate hydrogels. Combined with results showing
minimal mechanical degradation of these gels in cell culture conditions, these studies
suggest further exploration into leveraging the striking mechanical properties of this new
biomaterial.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Compressive mechanical properties of alginate/PAAM IPN gels. A) Images of IPN gel
undergoing compression testing to 90% strain. All scale bars 1cm. B) Engineering stress and
compressive load as a function of engineering strain from the compressive test shown in A.
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Figure2.

Viability of mouse mesenchymal stem cells cultured for 3 days in 50-day gel-conditioned
media. A-D) Photomicrographs of cell cultures. Live cells stain green and dead cells stain
red. A) Complete DMEM control (no gel), B) Pure PAAM gel, C) Pure Alginate Gel, D)
IPN Gel. Scale bar represents 400 um. E) Cell viability percentage as a function of gel type
used to condition media.
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Figure 3.

Metabolic activity of cells exposed to gel conditioned medium. Plots depict 450 nm
absorbance as a function of gel soaking time and gel type used to condition media. A)
Cumulative scheme: gels were soaked in media such that they could continuously release
soluble products up to the time points. B) Snapshot scheme: gels were soaked in media in
culture conditions such that the gels could release products in sequential three day periods.
Error bars represent S.D. (n=5) and statistical significance (*,p<0.05) was determined by
two-way ANOVA with a Tukey post-hoc test. # marks p<0.05 relative to no gel control in
snapshot case
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Figure4.

Proliferation of cells exposed to conditioned media. Plots depict fold increase in number of
mouse mesenchymal stem cells normalized to initial seeding density as a function of gel
soaking time and gel type used to condition media. A) Cumulative scheme: gels were soaked
in media such that they could continuously release soluble products up to the time points. B)
Snapshot scheme: gels were soaked in media in culture conditions such that the gels could
release products in sequential three day periods. Error bars represent S.D. (n=5) and
statistical significance (*,p<0.05) was determined by two-way ANOVA with a Tukey post-
hoc test. # marks p<0.05 relative to no gel control in snapshot case
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Figure5.

Hydrogel implantation in rats. A) View of hydrogel in encapsulated subcutaneous pocket, 8
weeks post-implantation. B-F) Hematoxylin—Eosin-stained paraffin-embedded sections of
hydrogel implantation site after 8 week /n vivo. B) Representative overview of implantation
pocket, with the dermis and gel site. C-F) Representative sections of gel/tissue interface for
different gels. Hydrogel location labeled ‘g’, collagen layer labeled “c’, active fibroblasts
labeled ‘f’, larger blood vessels labeled ‘v’. C) H&E-stained section of implanted IPN gel
isolated from surrounding tissue. D) PAAM E) Alginate F) IPN Gel.

Biomaterials. Author manuscript; available in PMC 2014 November 01.



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

wduosnue Joyiny vd-HIN

Darnell et al. Page 14

Table 1

Hydrogel properties over time. A) Young's modulus as determined by compression test of optimal-toughness
IPN gels as a function of soaking time in cell culture conditions (n=3). No statistically significant (p<0.05)
deviation in Young's modulus was detected by one-way ANOVA with a Tukey post-hoc test. B) IPN gel
volume as a function of soaking time in cell culture conditions (n=3). No statistically significant (p<0.05)
deviation in Young's modulus was detected by one-way ANOVA with a Tukey post-hoc test.

A

| Low Crosslinking Density | High Crosdlinking Density

Days Soakin Average Young'sModulus (kPa) | Std. Dev. | Average Young'sModulus(kPa) | Std. Dev.
! 9

1 19 3 25 4
16 25 6 29 4
42 18 4 21 1
50 24 3 30 7

Days Soaking | Gel Volume (cu. mm) | Std. Dev. (cu. mm)

3 352 36
19 354 25
45 310 42
51 328 49
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