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Abstract
Gellan Gum (GG) has been recently proposed for tissue engineering applications. GG hydrogels are
produced by physical crosslinking methods induced by temperature variation or by the presence of
divalent cations. However, physical crosslinking methods may yield hydrogels that become weaker
in physiological conditions due to the exchange of divalent cations by monovalent ones. Hence, this
work presents a new class of GG hydrogels crosslinkable by both physical and chemical mechanisms.
Methacrylate groups were incorporated in the GG chain, leading to the production of a methacrylated
gellan gum (MeGG) hydrogel with highly tunable physical and mechanical properties. The chemical
modification was confirmed by proton nuclear magnetic resonance (1H-NMR) and Fourier transform
infrared spectroscopy (FTIR-ATR). The mechanical properties of the developed hydrogel networks,
with Young’s modulus values between 0.15 and 148 kPa, showed to be tuned by the different
crosslinking mechanisms used. The in vitro swelling kinetics and hydrolytic degradation rate was
dependent on the crosslinking mechanisms used to form the hydrogels. Three-dimensional (3D)
encapsulation of NIH-3T3 fibroblast cells in MeGG networks demonstrated in vitro biocompatibility
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confirmed by high cell survival. Given the highly tunable mechanical and degradation properties of
MeGG, it may be applicable for a wide range of tissue engineering approaches.

1. Introduction
Hydrogels have received much attention in the field of tissue engineering, mainly due to their
ability to be used as vehicles for drug delivery and as cell carriers [1-5]. Hydrogels are similar
to natural extracellular matrix (ECM) molecules in that they have the ability to retain great
quantities of water. One of the main advantages of hydrogels is their capacity to be formed in
situ through a minimally invasive procedure. Both physical and chemical methods can be
applied for the development of hydrogel networks [2,6]. In situ forming physical hydrogels
are usually spontaneously formed by weak secondary forces such as hydrogen bonding, van
der Waals interactions and ionic bonding [6-8]. After injection, they instantaneously change
from sol to gel state under physiological temperature, pH and ionic conditions. On the other
hand, in situ forming chemical hydrogels can have their mechanical strength, integrity and
swelling properties fine tuned by the degree of chemical crosslinking. These hydrogels have
mainly been formed by the photo-irradiation of the vinyl groups of the injected pre-polymer
[9,10]. Physical and chemical crosslinking methods have been studied for several natural-origin
hydrogels, such as hyaluronic acid (HA) [11-13], gelatin [14,15] and alginate [16,17]. Recently,
the FDA approved Gellan Gum (GG) has been receiving particular attention for tissue
engineering applications, namely cartilage regeneration [18-22], mainly due to its good
mechanical properties and promising results as an ophthalmic drug vehicle [23,24]. GG is an
anionic microbial polysaccharide composed of a tetrasaccharide repeating unit of two β-D-
glucose, one β-D-glucuronic acid and one α-L-rhamnose [25]. Upon temperature decrease, a
random coil-helix transition occurs with further aggregation of the helices leading to the
formation of junction zones [26]. The sol-gel transition of GG is ionotropic, as in alginate.
Therefore, the presence of cations is necessary for the formation of a stable hydrogel. However,
the gelation is greatly affected by the chemical nature of the cations present, being stronger
with divalent ones. The rheological and physical properties of GG have been widely
investigated [27-30]. Recently, Masakuni et al. proposed a gelation mechanism of deacylated
GG in aqueous solution, with and without Ca2+ cations [31]. However, these physically
crosslinked hydrogels tend to lose their stability in vivo after implantation due to the exchange
of divalent cations with monovalent ones that are present in higher concentrations in
physiological environment. In order to surpass this disadvantage, some chemical modifications
to the GG backbone have been proposed. For instance, a chemical scissoring process has been
used to adjust the molecular weight of GG [20]. Due to the properties of these formed GG
hydrogels, they have been mainly proposed for cartilage tissue applications [20].

Although hydrogels closely mimic ECM and have great potential for tissue engineering
applications, the major drawback is their weak mechanical properties. Thus, apart from in
vivo stability, other important attributes of hydrogels for tissue engineering are their mechanical
properties and degradation rate. Different tissues have different tissue regeneration rates and
different mechanical properties. For instance, stiffness of solid tissues in the body can range
from 1 kPa for the liver until 100 kPa for the collagenous bone [32]. Therefore, the materials
used within a tissue engineering approach must have their degradation and mechanical
properties finely tuned to match those of the native tissues.

In this present work, we present a simple method to functionalize GG with double bonds. We
further used the photocrosslinkable methacrylated GG to prepare hydrogels using combination
of physical and chemical crosslinking methods. It was hypothesized that physical and
mechanical properties of hydrogels can be tuned by the crosslinking mechanisms applied. The
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described photocrosslinkable hydrogels can be used in various applications of tissue
engineering due to their wide range of mechanical properties.

2. Experimental Section
2.1. Synthesis of Methacrylated Gellan Gum

Methacrylated Gellan Gum (MeGG) was synthesized by reacting Gellan Gum (GG, Gelrite®,
Sigma, Mw=1.000.000) with methacrylic anhydride (MA, Sigma). Briefly, 1 g of GG was
dissolved in 100 mL of deionized water at 90 °C for 20-30 minutes, as described elsewhere
[22]. To this solution, either 2 or 8 mL of MA was added at 50 °C, in order to synthesize MeGG
with low (Low-MeGG) or high (High-MeGG) degrees of methacrylation, respectively. The
reaction was continued for 6 hours. Periodically, pH (8.0) was adjusted with 5.0 M NaOH
solution. The modified MeGG solution was purified by dialysis (Fisher Scientific, membrane
with molecular weight cutoff of 11-14 kD, USA) for at least 3 days against distilled water to
remove the excess of MA. Purified MeGG was obtained by lyophilization and stored at a dry
place protected from light.

2.2. Characterization of Methacrylated Gellan Gum
The chemical modification to GG was assessed by proton nuclear magnetic resonance (1H-
NMR) spectroscopy. 1H-NMR spectra were recorded with a Varian Inova 500 NMR equipped
with a variable temperature system. Lyophilized materials were dissolved in D2O at a
concentration of 10 mg/mL and at temperature of 50 °C. Chemical shifts were referred to the
methyl group of rhamnose as an internal standard, which is at δ 1.45 ppm [33]. The degree of
substitution (DS, fraction of modified hydroxyl groups per repeating unit) was determined by
the relative integration of the double bond proton peak (IDB) of the methacrylate groups to the
methyl protons of the internal standard (ICH3rham), according to Eq (1), as described elsewhere
[33]. nHDB and nHCH3rham corresponds to the number of protons in the double bond and the
methyl group of rhamnose, respectively. nOHmonomer corresponds to the number of reactive
−OH sites in the GG structure.

(1)

The chemistry of the modified materials was further analyzed by Fourier transform infrared
spectroscopy with attenuated total reflection (FTIR-ATR). The infrared spectra were recorded
on a spectrophotometer Bruker Alpha FT-IR with a resolution of 2 cm-1. The results are
presented as the average of 32 scans.

2.3. Preparation of Hydrogels
The lyophilized Low-MeGG and High-MeGG were dissolved at 0.5, 1 and 2% (w/v) in
deionized water under constant stirring at 50 °C for 10 minutes. Plain GG was dissolved at the
same concentrations, as described elsewhere [22]. Briefly, GG was dissolved in deionized
water under constant stirring. The solution was progressively heated to 90°C, under which
complete and homogeneous dispersion of the material was obtained after 20-30 minutes.
Afterwards, calcium chloride (CaCl2, Sigma, USA) and/or 0.5% (w/v) 2-hydroxy-1-[4-(2-
hydroxyethoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959, Ciba Specialty Chemicals)
were added to the dissolved materials to fabricate hydrogels with different crosslinking
mechanisms. The final concentration of CaCl2 solution was 0.08 mg/mL, unless mentioned
otherwise, yielding a ratio of calcium equivalent/GG carboxylate moieties of 0.052 for 1% (w/
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v) solution of GG. After dissolution, the temperature of Low-MeGG, High-MeGG and plain
GG was progressively decreased to 45 °C. GG and physically crosslinked MeGG hydrogels
were produced by casting the solutions into molds and allowing the temperature to cool to
room temperature. Chemically crosslinked hydrogels were obtained by exposing to light
(320-500 nm, 7.14 mW/cm2, EXFO OmniCure S2000) for 60 sec. For all described
experiments, polymer disks (1 mm thick, 4 mm in diameter) were punched from hydrogel slabs,
unless stated otherwise.

2.4. Characterization of hydrogels
2.4.1. Swelling kinetics—To study the swelling kinetics of the developed hydrogels, three
solutions with different ionic content were used: distilled water (no ions); phosphate buffered
saline (PBS, Gibco, with monovalent ions); and media (Dulbecco’s Modified Eagle’s medium,
DMEM, Gibco, with mono and divalent ions). Hydrogel samples at 1% (w/v) were immersed
in 2 mL of each solution at 37 °C, under mild shaking. At different time points, the hydrogels
(n=3) were removed from the solutions and gel surfaces were quickly blotted on a filter paper.
Their wet weight was measured (wt) and compared to the initial wet weight (w0). The swelling
ratio (Sk) was defined according to Eq (2).

(2)

2.4.2. Mechanical properties—To assess the effect of the degree of methacrylation,
crosslinking mechanisms and polymer concentration on the mechanical properties of the
developed hydrogels, compression tests were performed on an Instron 5542 mechanical tester.
Freshly prepared GG and MeGG hydrogels (1 mm thick, 8 mm in diameter, n=3) were
compressed in the direction normal to the circular face of the cylindrical samples at a rate of
0.2 mm per minute until failure of the hydrogel. The Young’s modulus was defined as the slope
of the linear region of the stress-strain curve in the 5-15% of the strain range. Ultimate stress
and ultimate strain values were taken as the point where failure of the hydrogel occurred.

2.4.3. In vitro degradation—The effect of the degree of methacrylation, crosslinking
mechanisms and polymer concentration over the degradation profile of MeGG hydrogels was
studied. Weighed hydrogels (n=3) were hydrolytically degraded in a 0.1 mM NaOH solution
at 37 °C for 24 hours on a shaker. The samples were removed, freeze dried and weighed again
to determine mass loss.

2.4.4. In vitro cell encapsulation—The effect of methacrylation and photocrosslinking
on cell viability was assessed by encapsulating NIH-3T3 fibroblasts. The cells were cultured
in DMEM (Sigma) supplemented with 10% of heat-inactivated fetal bovine serum (FBS,
Gibco) and 1% penicillin-streptomycin (Gibco) at 37 °C, in a humified atmosphere with 5 %
of CO2. A cell suspension of NIH-3T3 (107 cells/mL) was prepared by trypsinization (trypsin/
EDTA solution, Gibco) and incorporated into the GG, Low-MeGG and High-MeGG polymer
solutions prepared as described previously and stabilized at 40 °C. After resuspension, the cell/
polymer mixture was casted into molds. GG hydrogels with encapsulated cells were placed at
room temperature for 1-2 minutes to form a solid gel. MeGG cell laden hydrogels were exposed
to light (7.14 mW/cm2) for 60 sec. Cell viability of cells encapsulated in the hydrogels under
study was characterized 1h after preparation and after 1, 3 and 7 days of culture, by incubating
cells with a Live/Dead (Invitrogen) assay (calcein AM/ethidium homodimer-1 in DPBS) for
20 min. Tissue culture polystyrene (TCPS) was used as a control.
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2.5. Statistical Analysis
All the data were subjected to statistical analysis and were reported as a mean ± standard
deviation. Statistical differences (***p<0.0001, **p<0.001, *p<0.01) were determined using
Student’s paired t-test between two groups and two-way ANOVA followed by Bonferroni
post-hoc test for multiple comparisons in swelling and mechanical data.

3. Results and Discussion
3.1. MeGG synthesis and characterization

GG hydrogels have been recently used in tissue engineering applications [18]. However, these
hydrogels are produced only by means of physical crosslinking mechanisms. This crosslinking
mechanisms yield to hydrogels that become weaker in physiological conditions due to the
exchange of divalent cations by monovalent ones. To surpass this disadvantage we synthesized
a new class of GG hydrogels crosslinkable by both physical and chemical mechanisms. MeGG
was prepared by the methacrylation of GG polymer (Fig. 1A). The spectra of GG obtained at
50 °C (Fig. 1B) showed the presence of four characteristic peaks that correspond to -CH of
rhamnose (δ 5.29 ppm), -CH of glucuronic acid (δ 5.11 ppm), -CH of glucose (δ 4.88 ppm)
and -CH3 of rhamnose (δ 1.45 ppm). 1H-NMR spectroscopy confirmed the methacrylation of
GG by the appearance of distinctive peaks in the double bond region (δ 5.50-7.00 ppm) and a
sharp peak that corresponds to the -CH3 of the methacrylate groups (δ 2.09 ppm) on the
modified GG spectra. Fig. 1C and Fig. 1D show the 1H-NMR spectra of methacrylated GG
with low and high degrees of methacrylation, respectively. Degree of methacrylation for Low-
MeGG and High-MeGG was calculated by the ratio of average intensity of the methyl proton
peaks of the methacrylate groups over the average intensity of the methyl groups of the
rhamnose. For the Low-MeGG (Fig. 1C), for each repeating unit on the polymer chain there
is 0.15 methacrylate groups covalently linked to the polymer. On the other hand, 1.24
methacrylate groups were found in each repeating unit for the High-MeGG of methacrylation
material (Fig. 1D). With the integral of the double bond peaks of the methacrylate group protons
and the methyl protons of rhamnose, it is possible to approximate a percentage of degree of
substitution (DS), as mentioned in Eq (1). Therefore, the average DS increased from 1.2%
(Low-MeGG) to 11.25% (High-MeGG), when the volume of methacrylic anhydride added to
the reaction was quadruplicated.

The methacrylation of GG was also confirmed by FTIR-ATR by the appearance of the carbon
double bond peak at 1640 cm-1, known to be present in methacrylate groups but not in GG
chains (Fig. 2). Moreover, the characteristic C=O peak of the ester bond appeared around
1770-1680 cm-1 and increased in intensity with increasing degree of methacrylation.

3.2. Fabrication of MeGG hydrogels
GG is capable of physical gelation. As the temperature of a solution of the GG in water is
decreased, GG chains undergo a conformational thermo-reversible change from random coils
to double helices [26]. Then, the aggregation of the double helical elements occurs to form a
three-dimensional (3D) network by hydrogen bonding with water. The gelation of GG is
strongly affected by the presence of specific cations, namely Na+, K+, Ca2+ and Mg2+ although
divalent cations promote a more efficient gelation than monovalent cations [29]. It was
observed that after the methacrylation, Low-MeGG was still able to form a hydrogel in response
to temperature decrease and in the presence of cations. Besides these physical crosslinking
procedures, MeGG was also chemically crosslinked by UV exposure. Fig. 3 represents a
schematics of the crosslinking mechanisms used in this study to produce each hydrogel: P for
physical crosslinking by addition of Ca2+; C for chemical crosslinking by UV exposure; and
PC when samples were both physically and chemically crosslinked by addition of Ca2+ ions
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and by UV exposure. The physical crosslinking by temperature decrease was present for all
samples.

3.3. Swelling kinetics of MeGG to ionic solutions
The swelling kinetics of MeGG hydrogels in vitro was assessed by immersing the hydrogels
in solutions with different amounts and types of cations (Fig. 4). Crosslinked hydrogels were
prepared with different types of crosslinking by combining the presence of cations and the
exposure to UV. The difference in their wet weight over time reflects changes in their chemical
and physical structure. Samples of plain GG were disintegrated after 30 min. Distilled water
has no ions. Therefore, the less crosslinked hydrogel networks quickly uptake water, losing
their integrity over time. On the other hand, modified hydrogels with the least crosslinked
network (Low-MeGG-C) presented the highest swelling of almost 750% after 30 min of
immersion in water (Fig. 4A) (***p<0.0001). The High-MeGG hydrogels have more
hydrophobic methacrylate groups in the chain. This, combined with a more crosslinked
network due to photocrosslinking, led to a significantly lower water uptake for these hydrogels
(***p<0.0001).

To study the effect of ionic solutions on MeGG and GG hydrogel swelling kinetics, hydrogels
were immersed in both PBS (Fig. 4B) and DMEM (Fig. 4C) for 28 and 24 hours, respectively.
In contrast to their behavior in water, all hydrogels rapidly shrank when immersed in solutions
with cations. The presence of ions in these solutions increases the double helix formation and
the establishment of junction zones, leading to the formation of more crosslinked networks
[34]. When immersed in PBS, High-MeGG samples present a significant shrinking
(***p<0.0001) as compared with the Low-MeGG samples, possibly because of the higher
amount of hydrophobic methacrylic groups in the High-MeGG repulses water molecules from
the bulk to outside of the hydrogel. Similarly, Qiang Li et al reported [35] a lower swelling
ratio with increasing acrylate content in polyphosphoester hydrogels. A sharper decrease was
registered for High-MeGG-PC, presenting a significant deswelling of nearly 60% after 30 min
of immersion in PBS (**p<0.001 when compared to High-MeGG-C, ***p<0.0001 when
compared to all other samples). Interestingly, when immersed in DMEM, where both mono
and divalent cations are present, hydrogels showed lower shrinking (deswelling) than in PBS.
This may be a result of the higher concentration of monovalent cations in media. Therefore,
the divalent cations used to keep hydrogels physically crosslinked will be exchanged by
monovalent ones, leading to the formation of less crosslinked networks, as described elsewhere
[36].

We hypothesize that this is a result of an ionic crosslinking of the hydrogels with the cations
present in the solutions. A similar result was reported with alginate hydrogels [36] where
shrinking of the hydrogels occurred when immersed in a medium containing higher Ca2+

concentration. To further confirm the ionic nature of the hydrogel shrinking, samples were
immersed in water for 30 min, followed by immersion in PBS for 20 hours to allow hydrogel
crosslinking. Shrunken samples were again placed in water for 30 min allowing them to regain
their original shape (Fig. 4D). It was observed that hydrogels swelled in water, deswelled when
immersed in PBS and swelled again when immersed in water. This experiment confirmed the
ionic nature of swelling-deswelling behavior of MeGG hydrogels. It also shows the possibility
to control the physical properties of the developed MeGG hydrogels, by changing the solution
in which they are immersed.

3.4. Tunable mechanical properties
The tissue stiffness can vary greatly depending on the function of the tissue in the body [37].
Therefore, when designing a biomaterial for enhancing tissue regeneration, it is of utmost
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importance to match the material stiffness with that of natural tissues. The use of both physical
and chemical mechanisms to crosslink hydrogels gives the possibility to tune this property.

It is known that ionically crosslinked hydrogels exhibit weak mechanical properties [38]. This
limitation can be overcome by the introduction of acrylate groups followed by
photocrosslinking. Here we combined physical and chemical crosslinking mechanisms to
fabricate MeGG with wide range of mechanical properties. The influence of three parameters
over the mechanical properties was evaluated: ion concentration in the hydrogel fabrication
(Fig. 5A), type of crosslinking mechanism (Fig. 5B) and polymer concentration (Fig. 5C),
while keeping the other conditions constant. To study the mechanical properties of fabricated
hydrogels, compression testing was performed on GG and MeGG hydrogels. Despite stable
hydrogel formation, High-MeGG-P samples were too weak to test mechanically.

3.4.1. Effect of Ca2+ in the hydrogel fabrication—As assessed by the swelling kinetics
assay, the hydrogel response was strongly influenced by the presence of cations in the solution.
Hence, we tested the effect of varying the concentration of Ca2+ ions present during hydrogel
fabrication on the resulting gel’s mechanical properties. Fig. 5A shows the influence of the
concentration of ions over the entanglement of the hydrogel network. For Low-MeGG
hydrogels, the increase in concentration of ions from 0.08 mg/mL to 0.12 mg/mL showed no
influence on the Young’s modulus but a significant increase on the ultimate stress (**p<0.001)
and ultimate strain (*p<0.01) of these hydrogels. On the other hand, a higher amount of
Ca2+ ions used in the fabrication of the High-MeGG hydrogels significantly decreased the
Young’s modulus. Similarly, a marked decrease in the mechanical properties was observed in
calcium-alginate hydrogels immersed in physiological baths of NaCl and CaCl2 [39].
Moreover, the same ionic concentration on the fabrication process resulted in hydrogels with
different stiffness depending on the degree of methacrylation. A significantly stiffer
(***p<0.0001) hydrogel was obtained for High-MeGG in the presence of ions as compared to
Low-MeGG. Interestingly, High-MeGG hydrogels were significantly less resistant
(***p<0.0001) to fracture and to elongation compared to the Low-MeGG hydrogels. This
might result from an excessive crosslinking of hydrogels due to their higher degree of
methacrylation, leading to the formation of a brittle hydrogel [40]. These results demonstrate
that the use of ions as a crosslinking agent affected Low-MeGG and High-MeGG hydrogels
in opposite ways.

3.4.2. Effect of crosslinking mechanism—As previously described [41,42], the
crosslinking mechanisms used to fabricate the hydrogels significantly influenced their
mechanical properties (Fig. 5B). When only the physical mechanism was employed, the value
of Young’s modulus and ultimate stress of hydrogels significantly decreased (***p<0.0001)
with increase in the degree of methacrylation of the materials. For higher degree of
methacrylation, the sites available for ionic interactions between polymer chains are less, since
the chain is occupied by methacrylate groups, as schematized in Fig. 3. Therefore, the ionic
bonding may be weaker for the polymer chains with higher content of methacrylate groups.

The chemical crosslinking alone led to the development of hydrogels with significantly higher
Young’s modulus (**p<0.001) and ultimate stress (*p<0.01) values, when compared to those
fabricated only with physical mechanism. Since GG is not chemically crosslinkable, only
physical crosslinked GG is represented in Fig. 5B. The coupling effect of physical and chemical
crosslinking mechanisms significantly decreased the stiffness of High-MeGG hydrogels, and
did not influence the stiffness of the Low-MeGG hydrogels. A similar result was observed
when the concentration of ions in the hydrogel production is increased (Fig. 5A). Though,
similar tendency was observed when the mechanisms are used alone, a significantly higher
Young’s modulus and lower ultimate stress and strain values (***p<0.0001) were observed
with the increase in the methacrylation degree.
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3.4.3. Effect of polymer concentration—It is known that the polymer concentration
exerts a great effect over the mechanical properties of hydrogels [41]. Therefore, three different
concentrations (0.5, 1, 2% w/v) were tested for the PC samples of both low and high degree
of methacrylation (Fig. 5C). Stable hydrogels of 0.5% (w/v) of Low-MeGG could not be
produced. The Young’s modulus of the hydrogels significantly increased as the amount of
polymer in the hydrogel network increased. Also, the capacity of High-MeGG samples to resist
fracture significantly increased whereas significantly decreasing for the Low-MeGG hydrogels
(**p<0.001). This increase of polymer concentration also led to a significant decrease on the
elongation capacity of the materials (**p<0.001). Polymer concentration is known to influence
the helix content in GG solutions [43]. As the concentration of GG polymer increases in
solution, the helix content increases, leading to more intensive aggregation of the chains and
to a stronger physical and chemical crosslinking.

Overall, combination of physical and chemical crosslinking mechanisms resulted in MeGG
hydrogels with a wide range of mechanical properties. Therefore, hydrogels with biologically
relevant stiffness values in the range of 0.15 to 148 kPa could be fabricated by means of
physiologically feasible crosslinking mechanisms. Ultimate stress varied from 11.7 kPa to
889.5 kPa whereas ultimate strain values were in the range of 34.2 to 96.1%. Such tunable
mechanical properties of hydrogels could be useful for tissue engineering applications ranging
from soft tissues, as the brain to stiff tissues, as the collagenous bone [32].

3.5. Tunable degradation properties
The rate of tissue regeneration is dependent on the microenvironment and the tissue function
[44]. Therefore, the development of a biomaterial that can degrade at a similar rate at which
the new tissue is being formed is of utmost importance. Understanding the degradation behavior
of polymers aimed to be used in tissue engineering applications is important to predict and
ultimately tune their behavior in the in vivo environment. To our knowledge, so far no previous
study has looked into the degradation mechanism of GG in vitro. However, hydrolytic
degradation of polysaccharides as GG and MeGG can be usually achieved in vivo through the
action of enzymes such as lysozyme or amylase. Moreover, the in vivo degradation of GG
hydrogels was already assessed, showing that GG degrades in vivo [18]. Also, it was already
reported that methacrylated hydrogels can be degraded in vivo [11]. In contrast with other
hydrogels [45], GG and MeGG are quite stable in PBS due to the ionic crosslinking, as
described in a previous section, where we did not find any degradation in PBS. Hence, to
compare the relative differences in mass loss over time between the different hydrogel networks
the hydrolytic degradation was performed in accelerated condition with a sodium hydroxide
0.1 mM solution, as described previously [46]. Fig. 6 shows the in vitro accelerated hydrolytic
degradation of GG and MeGG hydrogels. As expected, the crosslinking mechanisms used to
produce the hydrogel led to different degradation profiles. Specifically, the physical
crosslinking combined with chemical crosslinking mechanisms prolonged the rate of
degradation as compared to only chemically crosslinked hydrogels. Moreover, High-MeGG
hydrogels showed a slower degradation profile in comparison to Low-MeGG hydrogels, as
reported by Oju Jeon et al for photocrosslinked alginate hydrogels [47].

3.6. In vitro cell viability of NIH-3T3 cells encapsulated in MeGG
Previous studies [18,21,48] have demonstrated that GG hydrogels can adequately support the
growth and ECM deposition of human articular chondrocytes in vivo. Here we studied the
viability of photoencapsulated NIH-3T3 cells in the MeGG hydrogels by Live/Dead assay (Fig.
7). We evaluated the cell viability immediately after the fabrication to assess the effect of the
crosslinking mechanisms on the cell viability. The UV exposure and the toxicity of the
methacrylate groups of the modified GG showed no significant effect on the viability of
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encapsulated cells. These results further confirmed the biocompatibility of MeGG for cell
encapsulation.

4. Conclusions
MeGG hydrogels were synthesized by reacting GG with different amounts of methacrylic
anhydride, yielding to the development of hydrogels with two different degrees of
methacrylation. The combination of physical crosslinking methods (temperature and the
addition of cations) with chemical crosslinking approaches (through photocrosslinking),
enabled the development of MeGG hydrogels with highly tunable physical and mechanical
properties without affecting their biocompatibility. In summary, physiologically compatible
crosslinking methods were used for the development of highly tunable hydrogels applicable
for a wide range of tissue engineering applications.
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Fig. 1.
(A) Schematic illustration of the synthesis of MeGG. 1H-NMR spectra (T=50 °C) of (B) GG,
(C) Low-MeGG and (D) High-MeGG recorder in D2O. Methyl group of the MA (ii) was
located at δ 2.09 ppm and vinyl groups of the MA (iii) were identified around δ 5.5-7 ppm.
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Fig. 2.
FTIR-ATR spectra of GG, Low-MeGG and High-MeGG. The shoulder appearing around 1640
cm-1 corresponds to the C=C bond of the MA and is present on both Low-MeGG and High-
MeGG. The absorption band present around 1770-1680 cm-1 corresponds to the C=O bond of
the ester introduced in the chain.
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Fig. 3.
Possible crosslinking mechanisms for GG, Low-MeGG and High-MeGG hydrogels. MeGG
schematically represents both degrees of methacrylations. For all the materials, the physical
crosslinking by temperature decrease was used. Upon temperature decrease, GG and MeGG
chains randomly transit from a coil to a helix form. Physical crosslinking occurs when cations
are present and a more stable hydrogel is formed through ionic bonding. Chemical crosslinking
occurs if hydrogels are exposed to UV, allowing the double bonds of the methacrylate groups
to react with each other. Physical and chemical crosslinking will occur when these mechanisms
are combined.
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Fig. 4.
Swelling kinetics of GG and MeGG hydrogels in solutions with different ionic content: (A)
water (no ions), (B) PBS (monovalent ions) and (C) DMEM with 10% FBS (mono and divalent
ions). GG was not stable in water and dissolves in 30 min. Hence, swelling could not be carried
out. (D) Confirmation of the ionic nature of the hydrogel shrinking behavior when immersed
in PBS. High-MeGG hydrogels were used has an example. Samples were immersed in water
for 30 min, then placed in a PBS solution for 20 hours and again immersed in water for 30 min.
The weight and size of the samples varied with the presence or absence of ions in the solution.
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Fig. 5.
Mechanical properties of GG and MeGG hydrogels: Young’s Modulus, Ultimate stress and
Ultimate strain. The influence of three parameters over the mechanical properties of the
hydrogels was evaluated: (A) Concentration of ions in the hydrogel fabrication; (B) Type of
crosslinking mechanism (P, C or PC); and (C) Polymer concentration. The mechanical
properties of the developed hydrogels showed to be highly dependent on the ionic content, type
of crosslinking, methacrylation degree and polymer concentration. Statistical analysis through
two-way ANOVA and Bonferroni post-hoc test showed significant differences (***p<0.0001,
**p<0.001, *p<0.01) between the analyzed groups. NP: not processable.
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Fig. 6.
In vitro hydrolytic degradation kinetics of the hydrogels in NaOH (0.1 mM) at 37 °C.
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Fig. 7.
Representative fluorescence micrographs of live (green) and dead (red) encapsulated NIH-3T3
cells in GG, Low-MeGG and High-MeGG immediately after encapsulation (day 0) and
cultured in vitro for 3 days. The scale bars indicate 100 μm.
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