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Abstract

A major goal in the application of hydrogels for tissue engineering scaffolds, especially for load-
bearing tissues such as cartilage, is to develop hydrogels with high mechanical strength. In this
study, a double-network (DN) strategy was used to engineer strong hydrogels that can encapsulate
cells. We improved upon previously studied double-network (DN) hydrogels by using a
processing condition compatible with cell survival. The DN hydrogels were created by a two-step
photocrosslinking using gellan gum methacrylate (GGMA) for the rigid and brittle first network,
and gelatin methacrylamide (GelMA) for the soft and ductile second network. We controlled the
degree of methacrylation of each polymer so that they obtain relevant mechanical properties as
each network. The DN was formed by photocrosslinking the GGMA, diffusing GelMA into the
first network, and photocrosslinking the GelMA to form the second network. The formation of the
DN was examined by diffusion tests of the large GeIMA molecules into the GGMA network, the
resulting enhancement in the mechanical properties, and the difference in mechanical properties
between GGMA/GelMA single networks (SN) and DNs. The resulting DN hydrogels exhibited
the compressive failure stress of up to 6.9 MPa, which approaches the strength of cartilage. It was
found that there is an optimal range of the crosslink density of the second network for high
strength of DN hydrogels. DN hydrogels with a higher mass ratio of GelMA to GGMA exhibited
higher strength, which shows promise in developing even stronger DN hydrogels in the future.
Three dimensional (3D) encapsulation of NIH-3T3 fibroblasts and the following viability test
showed the cell-compatibility of the DN formation process. Given the high strength and the ability
to encapsulate cells, the DN hydrogels made from photocrosslinkable macromolecules could be
useful for the regeneration of load-bearing tissues.
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1. Introduction

Load-bearing tissues, such as cartilage, tendon, and muscle exhibit high strength and
toughness, despite their softness [1, 2]. For example, cartilage frequently takes compressive
stress of several MPa, and withstands up to 14-59 MPa without failure [2-4]. To
approximate these mechanical properties, various biomaterials have been developed and
studied as artificial soft tissues; however, the large difference between natural tissues and
artificial biomaterials still presents a challenge [5-7].

Hydrogels are promising candidates for tissue engineering scaffolds due to their high water
content, high permeability to small molecules, biocompatibility, and mechanical properties
which resemble natural tissues [2, 8, 9]. Cells can be encapsulated within hydrogels for cell
delivery and three dimensional (3D) cell culture. Such cultures better mimic the natural
cellular environment to understand the role of the native microenvironment on cellular
functions and tissue formation [10, 11]. However, hydrogels are often too soft and weak to
be applied for a number of tissue engineering applications that require extensive load
bearing behavior. Therefore, developing hydrogels with high mechanical strength is a
critical challenge for expanding the range of applications of hydrogels for tissue engineering
scaffolds.

Double-network (DN) hydrogels have attracted a great deal of attention for their high
fracture toughness and high fracture stress [12, 13]. They are specialized interpenetrating
networks (IPNs) in that they are composed of networks with opposite mechanical properties,
which results in high strength. In the case of DN hydrogels, the first network is stiff and
brittle whereas the second is soft and ductile. In this scheme, the rigid network sustains the
stress throughout the material, and the ductile network dissipates energy near the crack tip,
preventing the fracture of gels [14]. Various DN hydrogels from different materials have
been reported [12, 13, 15, 16], however, these previous studies did not attempt to
encapsulate cells to make cell-laden 3D tissue constructs due to synthetic conditions for DN
formation that were incompatible with cell encapsulation. These include the use of toxic
crosslinkers or the long crosslinking time needed for the network formation from small
molecules. Normal IPNs prepared from biomacromolecules that can encapsulate cells were
developed; however, the fracture stress did not reach to the order of MPa [17].

Photocrosslinking of macromolecules provides a method for hydrogel fabrication that has
been demonstrated to be compatible with cell encapsulation [18, 19]. The photocrosslinking
method has been used to make hydrogels for many tissue engineering studies by modifying
various polymers with photoreactive groups. This approach does not need toxic crosslinkers,
allows for injection of polymers into the body without large incisions, and enables temporal
and spatial control in the fabrication of complicated structures [8, 11, 20, 21]. Since
chemical crosslinks are irreversible, photocrosslinked hydrogels are relatively stiff and
stable. However, the heterogeneous distribution of crosslinks in photocrosslinked hydrogels
results in concentrated stress around the dense crosslinks, causing the hydrogels to fail at
low stress [2]. Typically, the compressive moduli of photocrosslinked hydrogels range up to
a few hundreds of kPa, and the failure stresses are on the order of tens to hundreds of kPa at
the polymer concentrations of 0.5-20% [22-25].
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In this study, by a two-step photocrosslinking of two modified biomacromolecules, gellan
gum methacrylate (GGMA) and gelatin methacrylamide (GelMA), we developed DN
hydrogels with high strength that can encapsulate cells. Gellan gum (GG) is a bacterial
polysaccharide consisting of a tetrasaccharide repeating unit. GG has been approved by
FDA as a food additive and has been recently receiving attention for tissue engineering
applications [26—-28]. Metharylated GG was created to make stiff hydrogels, and highly
methacrylated GG hydrogels were reported to have a modulus of more than 100 kPa at only
1% polymer concentration[23]. Gelatin is denatured collagen, which is a major constituent
of the extracellular matrix (ECM). Due to the natural cell binding motifs, such as RGD,
gelatin exhibits great biological properties such as cell adhesion and cell elongation, which
makes it an attractive material for tissue engineering applications. These two polymers were
modified into photocrosslinkable GGMA and GelMA and fabricated into DN hydrogels.
The formation of the DN was examined by diffusion tests of the large GelMA molecules
into the GGMA network, measuring the resultant enhancement in the mechanical properties,
and comparing the mechanical properties between GGMA/GelMA single networks (SN) and
DNs. The mechanical properties of DN hydrogels were also compared with those of each
GGMA and GelMA SN hydrogels. The effect of the crosslink density of the second network
and the concentration of each component in preparation of DN hydrogels on the mechanical
properties of DN hydrogels was studied. Lastly, NIH-3T3 fibroblasts were encapsulated in
DN gels and the viability was assessed to demonstrate the cell-compatibility of the whole
process of DN network formation.

2. Materials and methods
2.1. Synthesis of GGMA and GelMA polymers

2.2. 1H NMR

GG (Gelzan™, Molecular weight: 1,000,000), gelatin (from procine skin, Type A), and
methacrylic anhydride were purchased from Sigma-Aldrich. GGMA and GelMA were
synthesized by reacting GG and gelatin with methacrylic anhydride (Fig. 1A-B) [23, 29].
Briefly, 1g of GG was dissolved in 100ml of distilled water at 90°C for 30min, and 8ml of
methacrylic anhydride was added at 50°C. The reaction was continued for 4hrs at 50°C
while the pH of the solution was maintained at 8 by adding 5N NaOH solution. Then the
solution was dialyzed in distilled water using dialysis tubing (molecular weight cutoff: 12—
14 kDa, Spectrum Labs, Inc.) at 4°C for 4 days. The solution was lyophilized to obtain pure
GGMA, and it was stored at —40°C until further use. Similarly, 20g of gelatin was dissolved
in 200ml of phosphate buffered saline (PBS, 1X, Invitrogen) at 50°C, and varying amounts
of methacrylic anhydride was added to vary the degree of methacrylation. The reaction was
continued for 2hrs at 50°C, and then the solution was dialyzed against distilled water at
40°C for at least 3 days. The solution was lyophilized to obtain pure GelMA, and it was
stored at —40°C until further use.

The degree of methacrylation (DM) of GGMA and GelMA was measured by 1H NMR
(Varian Inova 500). GGMA was dissolved in D,0O at 10 mg/ml at 50°C and the spectrum
was obtained at 50°C. The DM of GGMA, defined as the number of methacrylate groups
attached to GG divided by the number of hydroxy! groups of unreacted GG, was calculated
by integrating the peak at 1.5 ppm from the methyl group of the rhamnose unit, and the peak
at 2.0 ppm from the methyl group of the methacrylate group [30]. GeIMA polymers were
dissolved in D,0O at 30 mg/ml at 40°C and the spectra were obtained at 40°C. The DM of
GelMA, defined as the number of methacrylate groups attached to gelatin divided by the
number of amine groups of unreacted gelatin, was calculated by integrating the peaks at 7.4
ppm from the aromatic residues of gelatin, and the peaks at 5.5 ppm and 5.7 ppm from the
double bond hydrogens of methacrylate groups [31, 32].
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2.3. Fabrication of SN and DN hydrogels

GGMA polymer solutions were prepared by dissolving GGMA polymer at different
concentrations (0.5, 1.0, 1.5% (w/v)) at 50°C for 1 day in distilled water containing 0.1%
(w/v) photoinitiator, 2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone
(Irgacure 2959, Ciba Specialty Chemicals). The solutions were molded into disks with
~8mm diameter and ~1mm thickness, and exposed to light (320-500 nm, ~7 mW/cm?,
EXFO OmniCure S2000) for crosslinking for varying times. Likewise, GelMA SN
hydrogels were fabricated by preparing GelMA polymer solutions at different
concentrations at 40°C in distilled water containing 0.1% (w/v) photoinitiator, and
crosslinking the solutions in the same manner at 37°C for 120 s. GGMA/GelMA SN
hydrogels were fabricated by preparing GGMA/GelMA mixed solutions at different
concentrations in distilled water containing 0.1% (w/v) photoinitiator at 50°C for 1 day, and
crosslinking the solutions in the same manner at 37°C for 120 s. To fabricate GGMA/
GelMA DN hydrogels (Fig. 1C), GGMA hydrogels were immersed in GelMA solutions (5,
10, 15, 20% (w/v) in distilled water) containing 0.1% (w/v) photoinitiator at 37°C for 2 days
on a shaker to allow GelIMA molecules to diffuse into GGMA hydrogels. Subsequently, the
hydrogels were taken out of the GelMA solutions, and after removing the excess GeIMA
solutions from the surface of the hydrogels, they were exposed to light again for varying
times. All the resulting SN and DN hydrogels were immersed in distilled water at 37°C for
12 hrs and used for further experiments.

2.4. Diffusion test

To make fluorescent GelMA polymers, fluorescein isothiocyanate (FITC, Sigma-Aldrich)
was conjugated to GelMA polymer based on the manufacturer’s instruction. Briefly, 1g of
GelMA (DM: 14.7%) was dissolved in 50ml of sodium bicarbonate (Sigma-Aldrich)
aqueous solution (100 mM) at 40°C, and 20mg of FITC was dissolved in 10ml dimethyl
formamide (DMF, EMD chemicals). The two solutions were mixed and reacted for 6 hrs at
40°C. The resulting solution was dialyzed against distilled water at 40°C for 7 days, and
lyophilized to obtain solid FITC-GelMA. The reaction and purification were performed in
the dark to minimize fluorescein photobleaching. To examine the diffusion of GeIMA
molecules into GGMA hydrogels, FITC-GelMA and GelMA (DM: 14.7%) were dissolved
together (mass ratio of 1:23) at the concentration of 20% in distilled water containing 0.1%
(w/v) photoinitiator. Previously prepared cylindrical (~8mm diameter, ~1mm thickness)
0.5% GGMA hydrogels were immersed in the solution on a shaker at 37°C. At each time
point, the hydrogels were taken out to be exposed to light for 120 s, immersed in distilled
water for ~10 mins at 37°C, and cross-sectioned in the middle to be observed under a
fluorescence microscope (Nikon TE 2000-U). Relative fluorescence intensity profiles over
the thickness of the cross section were plotted by using ImageJ software. The diffusion
coefficient of GeIMA molecules in GGMA hydrogel was estimated by fitting the
fluorescence intensity profiles in the solution to the diffusion equation by using Origin 6.0
software.

2.5. Mechanical test

The mechanical properties of hydrogels were measured by unconfined, uniaxial compression
tests by using an Instron 5542 mechanical tester. Cylindrical hydrogels were prepared as
described above and immersed in distilled water until they reached a swelling equilibrium.
They were compressed at a rate of 0.3 mm/min~1 until failure. The compressive modulus
was determined as the slope of the linear region in the 0-10% strain range of the stress-
strain curve. The failure strain and the failure stress were taken from the point where a crack
starts to be observed. This happened when the stress-strain curve dropped suddenly or the
slope of the curve started to decrease, according to the brittleness of the hydrogels. As it was
difficult to identify the failure point in case of GelMA SN hydrogels, the hydrogels were
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compressed to an ending stress, removed from the tester, and manually checked for cracks
while varying the ending stress by 0.5 MPa.

2.6. Hydrogel characterization

To determine the fraction of unreacted double bonds in GGMA hydrogels, Fourier transform
infrared spectroscopy (FTIR) analysis was performed. To prepare samples for FTIR, 0.5%
GGMA hydrogels were fabricated as described above varying crosslinking time from 45s to
360s. The resulting hydrogels were immersed in distilled water and then lyophilized, and the
spectra were taken by a FTIR spectrometer (Bruker Alpha) with an attenuated total
reflection (ATR) module.

Water content of hydrogels was determined by measuring the mass of hydrogels in the
swollen state and in the dried state. It was calculated as the difference between the mass in
the swollen state and that in the dried state divided by the mass in the swollen sate. The mass
ratio of each network in DN hydrogels was calculated by using the water content of GGMA
SN hydrogels and DN hydrogels.

2.7. Cell culture and encapsulation

NIH-3T3 fibroblasts were cultured using Dulbecco’s Modified Eagle Medium (DMEM,
high glucose, Invitrogen) supplemented with 10% fetal bovine serum (FBS, Invitrogen) and
1% penicillin-streptomycin (Invitrogen) in an atmosphere with 5% of CO, at 37°C. Cells
were trypsinized and replated every 3—4 days and media was replaced every 2-3 days.

A cell suspension of NIH-3T3 fibroblasts (5 x 106 cells/ml) was prepared by trypsinization
and resuspension into the media described above. 1% GGMA solution in distilled water
containing 0.2% photoinitiator was also prepared and mixed with the cell suspension at 1:1
volume ratio. The resulting mixture was pipetted on a Petri dish and the mixture drop was
covered by a 3-(trimethoxysilyl)propyl methacrylate (TMSPMA)-coated glass slide with
two 300 um spacers between the Petri dish and the glass slide. Subsequently, a photomask
with square patterns (900 x 900 um) was placed on the glass slide and the mixture was
exposed to light (320-500 nm, ~7 mW/cm?) for 120s. The resulting microgels attached to
the glass slide were then immersed in previously prepared 20% GelMA (DN:14.7%)
solution in media containing 0.1% photoinitiator, and placed on a shaker in an incubator.
After 24 hrs, the samples were taken out and exposed to light again for 120s. A calcein AM/
ethidium homodimer-1 live/dead assay (Invitrogen) was performed according to the
manufacturer’s instructions to assess the cell viability in the resulting DN gels following 1
hr (Day 0) and 3 days of culture in media. Similarly, NIH-3T3 fibroblasts were encapsulated
in each 0.5% GGMA and 20% GelMA SN hydrogels, and the live/dead assay was
performed at day 0 and day 3.

2.8. Statistics

All data were expressed as mean + standard deviation. T-test, one-way, or two-way
ANOVA followed by Tukey’s test or Bonferroni test was performed where appropriate to
measure statistical significance (GraphPad Prism 5.02, GraphPad Software). Differences
were taken to be significant for p < 0.05.

3. Results and discussion

3.1. GGMA and GelMA synthesis

The mechanical properties of hydrogels mainly depend on the original rigidity of polymer
chains and the crosslinking density [8]. GG, a polysaccharide, is composed of rigid repeat
units that have six-membered ring structure, and have many hydroxyl groups that can be
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functionalized with the photoreactive methacrylate groups of which the amount determines
the crosslink density of the resulting network. Thus, if GG is highly methacrylated, it can be
a suitable candidate for the stiff first network of a DN hydrogel. In contrast, gelatin has a
more flexible chain, and a relatively small amount of the amine groups of lysine or
hydroxylysine residues are spread throughout the polymer. Consequently, methacrylated
gelatin can be adequate for the soft and ductile second network. Molecular weight was also
an important factor to be considered. As it was reported that the concentration of the second
component must be much higher than the first component for the DN to effectively improve
the mechanical properties [2], the first polymer had to form rigid hydrogels at low polymer
concentration, which meant that the molecular weight of the first polymer had to be very
high. Furthermore, the stiffness of a hydrogel increases as the molecular weight of the
polymer increases, because the effective number of crosslinked chains increases [33].
Considering all these factors, GG with the molecular weight of ~1 MDa and gelatin were
chosen as each the first and the second polymer for this study.

Both polymers were methacrylated by reacting them with methacrylic anhydride [23, 29]
(Fig. 1A-B). The DM of GGMA analyzed by using 1H NMR spectroscopy was 24.5%.
Since one repeating unit has 10 hydroxyl groups, the DM of 24.5% means that there were
2.45 methacrylate groups per repeating unit, so the molecular weight between two
methacrylate groups is about 300 g/mol on average. In case of gelatin, the DM was
calculated to range from 5.7% to 76.0%, which was created by varying the amount of
methacrylic anhydride added to the synthesis reaction to examine the effect of the crosslink
density of the second network to the mechanical properties of DN hydrogels. Since the
molecular weight of a gelatin molecule is around 100 kDa [32], the molecular weight
between two metharylate groups in GelMA was calculated to range from 4,000 to 50,000 g/
mol on average. Consequently, highly methacrylated gellan gum and methacrylated gelatin
were successfully prepared as the first and the second component of DN hydrogels.

3.2. Fabrication of DN hydrogels

DN hydrogels were fabricated by a two-step crosslinking (Fig. 1C). First, the GGMA
solutions (0.5%, 1.0%, 1.5% (w/v)) were photocrosslinked to form the first network, GGMA
hydrogels. The GGMA hydrogels then were immersed in GelMA solution (5%, 10%, 15%,
20% (w/v)) so that the GeIMA molecules can diffuse into the GGMA hydrogels. Since the
initial polymer concentration of the GGMA hydrogels was much lower than the
concentration of GelMA solution, the hydrogels deswelled in GeIMA solution likely due to
the osmotic pressure. Subsequently, the gels were taken out and exposed to light for the
second crosslinking. To confirm that the GelMA molecules diffused into the GGMA gels,
0.5% GGMA hydrogels were immersed in 20% GelMA (DM:14.7%) solution containing
FITC-GelMA, and the fluorescence image of the gel cross-section was taken at each time
point (Fig. 2A-E). The relative fluorescence intensity profile in the middle of the cross-
section at each time point was plotted to show that GelMA molecules diffused into the
GGMA gel, and the concentration of GelMA molecules became almost uniform in the
GGMA gel in several hours. We estimated the diffusion coefficient (D) of GeIMA
molecules in the GGMA hydrogel by using these plots. Assuming that the diffusivity is
constant and the diffusion in this case can be seen as a one-dimensional diffusion, the
diffusion equation has the solution [34, 35]

5 o) ][t o)

n=-—0o
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where cy is the initial concentration at boundaries, d is the thickness of the hydrogel, and erf
is the error function. Although the thickness of the GGMA hydrogels decreased due to the
deswelling in the GeIMA solution, we used the final thickness of DN hydrogels for d,
because most of the deswelling occurred within an hour, and the expected error was not
significant in further estimation and comparison. By fitting the fluorescence profiles in the
solution above retaining the terms with n = 0, 1, and +2, D was estimated as (8 + 3) x 1078
cm?/s. In the literature, the diffusion coefficient of gelatin in water was reported to be on the
order of 1077 cm?/s [36, 37]. The hydrodynamic radius of gelatin molecules can be
estimated to be ~10 nm; the ratio of diffusion coefficients in water and in hydrogels of
macromolecules of this size was reported to be around 0.5 for several studies [38, 39].
Therefore, the estimated value of D above is feasible. Using the calculated value of
diffusivity, it was estimated that it would take ~6 hrs for the concentration of GelMA at the
center of GGMA hydrogel with thickness of 800 um to be 90% of that at the boundaries, ~7
hrs for 95%, and ~11 hrs for 99%. Using the equation above retaining more terms with
higher n does not make significant difference. The effect of shaking is presumably to reduce
the resistance to mass transfer in the interfacial boundary layer outside the gel.

Diffusion of GelMA molecules into GGMA hydrogels was also confirmed by the
enhancement of the mechanical properties of the resulting gels. The immersed gels were
taken out, exposed to light for the second crosslinking for varying times, and tested by
compressions on a mechanical tester. Compared to the gels that were not exposed to light (0
s), the gels that were exposed to light presented enhanced mechanical properties, which
confirms the formation of the second network (Fig. 2F-H). The compressive modulus,
failure stress, and failure strain of the gels all continued to increase with increasing
crosslinking time up to 180 s, the maximum time that was tested. The formation of the
second network might not be complete in 180 s, so further crosslinking may further enhance
the mechanical properties. However, longer crosslinking times are potentially detrimental
for cell encapsulation, so for further experiments the second crosslinking time was set at 120
S.

The interconnection between the two networks is an important factor that affects the
mechanical properties of DN hydrogels. It was reported that DN hydrogels with no
interconnection between the two networks can be stronger than those with the
interconnection because the interconnection sites serve as the crosslinking sites of the
second network, so if there are too many interconnections, the second network would not be
crosslinked loosely enough [40]. Since both GGMA and GelMA networks are formed via
the same mechanism, the unreacted C=C double bonds of the metheacrylate groups in the
GGMA network can react during the GelMA network formation. To examine the amount of
the unreacted double bonds in GGMA hydrogels, FTIR spectra were taken for GGMA
hydrogels with varying crosslinking time (Fig. 3A). It was found that the shoulder peak
appearing around 1640cm™1 corresponding to the unreacted C=C double bonds decreased
over crosslinking time and almost disappeared in 120s, which meant most of the C=C
double bonds reacted. Further crosslinking up to 360s did not significantly change the
spectrum. Although this is a qualitative result and there may be a small fraction of unreacted
double bonds, the crosslinking time was kept at 120s for further experiments since shorter
crosslinking time is better for cell viability. Even though there may be a small amount of
interconnection, the resulting DN hydrogels (prepared from 0.5% GGMA hydrogels
immersed in 20% GelMA solution) were significantly stronger than the GGMA/GelMA SN
hydrogels with the same mass ratio (GeIMA/GGMA = 8.2, this will be discussed later in
Fig. 6) prepared by a single crosslinking of GGMA/GelMA mixed solutions (Fig. 3B). It
was found that GGMA/GelMA SN hydrogels with the polymer content as high as that of
DN hydrogels (14.9%) could not be prepared since it was not possible to dissolve both
polymers together at such a high concentration. The GGMA/GelMA SN hydrogels with
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lower polymer content failed at much lower strain and stress, which indicates that they are
more brittle and weaker than DN hydrogels. Based on Fig. 3B, it is expected that even if we
made the SN hydrogels with the same polymer content, they would fail at lower strain and
stress than DN hydrogels.

3.3. Mechanical properties of DN hydrogels

The mechanical properties of DN hydrogels were measured by unconfined, uniaxial
compression tests on a mechanical tester, and compared with those of GGMA and GelMA
SN hydrogels (Fig. 4). The modulus of DN hydrogels made from 0.5% GGMA hydrogels
immersed in 20% GelMA (DM: 32.3%) solution was significantly higher than that of SN
hydrogels. It may seem strange that the modulus of GGMA hydrogel is lower than that of
GelMA hydrogel as the first network must be stiffer than the second network, and that the
modulus of DN hydrogel became very high by combining two networks with relatively low
modulus. In order to explain this, it should be considered that these mechanical data were
obtained from swollen hydrogels, and the modulus of a hydrogel greatly depends on the
polymer content in the swollen state. Even though the GGMA hydrogel barely swelled in
water, since it was formed at very low concentration (0.5%), the polymer content of the
swollen GGMA hydrogel was only 0.46 + 0.05 %, while the 20% GelMA hydrogel swelled
to a much higher degree, but still had a high polymer content, 9.5 £ 0.2 %. Considering that
the modulus of 1.0% GGMA hydrogel with the polymer content of 1.1 + 0.1% had a similar
modulus to that of GeIMA 20% (data not shown), it is true that GGMA network is stiffer
than GelMA network. Also, GGMA hydrogels were brittle, breaking at less than 40% of
strain, while GelIMA hydrogels did not break up to 80% of strain. The polymer content of
the resulting DN hydrogel was even higher, 14.9 £ 0.6 %. This is likely because the swelling
of the GelMA network was restricted since it was formed in the GGMA network. In
addition, as mentioned earlier, the GGMA hydrogels deswelled in GelMA solution likely
due to the osmotic pressure, and the final volume of the DN gels in the swollen state was
smaller than that of the initial GGMA hydrogels. Thus, the increased concentration of
GGMA in DN hydrogels was also the reason for the high polymer content. Along with the
effect of DN, this higher polymer content also caused the DN hydrogels to have much
higher modulus.

We found that GeIMA (DM: 32.3%) SN hydrogels were quite strong by themselves, such
that the failure stress reached up to a few MPa (80% of hydrogels tested broke under 3 MPa,
while 20% broke under 2.5 MPa), which is not usually observed for SN hydrogels. The DN
hydrogels exhibited even higher failure stress than SN hydrogels, 6.9 = 1.0 MPa. This higher
strength of the DN hydrogels results from a combination of an increase in the equilibrium
polymer concentration and the DN structure. DN formation enabled higher polymer content
in the swollen state without increasing the crosslink density as is required to increase
concentration for SN hydrogels, which leads to brittle gels. Thus, along with the crack
energy dissipation to the second network, the higher polymer content of these DN hydrogels
without the increase of crosslink density is a great advantage that enables them to resist
higher stress. To confirm that DN hydrogels are stronger than SN hydrogels even when their
polymer contents are similar, GeIMA SN hydrogels with polymer content of 15.3 £ 0.3 %
were made from a 15% solution of GeIMA with higher DM (65.2%). It was found that 80%
of these DN hydrogels tested broke under 2 MPa, which shows that they were weaker than
DN hydrogels with similar polymer content, and even weaker than GelMA (DM: 32.3%) SN
hydrogels with a lower polymer content.

To examine the effect of the crosslink density of the GelMA network on the mechanical
properties of DN hydrogels, GeMA polymers with varying DM were synthesized and used
to make DN hydrogels (Fig. 5). The DM of GelMA increased up to ~30% almost linearly
with the amount of metharcrylic anhydride added to the reaction, but over ~30%, the
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conversion increased more slowly with increasing methacrylic anhydride concentration. The
compressive modulus of DN hydrogels increased as the DM of GelMA increased due to the
increase in crosslink density of the second network and the polymer content of DN
hydrogels. Since the GelMA polymer with higher DM is more hydrophobic, the DN
hydrogels resulting from it swelled less in water and presented higher polymer content in
swollen state. However, the failure strain and the failure stress had a maximal value, 81 * 3
% and 6.9 + 1.0 MPa at the DM of 32.3%. This demonstrates that a certain amount of
crosslink is needed to make substantial gel that can work effectively as the second network,
but if the second network gets crosslinked too much, it becomes brittle and its capacity of
energy dissipation decreases. The intermediate crosslink density that shows maximal failure
stress optimizes the trade-off between stiffness and the strength of the DN hydrogels.

The concentration of each component in the preparation of DN hydrogels also had great
influence on the mechanical properties (Fig. 6). When the concentration of the first GGMA
hydrogels varied from 0.5% to 1.5%, while that of GelMA (DM: 32.3%) solution was kept
at 20%, the mass ratio of GelMA to GGMA in the resulting DN hydrogels decreased from
8.2 t0 6.2. The reason for that the mass ratio decreased by only 24% of the initial value
while the concentration of GGMA was tripled is that the higher the GGMA concentration,
the less the GGMA hydrogels deswelled in GelMA solution. Due to the stiffness of the
GGMA network, the modulus of the DN hydrogels significantly increased as the GGMA
concentration increased. However, the failure strain and stress dropped greatly. This
indicates that the mass ratio of the second to the first network must be very high to get
strong DN hydrogels, consistent with previous results [2, 12]. When the concentration of
GelMA solution was varied from 5% to 20% while the GGMA concentration was kept at
0.5%, the compressive modulus did not vary significantly. However, increasing the
concentration of GelMA increased the mass ratio from 5.2 to 8.2, resulting in significant
increases in the failure strain and stress. Achieving a high mass ratio of the second to the
first network was an important reason for choosing the GGMA with a high molecular weight
as the first component since polymers with high molecular weights can form hydrogels at
very low concentrations. It was difficult to prepare DN hydrogels with even higher mass
ratios because GGMA polymer could not form hydrogels at lower concentrations than 0.5%,
and GelMA solutions with higher concentration than 20% were too viscous to process.
However, increasing the molecular weight of GG may allow gelation at a lower
concentration, enabling stronger DN hydrogels by further increasing the mass ratio of the
second network to the first network.

3.4. Encapsulation of cells in DN hydrogels

To fabricate cell-laden tissue constructs for tissue engineering applications, cells
encapsulated in the DN hydrogels must survive the entire DN synthesis process. To make
cell-laden DN hydrogels, we encapsulated cells in the first network, GGMA hydrogels, by
crosslinking the mixture of cell suspension and GGMA solution. Subsequently, the cell-
laden GGMA hydrogels were immersed in GelMA solution containing the photoinitiator,
followed by the second crosslinking. The cell viability of encapsulated NIH-3T3 fibroblasts
in the DN hydrogels was measured at two time points, day 0 and day 3 (Fig. 7). The cell
viability tested by using live/dead staining 1 hour after the DN formation (Day 0) was 82%,
and after 3 days of culture, the cell viability was measured to be 71%. Although the cell
viability in DN hydrogels was lower than that in each GGMA and GelMA SN hydrogels, it
is as good as in some previous reports on the cell viability in photocrosslinked hyrogels [19,
22, 29]. This result demonstrates that the majority of cells survived the whole DN formation
process, that is, the two crosslinking steps under light and the immersion step between them
in a viscous solution containing the photoinitiator. As shown in Fig. 2, longer crosslinking
time may enhance the mechanical properties of the DN hydrogels; however, it is likely to
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result in a lower cell viability. Immersion in the viscous solution with the photoinitiator may
also harm the cells, thus making the immersion time shorter would increase the cell
viability. However, shortening the immersion time will limit the size of the DN constructs
since time is required to allow the second polymer to diffuse in the first network. Thus,
encapsulating cells in this DN system can be further optimized by controlling the
crosslinking conditions and immersion time that closely relates to the cell viability, the size
of the constructs, and the mechanical properties. Further cell experiments such as a tissue
formation in DN hydrogels and the resulting change in mechanical properties over time will
be performed in the future.

4. Conclusions

In this study we developed mechanically strong DN hydrogels that can encapsulate cells for
applications as scaffolds for load-bearing tissues. Cell-laden DN formation was made
possible by using a two-step photocrosslinking of two modified biomacromolecules, GGMA
and GelMA, which are photoreactive versions of gellan gum and gelatin. As compared to
SN hydrogels, DN hydrogels exhibited higher strength, which approaches closer to the
strength of cartilage. It was found that a certain range of DM of the second network is
optimal to achieve highest strength of the DN hydrogels, and a large mass ratio of the
second to the first network is needed to obtain strong DN hydrogels. The encapsulation of
NIH-3T3 fibroblasts and the following cell viability assay presented that the whole DN
formation process was cell-compatible. Given the high mechanical strength and the cell-
compatibility, our DN hydrogels made from photocrosslinkable macromolecules have great
potential in applications as scaffolds for the load-bearing tissues.
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Fig. 1.
Synthesis scheme of (A) gellan gum methacrylate (GGMA) (pictured as above for
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simplicity, although methacrylic anhydride can react with any hydroxy! group in gellan
gum) and (B) gelatin methacrylamide (GelMA). (C) Fabrication of DN hydrogels through a

two-step photocrosslinking process.
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Fig. 2.

Formation of double-network (DN) hydrogels. (A-D) Diffusion of FITC-GelMA molecules
into GGMA hydrogels over time. (A) 1hr, (B) 2hrs, (C) 3hrs, (D) 5hrs. Scale bars represent
1 mm. (E) Vertical fluorescence profile of the cross-section of hydrogels over time. (F)
Compressive modulus, (G) failure strain, and (H) failure stress of DN hydrogels with
varying 2" crosslinking time. 0.5% GGMA hydrogels crosslinked for 120 seconds and 20%
GelMA(DM: 14.7%) solutions were used for (A)—(H). (*) indicates significant difference (P
<0.05).
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(A) FTIR spectra of GGMA and dried GGMA hydrogels crosslinked for varying time. The
shoulder peak appearing around 1640cm™1 corresponds to the unreacted C=C bonds. (B)
Stress-strain curves of GGMA/GelMA SN and DN hydrogels with the same mass ratio
(GeIMA/GGMA = 8.2). Every crosslinking time was 120 seconds, and GelMA (DM:
32.3%) was used. The number in parenthesis refers to the polymer content of the hydrogels.

Biomaterials. Author manuscript; available in PMC 2013 April 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Shinetal.

Page 16
(A) (B)
7. GGMAO.5% + GelMA20%
2
6 | 0.03 g
& 0025 £
5{ & oo02 2
R G 0016 8
£ 41 ¢ oot ]
2 3| oo E
123 o
o 0 a
» 2
1 B
0 ]
0 100
Strain (%)
(®)] (D) (E)
;_«?140 . 100 3 9
= 90 8
=120 - =
o < 80 a7
2100 < 70 =
<] . £ 60 =
S 80 s 35
£ % 50 o
2 @ s © 3 4 '
2 2 30 4
g © £ 20 2 2
£ 2 10 w1
o 0 0 0
oo e e o e e oo Se Se
) '~ S ) S S ) S ]
o o4 4 S 4 d S 4 4
\a \s \a
& & xoé\‘\ & & x0§ & & x0§
Qg\e 06\0 Jg\‘
W W W
& & &

Fig. 4.

(A) Stress-strain curves for SN and DN hydrogels under uniaxial compression. (B) Polymer
content, (C) compressive modulus, (D) failure strain, and (E) failure stress of SN and DN
hydrogels. (1) indicates the stress under which the majority of GeIMA SN gels started to
break, and the strain at that stress. Every crosslinking time was 120 seconds, and GeIMA
(DM: 32.3%) was used for (A)—(E). (*) indicates significant difference (P < 0.05).

Biomaterials. Author manuscript; available in PMC 2013 April 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Shinetal.

(A

=

Degree of methacrylation (DM) (%)
H
S

9

100
90
80
70
60
50

Failure strain (%)

30
20
10

Fig. 5.

(B)
<
o
=
E;
=3
°
=3
£
2
[
g
Qo
£
(=3
(6]
0.2 0.4 0.6 0.8
Methacrylic anhydride added (ml/g of gelatin)
(D)
¢ I | .
¥ +
20 40 60 80

DM of GelMA (%)

Failure stress (MPa)

O = N W s OO N 0 ©

400 1 £
350 { 2
300 -
250 -
200 -
150 -
100 -
50 |

Page 17

147 323 422 652
DM of GelMA (%)

¢

20 40 60 80
DM of GelMA (%)

+
+}++

20 40 60 80
DM of GelMA (%)

(A) Degree of methacrylation (DM) of GelMA with varying amount of methacrylic
anhydride added to the reaction. (Inset in B) Polymer content of DN hydrogels with varying
DM of GelMA. Effect of DM of GelMA on (B) compressive modulus, (C) failure strain, and
(D) failure stress of DN hydrogels. Every crosslinking time was 120 seconds. 0.5% GGMA
hydrogels and 20% GelMA (each DM) solutions were used for (A)—(E). (*) indicates
significant difference (P < 0.05).
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Fig. 6.

Mass ratio (GeMA/GGMA), polymer content, compressive modulus, failure strain, and
failure stress of DN hydrogels with varying concentration of either component: (A) varying
concentration of GGMA hydrogels + 20% GelMA solution, and (B) 0.5% GGMA hydrogels
+ varying concentration of GelMA solution. GeIMA (DM: 32.3%) was used for (A)—(B). (*)
indicates significant difference (P < 0.05).
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Fig. 7.

Fluorescence images of live/dead stained NIH-3T3 fibroblasts encapsulated in DN
hydrogels: (A) day 0 and (B) day 3 of culture after DN hydrogel formation. Scale bars
represent 200pum. (C) Viability of 3T3 fibroblasts encapsulated in SN and DN hydrogels. (*)
indicates significant difference (P < 0.05). 0.5% GGMA hydrogels and 20% GelMA (DM:
14.7%) solutions were used for (A)—(C).
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