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Preparation and characterization of enzymatically
cross-linked gelatin/cellulose nanocrystal

composite hydrogels
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Gelatin is an attractive hydrogel material because of its excellent biocompatibility and non-cytotoxicity, but
poor mechanical properties of gelatin-based hydrogels become a big obstacle that limits their wide-spread
application. To solve it, in this work, gelatin/cellulose nanocrystal composite hydrogels (Gel-TG-CNCs)
were prepared using microbial transglutaminase (mTG) as the crosslinking catalyst and cellulose

nanocrystals (CNCs) as reinforcements. The physicochemical properties of the composite hydrogels

were investigated by thermogravimetric analysis (TGA), X-ray diffraction (XRD) and scanning electron
microscopy (SEM). The dynamic rheological measurement and uniaxial compression test were
performed to study the effects of mTG and CNC contents on the storage modulus and breaking
strength of the as-prepared Gel-TG-CNCs. Results showed that the addition of CNCs and mTG could
significantly increase the storage modulus and breaking strength of gelatin-based hydrogels, especially
when added simultaneously. The breaking strength of Gel-TG-CNCs (2%) at 25 °C can reach 1000 g
which is 30 times greater than pure gelatin hydrogels. The biocompatibility of the composite hydrogels
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was also investigated by the MTT method with Hela cells, and the results demonstrated that the

composite hydrogels maintained excellent biocompatibility. With a combination of good biocompatibility

DOI: 10.1039/d1ra00965f

rsc.li/rsc-advances biomedical field.

1. Introduction

Hydrogels are mainly formed by synthetic or natural polymers
through physical, chemical or enzymatic methods and have
a stable 3D network structure, which can absorb and retain
a large amount of aqueous solutions.”” Due to their tunable
properties, considerable biocompatibility, and similarity with
tissue and cell environments, hydrogels have demonstrated
great potential as one of the most promising groups of bioma-
terials.>* Especially in the biomedical field, hydrogels have been
used for a wide range of medical applications such as drug and
gene delivery, synthetic extracellular matrix and as scaffolds for
tissue engineering.® Nevertheless, for biomedical use, the
hydrogel components must be safe and compatible with the
biological system. Thus, the utilization of biocompatible and
biodegradable biopolymers (cellulose, gelatin, chitosan, hya-
luronic acid, etc.) has been widely accepted in the design of
hydrogels.®”

Among these biopolymers, gelatin is an attractive candidate
as starting material for bio-hydrogel preparation thanks to its
non-cytotoxicity, good biocompatibility, low antigenicity, easy
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and mechanical properties, the as-prepared Gel-TG-CNCs showed potential application value in the

degradation and unique gelling properties.® Gelatin is
a proteinaceous material obtained by partial hydrolytic degra-
dation of naturally occurring collagen, which is known to be the
most abundant protein in mammals.® Furthermore, gelatin
contains abundant functional groups including the amino and
carboxyl groups on its side chain, amenable to various types of
chemical modifications." This offers the opportunity to intro-
duce cross-linkage or bioactive moieties into the backbone of
hydrogels. However, the main disadvantages of gelatin-based
hydrogel are poor mechanical stability and durability, which
critically limit their wide-spread applications.*

Therefore, the manufacture of gelatin-based hydrogels
frequently requires a certain degree of crosslinking for stabi-
lizing gelatin peptides. Several approaches for crosslinking
gelatin have been used, such as physical crosslinking, chemical
crosslinking and enzymatic crosslinking.” Amongst, physical
crosslinking methods by using ultraviolet radiation, plasma
treatment and dehydro-thermal techniques usually have low
crosslinking extent of gelatin macromolecules, which are
attributed to the lack of control over crosslink density. As for
chemically crosslinking, the residual of chemical cross-linkers
and organic solvents often cause either cytotoxic side-effects
or immunological responses from the host. Enzymatic cross-
linking method has received more and more attention due to its

low cytotoxicity and milder reactions.”® Microbial
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transglutaminase (mTG) can catalyze the acyl-transfer reaction
between the g-amino group of lysine and the y-carboxyamide
group of glutamines in proteins.* Meanwhile, it can catalyze
the transfer of amide bonds within and between protein
molecules, thereby promoting the formation of hydrogel from
gelatin solution. It was shown previously that gelatin hydrogel
crosslinked by mTG exhibits excellent performance in cell
adhesion, proliferation, and differentiation.

However, either by the means of chemical or enzymatic
crosslinking, the cross-linking points in gelatin hydrogel
networks form randomly, causing variations in crosslink
density that resulted in stress concentration on the least
extensible chains under deformation.”® These factors make
gelatin hydrogels reinforcement undesirable, such as, brittle-
ness, limited elongation, and lack of toughness. Based on
a multiphase composite theory, special nanoparticles have been
introduced as strengthening agent to overcome the irregular
distribution of the cross-linking points of chemically cross-
linked hydrogels.’® Thus, a strong hybrid polymer network
can be formed by physical or chemical association between
nanoparticles and polymer chains. Recently, one-dimensional
nanomaterials such as carbon nanotubes (CNTs),"”* and two-
dimensional nanomaterials such as clay nanosheets, gra-
phene and silicate nanoparticles have been integrated into
gelatin-based hydrogels to enhance the mechanical perfor-
mance of these materials.*®

Cellulose nanocrystals (CNCs), an abundant natural nano-
material, have been also employed as the reinforcing agent for
synthetic or natural polymer hydrogels, due to their excellent
mechanical properties, biocompatibility, biodegradability,
renewability and non-toxicity.” According to the study from
Dash et al., oxidized cellulose nanowhiskers can obviously
improve the mechanical and thermal properties of gelatin
hydrogel by increasing chemical cross-linking junction points
between gelatin and nanowhiskers.?” Kevin et al. reported that
CNCs are incorporated into hydrogels at concentrations of 0.1-
5 wt% based on total swollen gel weight, the shear storage
modulus of the hydrogels (G’ as high as 60 kPa) can increased by
35 times.”

3
N

CNCs
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Based on the above-mentioned advantages of CNCs and
MTG, in this study, Gel-TG-CNCs hydrogels were prepared by
enzymatic cross-linking CNCs and mTG, and the influence of
CNCs content on the performance of hydrogels including the
morphology, mechanical, and rheological were studied. The
cytotoxicity, swelling and biocompatibility properties of the
hydrogel were evaluated as well.

2. Materials and methods

2.1. Materials

Commercial CNCs solution was supplied by Zhongshan
NanoFC Bio Materials Co., Ltd. Commercial porcine skin
gelatin (type A, 300 Bloom), dulbecco’s modified eagle's
medium (DMEM) and cytotoxicity studies using Hela cells were
purchased from Sigma Aldrich suppliers. Sodium hydrogen
phosphate, citric acid, fetal bovine serum (FBS) and fluorescein
diacetate (FDA) were purchased from Shanghai Macklin
Biochemical Co., Ltd. Microbial transglutaminase (mTG) was
obtained from Yiming Biotechnology Company (>100 U g ',
Jiangsu Province, China). All other chemicals used in the
present study were of analytical grade or of higher quality and
available locally and all solutions were prepared with deionized
water.

2.2. Synthesis of Gel-TG-CNCs hydrogels

Gelatin was soaked in deionized water at room temperature for
2 h and then transferred to 50 °C water bath to prepare 6.67%
(w/v) gelatin solution. CNCs was sufficiently dispersed in
deionized water by means of a high-speed disperser. The two
solutions were mixed thoroughly in a glass beaker and the pH of
mixed solution was adjusted to 6.5 with 1.0 mol L™' NaOH.
Enzyme-mediated cross-linking was carried out at 50 °C for
60 min by adding 10 U mTG g~ gelatin followed by a heating
step of 95 °C for 5 min to inactive the mTG. A series of gelatin/
CNCs hydrogels (Gel-TG-CNCs) with different CNCs contents
(0%, 0.5%, 1%, 1.5% and 2%) were prepared and named Gel-
TG, Gel-TG-CNCs (0.5%), Gel-TG-CNCs (1%), Gel-TG-CNCs
(1.5%) and Gel-TG-CNCs (2%) respectively. Fig. 1 represents

Fig. 1 Schematic illustration of the fabrication of gelatin/CNCs hydrogel.
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the preparation process of Gel-TG-CNCs hydrogels. To well
study the effect of mTG cross-linking, we also prepared the
control hydrogels (Gel and Gel-CNCs (2%)) by refrigerating the
gelatin or gelatin/CNCs solutions at 10 °C for 24 h. All of the
samples have the same final gelatin concentration.

2.3. Thermostability analysis

Thermogravimetric measurements were performed by using
a TGA (TGA 1 Mettler Toledo, Switzerland). Freeze-dried
samples were placed in alumina crucibles and used an empty
alumina crucible as a reference. Dynamic tests were run from 45
to 800 °C at a heating rate of 10 °C min "' under flowing
nitrogen atmosphere.” The sample weight loss as function of
temperature was recorded continuously.

2.4. XRD analysis

The crystal structure of CNCs, gelatin, and the gelatin/CNCs
composite hydrogel were characterized by XRD. X-ray diffrac-
tion analyses were carried out on a D8 Powder X-ray Diffrac-
tometer (Rigaku Corporation, Japan) at a current of 40 mA and
an accelerating voltage of 40 kV. Data were recorded in the

range (26) of 5-60° with a scanning rate of 6° min™".

2.5. Rheological behavior

The rheological behaviors of the Gel-TG and Gel-TG-CNCs
hydrogels were analyzed in dynamic mode with a rotational
rheometer (ARES/G2 TA Instruments, US), equipped with
a 20 mm plate with diameter at a gap of 0.8 mm. The dynamic
frequency scanning was performed at different temperatures
(5°C, 15 °C, 25 °C) with an angular frequency range of 0.0628 to
62.8 rad s, at constant strain of 0.5%. The storage modulus
value of the sample (G') with frequency were recorded and all
experiments were performed within the linear viscoelastic
region.

For the viscosity measurements, a 40 mm plate diameter was
used with a gap distance set at 0.8 mm. All experiments were
conducted at 25 & 0.1 °C. The hydrogel sample was held on the
plate, the shear rate was ramped from 0.1 to 100 L s~ . The curve
of apparent viscosity was plotted versus shear rate. This research
work provides examples of typical data, not averages.

2.6. Determination of gel strength

The gel strength was measured using a texture analyser
(TA.XTplus, Stable Micro System, UK) equipped with a cylinder
probe (P/0.5). The hydrogel samples were refrigerated at 5 °C for
24 h. Compression was applied with a load cell of 5 kN at
a speed of 1.5 mm min " at 25 °C.

2.7. Scanning electron microscopy (SEM)

The surface morphology of the hydrogel samples was evaluated
using scanning electron microscopy (Phenom Pure’, Phenom
world, Netherlands) at an acceleration voltage of 10 kV. In brief,
to prepare samples for SEM, the hydrogels were broken in liquid
nitrogen after being dried by lyophilization.

10796 | RSC Adv, 2021, 11, 10794-10803
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2.8. Swelling behavior

The hydrogel samples were cut into cylinder of 2.0 cm in
diameter and 1.2 cm in height and freeze-dried. The freeze-
dried hydrogel samples were soaked in 100 mL 0.05 M phos-
phate buffer solutions (PBS) of different pH for 48 h. The
samples of swollen hydrogel were weighed after removal of
surface water using filter paper. And the swelling behavior of
gelatin/CNCs composite hydrogel as a function of pH and CNCs
content was studied. In this research, each group of data were
measured three times and averaged. Results were calculated
according to the following equation:

W — W

Equilibrium water contents =
Wy

(1)
where W; is the mass of the hydrogel in the swollen state, Wy is
the mass of the hydrogel in the dried state.

Zeta potential measurements were performed at 25 °C using
a Zetasizer Nano-ZS (Malvern Instruments, Westborough, MA,
UK) capable of electrophoresis measurements. Dried hydrogel
samples were ground to a diameter of ~25 um by a cryogenic
ball mill (Retsch CryoMill, Germany) and dissolved in the
solution with the pH of 3, 4, 5,7, 8,9, 10,11. The pHof 3, 4, 5, 7,
8 were phosphate buffer (0.05 M) and the pH of 9, 10, 11 were
adjusted by 0.05 mol L' NaOH. The grinding jar of the Cryo-
Mill was continually cooled with liquid nitrogen from the
integrated cooling system before and during the grinding
process. The measurements were taken three times for each
sample and average values were reported.

2.9. Cytotoxicity assays

The Hela cells were used to evaluate the cytotoxicity of the
prepared gelatin-based hydrogels according to Cui et al* In
brief, the freeze-dried hydrogel samples were ground into a fine
powder and sterilized by UV light for 2 h. Then, 30 mg of the
sterilized powders were suspended in 5 mL PBS (pH 7.4) buffer
for 12 h. The HeLa cells were seeded into 96 well plates at
a density of 8 x 10 cells per well. Then 20 uL leaching solutions
were added respectively and cultured in DMEM supplemented
with 10% fetal bovine serum (FBS) at 37 °C in a humidified
incubator. The optical density (OD) value was obtained by
monitoring the absorbance of the broth at 570 nm with
a microplate reader (Spectra Max M5, Molecular Devices, USA)
and the viability of the Hela cells were detected by MTT method
at different incubation times (12 h, 24 h and 48 h). The cell
viability was calculated by normalizing the OD of samples to
that of the control without any addition.

Additionally, cells were stained with a solution of fluorescein
diacetate (FDA, 20 pg mL ™ '). The samples were observed using
a fluorescence microscope (Olympus U-RFL-T, Japan).

3. Results and discussion
3.1. Analysis of thermostability

The TG and DTG curves of gelatin-based hydrogels were shown
in Fig. 2 and values for the onset temperatures were taken from
Fig. 2 and shown in Table 1. All samples exhibited two major

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TG (A) and DTG (B) thermograms of gelatin-based hydrogels with various amounts of CNCS content.

Table 1 The Tonset Of gelatin-based hydrogels

Samples Tonset (°C)
Gel 206.3
Gel-CNCs (2%) 221.2
Gel-TG 230.3
Gel-TG-CNCs (0.5%) 231.6
Gel-TG-CNCs (1%) 232.5
Gel-TG-CNCs (1.5%) 233.9
Gel-TG-CNCs (2%) 235.2

mass loss stages in the temperature range of 45-800 °C. The
first mass loss stage occurred approximately between 45 and
180 °C, which could be attributed to the loss of moisture
(approximately 10%) in the freeze-dried hydrogels.>* The onset
decomposition temperature (Tonser) Of neat gelatin hydrogel
(Gel) occurred at around 206 °C, which is association with the
decomposition of collagen-like triple helix structure of gelatin.*®
It was observed that the onset temperature of the gelatin-based
hydrogels increased with the increasing of CNCs content.
Comparing with the pure gelatin hydrogel, the Ty values of
the Gel-CNCs (2%) and Gel-TG are up to 221.2 °C and 230.3 °C
respectively. The results indicated that the addition of CNCs
and mTG seemed to slightly increase the thermal stability of
hydrogels. It could be related to the hydrogen bonding forma-
tion between CNCs and gelatin chains or the occurrence of
crosslinking between gelatin chains.

3.2. XRD analysis

The crystal structure of CNCs, and the gelatin-based hydrogel
samples characterized by XRD and are presented in Fig. 3. The
X-ray diffractograms of CNCs show two typical characteristic
diffraction peaks at 26 = 18° and 22.5°.*” And the X-ray dif-
fractograms of gelatin also show two typical characteristic
diffraction peaks at 260 = 8.5° and 20°. According to Bigi's study,
the peak at 26 around 8° is related to the diameter of the triple
helix and its intensity would be associated with the triple-helix
content.” The broad peak at a 26 value of approximately 20°
corresponding to the amorphous nature of gelatin.* A

© 2021 The Author(s). Published by the Royal Society of Chemistry

significant decrease in intensity of the peak at 8.5° of Gel-TG
and Gel-TG-CNCs was depicted reflecting the decrease of the
triple helix structure content. This result indicated that the
covalent crosslinking between gelatin chains was performed by
the addition of mTG, which decreased the crystalline intensity
of gelatin. Similarly, the broad peak of at 20° of Gel-TG was also
decreased. More broadly, with the addition of CNCs the peak at
20° almost disappeared (Gel-TG-CNCs). It was proved that the
hydrogen bond between CNCs and gelatin chain have destroyed
the close packing for the formation of regular crystallites, and
this fact can improve the corresponding mechanical properties
of the hydrogels.*®

3.3. Analysis of rheological behavior

The storage modulus (G') which is an estimate of the strength of
a material was obtained by oscillatory stress sweep method. As
shown in Fig. 4A-C, the storage modulus of the gelatin-based
hydrogels increased with the decreasing of temperature.
Compared with the pure gelatin hydrogel, the storage modulus
of those prepared by the addition of CNCs and/or mTG were

>

= —

B CNC
CICJ Gel
‘= Gel-TG

Gel-TG-C(2%)

10 I 20 . 30 ‘ 40 I 50 ‘ 60
26 (°)

Fig. 3 XRD pattern of CNCS, gelatin, Gel-TG and Gel-TG-C (2%).
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Fig. 4 The storage modulus of gelatin-based hydrogels at 5 °C (A), 15 °C (B) and 25 °C (C) during frequency sweep respectively, and apparent

viscosity of gelatin-based hydrogels at 25 °C (D).

significantly increased. And for Gel-TG-CNCs, the storage
modulus gradually increased with the increasing of CNCs
content. As is known, mTG can catalyze the acyl transfer reac-
tion to stimulate protein/peptide crosslinking and be widely
used to improve the microstructural and rheological charac-
teristics of gelatin-based hydrogels. Meanwhile, in these
hydrogel samples, CNCs will serve as a nanofiller, have a certain
specific surface area, quantum effect and surface effect, which
caused the strength of the CNCs to blend with the softness of
gelatin chains, thereby improving the mechanical strength of
hydrogels.®* Therefore, the storage modulus of Gel-TG-CNCs
were higher than Gel-CNCs and Gel-TG, resulting from the
dual reinforcing effect of CNCs and the covalent linkage cata-
lyzed by mTG.

It can be seen from Fig. 4D, the viscosity of all hydrogels
decreased rapidly with the increasing of shear rate, showing
non-Newton behavior. Addition of CNCs into the polymer
solution increased the apparent viscosity as is expected when
solid particles are suspended in liquids. Microbial trans-
glutaminase catalyzed the formation of cross-links between
gelatin chains, producing higher molecular weights aggrega-
tion, thus resulting in increasing the initial apparent viscosity of
Gel-TG. Obviously, Gel-TG show higher initial apparent viscosity
value than Gel and Gel-CNCs (2%). This means that mTG

10798 | RSC Adv, 2021, 11, 10794-10803

treatment seemed more efficiently increased the initial
apparent viscosity than the addition of CNCs. It is notable that
the initial apparent viscosity of the as-prepared Gel-TG-CNCs
hydrogels strongly enhanced by the synergistic effect of mTG
and CNCs. Moreover, for Gel-TG-CNCs hydrogels, with the
increasing of CNCs content the shear thinning behavior became
more obvious and the initial apparent viscosity increased.
When the CNCs content increases from 0.5 to 2.0 wt%, the
initial apparent viscosity is nearly fold. This may be due to CNCs
benefited the forming of the network linked by some weak
forces, such as hydrogen bonding.*>

3.4. Gel breaking strength

Gel breaking strength is an important physical property of
gelatin-base hydrogels in a wide range of applications, and
depend heavily on the chemical structure of the hydrogels. The
size of gelatin chains, triple helix content, degree of cross-
linking and hydrogen bond between CNCs and gelatin play an
important role in the gel strength.*® The gel strength of gelatin-
based hydrogels was shown in Fig. 5, CNCs and TG modified
hydrogels showed higher gel strength than pure gelatin hydro-
gels. The gel strength of the Gel-CNCs (2%) was 3 times higher
than that of pure gelatin hydrogels. This reinforced behavior
can be ascribed to the uniformly dispensed CNCs particles in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The gel strength of gelatin-based hydrogels at 25 °C.

hydrogels, which can transfer the load from polymer chain to
CNCs particles and avoid the growing of micro-cracks.** In
addition, the improvement of the gel strength can also be
attributed to the hydrogen bond between gelatin chain and
CNCs particles, the same as other nanoparticles (CNTs) in
gelatin hydrogels.*® Moreover, the gel strength of Gel-TG was
also significantly enhanced by forming the covalent cross-
linking among gelatin chains. As expected, the simultaneous
addition of CNCs and TG achieved a marked increasing in the
gel strength compared with addition individual. It can be found

View Article Online
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that the mechanical properties of Gel-TG-CNCs hydrogels
depended not only on the reinforced behavior of CNCs parti-
cles, but also on CNCs/gelatin interactions and covalent cross-
linking by mTG.

3.5. SEM

The morphology of the freeze-dried hydrogels was studied by
SEM and the results were shown in Fig. 6. All hydrogels con-
tained irregular porous structures with smooth pore walls. No
CNCs can be clearly identified in the pore wall of the scaffold,
which can be due to the good interfacial compatibility of the
gelatin/CNCs composites. The pore dimension of Gel-TG was
much smaller than that of pure gelatin hydrogels as seen from
the images (Fig. 6a and b) at same magnification. This decrease
in pore size was attributed to the crosslinking reaction among
gelatin chains, which enhanced the interaction between the
molecules, thereby making the internal structure of the hydro-
gel more compact. It is already reported that pore size of
hydrogel decreases with degree of crosslinking.*® After adding
CNCs, the hydrogel samples have a more pronounced three-
dimensional network structure (as shown in Fig. 6c-f), and
this structure was probably associated with the supporting
effect of CNCs on gelatin skeleton. Furthermore, the Gel-TG-
CNCs show much bigger pore dimension than Gel-TG (all
images at same magnification), and the pore dimension
exhibited an increasing trend with increasing of CNCs content.

Fig. 6 SEM images of the (a) Gel, (b) Gel-TG, (c) Gel-TG-C (0.5%), (d) Gel-TG-C (1%), (e) Gel-TG-C (1.5%), (f) Gel-TG-C (2%).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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For one thing, this trend occurred because the decreased degree
of crosslinking due to the interference of CNCs particles. For
another thing, incorporation of CNCs was expected to increase
the rigidity of the hydrogel network, which decreases the
shrinkage of the pore structures during freeze-drying process.
Our result was approximately similar to that of Jiang et al.*” and
Xu et al.*®

3.6. Swelling behavior

Swelling tests were performed to investigate the effect of pH on
the swelling properties of the gelatin-based hydrogels. The
equilibrium water contents of a variety of Gel-TG-CNCs are
presented in Fig. 7A. The addition of CNCs seems to have little
effect on the swelling behavior for the range of CNCs contents
studied in this research. Furthermore, it is obvious that the
equilibrium water contents of the hydrogel samples depend
strongly on the pH values. All the hydrogel samples show the
lowest swelling ratio at pH 7, which is nearby the isoelectric
point of the Gel-TG-CNCs samples (Fig. 7B). Gelatin is ampho-
teric, it has both positive and negative charges on the molecule
due to the presence of carboxylic and amino groups. The
isoelectric point depends on the proportion of acidic and
alkaline side chains of the amino acids on gelatin chain. As
shown in Fig. 7B, the isoelectric point of type A gelatin is
observed at pH 9.5, while the isoelectric point of Gel-TG-CNCs
shift toward about 6.5. This can be explained by the decrease
in the number of amino groups because of the crosslinking
reaction catalyzed by mTG. At the isoelectric point, the electrical
attraction between these opposite charges on gelatin chain will
lead to network collapse, which result in the minimum swelling
ratio.*® When the pH of the swelling medium deviates from the
isoelectric point, gelatin chains behave as polycations or poly-
anions, respectively. Then their swelling capacity increased. In
addition, hydrogels under positive charge condition (below pI)
have a higher equilibrium water contents than those that are
negatively charged (above pI). Similar observations were re-
ported by Ooi et al.** and Boral et al.*’

3.7. Cytotoxicity

Cytotoxicity is one of the most important properties for
biomaterials. The MTT test was chosen to evaluate the indirect
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Fig. 8 Relative growth rate (RGR) of Hela cells cultured in the
leaching solution of gelatin-based hydrogels.

cytotoxicity of the hydrogels prepared in this study. As shown in
Fig. 8, the MTT results of all hydrogels at different culture time
(12 h, 24 h and 48 h) were resumed. Cell viability of all the
hydrogels were higher than 80%, indicating their good cyto-
compatibility. Comparable cell viability values were reported by
Yin et al.** and Asadi et al.*> who use cellulose nanoparticles and
gelatin to synthesis bio-hydrogel. The excellent cytocompati-
bility of the hydrogels was ascribed to the biocompatibility of
the gelatin and CNCs, as well as the enzymatic approach of the
hydrogels. Most importantly, the relative growth rate (RGR) of
HelLa cells increased gradually over time and all samples were
basically the same (Fig. 8), indicating that the cells proliferated
well in the hydrogels. There are two possibilities to be suggested
as the cause of the proliferation: (a) the gelatin skeleton can
provide adhesion sites for cells, and the interaction between
cells and gelatin chain further facilitated the proliferation,* or
(b) the beneficial effect of collagen peptides in extraction solu-
tion which can promote cell growth and enhance cell
proliferation.

As seen from Fig. 9, a large number of living cells were
present and evenly distributed after 24 h of cell proliferation.
The cells adhered well and proliferated on the culture plate
without detectable changes in behavior. From Fig. 9a and b, we
can clearly see that the appearance of cells maintained the

—— (0%
-5 ——0.5%
—A—1.0%
—¥—1.5%
——2.0%
—<— Gelatin

Equilibrium water contents

-10

pH

(A) Swelling behavior of gelatin-based hydrogels at different pH. (B) The pl value of Gel-TG-C and gelatin.
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Fig.9 The observation of Hela cells by FDA staining after culturing for 24 hours. (a) Gel, (b) Gel-TG, (c) Gel-TG-CNCs (0.5%), (d) Gel-TG-CNCs

(1%), (e) Gel-TG-CNCs (1.5%), (f) Gel-TG-CNCs (2%).

spindle morphology. And the number of living cells did not
obviously decrease by the addition of CNCs content from 0.5 to
2.0 wt% (Fig. 9c—f), showing that the addition of mTG and CNCs
did not induce detectable cytotoxicity. These pictures are
consistent with the MTT results of cell viability (seen in Fig. 8).
The above-mentioned results fully illustrated that these
prepared gelatin-based hydrogels have good biocompatibility
and low cytotoxicity.

4. Conclusion

In this study, a series of gelatin-based hydrogels were obtained
by mTG cross-linking method and introducing CNCs as the
strengthening agent. The physicochemical, mechanical,
swelling, and cytocompatibility behaviors were investigated. It
was founded that Gel-TG-CNCs exhibit higher storage modulus
and breaking strength, and increasing CNCs concentrations led
to better mechanical strength, which proved the dual reinfore-
ing effect of CNCs and mTG. Most importantly, the results of
MTT test demonstrated that the enzymatic cross-linking reac-
tion and the introduction of CNCs had little toxicity to the cells.
In conclusion, the enzymatically crosslinked gelatin/CNCs
hydrogels are anticipated to have potential in the biomedical
field such as drug delivery, wound repair and tissue engineering
scaffolds.
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