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Abstract

Gelatin is an interesting biological macromolecule for biomedical applications. Here, double
cross-linked gelatin nanocomposite hydrogels with incorporation of graphene oxide (GO)
were synthesized in one pot using glutaraldehyde (GTA) and GTA-grafted GO as double
chemical cross-linkers. The nanocomposite hydrogels, in contrast to the neat gelatin hydrogel,
exhibited significant increases in mechanical properties by up to 288% in compressive
strength, 195% in compressive modulus, 267% in compressive fracture energy and 160%
shear storage modulus with the optimal GO concentration. Fourier transform infrared
spectroscopy, scanning electron microscopy and swelling tests were implemented to
characterize the nanocomposite hydrogels. These hydrogels could have potential in

biomedical applications.
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1. Introduction

Hydrogels, which are soft and comprise a high proportion of water, have been attracting a
great deal of attention in the past few decades. They have been widely studied for biomedical
applications including tissue engineering and drug delivery because of their similarities to
extracellular matrices, excellent biocompatibility, and inherent cellular interaction capability
[1-3].

Gelatin is a natural polymer, derived from animal collagen with excellent biocompatibility,
affinity to proteins, and biodegradability, as well as low cost [4]. The numerous studies on the
gelatin based hydrogels have been reported for biomedical usages such as drug delivery,
tissue engineering, gene therapy and biosensing [5,6]. Physical gelatin hydrogels can be
obtained by cooling down pre-heated gelatin solutions to below the gelation temperature of
~25 °C (which varies subject to the type of gelatin, concentration, etc.) to trigger the
conformational transition from coil to triple helices [7]; however, these hydrogels have poor
mechanical properties and low temperature resistance [8,9]. Chemical cross-linking could
improve their strength and tune biodegradation rate, but at sacrifice of ductility [5]. Further
mechanical improvement is in demand to overcome the limitation for neat gelatin hydrogels
to be used in load-bearing applications. There are several approaches to achieving hydrogels
with high mechanical performance, for example, copolymer hydrogels, double-network
hydrogels and polymer nanocomposite hydrogels [10,11]. Graphene and its derivatives have
been considered as effective nanofillers for composite materials [12].

Since it was first reported in 2004, graphene has drawn substantial attention of scientists
due to its intriguing properties [13,14]. Graphene oxide (GO), a graphene derivative, exhibits
a large surface area, a high aspect ratio, and exceptional mechanical properties, while bearing
plenty of oxygen-containing groups on their monolayer two-dimensional sheets [13]. GO can

be readily exfoliated and stably dispersed as single-layer sheets in an aqueous solution owing



to its hydrophilic oxygen-containing groups, which is beneficial to prepare mechanically
strong nanocomposite hydrogels. These oxygen-containing functional groups enabled GO
nanosheets to associate with hydrophilic polymer matrices by physical and chemical
interactions to enhance the mechanical performance significantly. For example, the addition
of ~5 wt% GO can dramatically increase the compressive strength of poly(N-
isopropylacrylamide) (PNIPAM) hydrogels by 3-fold, owing to the interpenetrating network
structure comprised of chemically cross-linked PNIPAM and connected GO sheets, as well as
the strong intermolecular interaction (hydrogen-bonding) between PNIPAM chains and GO
sheets [15].

Through physical and chemical interactions, gelatin (as primary components) and GO
formed interesting nanocomposites and nanocomposite hydrogels [16-21]. A strong and
bioactive gelatin-GO nanocomposite was reported showing 65%, 84% and 158% increases in
the Young’s modulus, tensile strength and fracture energy of gelatin, respectively, with the
addition of 1 wt% GO [16]. Self-assembled gelatin-GO nanocomposite hydrogels [17] were
reported possessing storage moduli of 54—115 kPa at a water content of 98.0-98.5 wt%, and
gelatin-reduced graphene oxide nanocomposite hydrogels [18] exhibited storage moduli of
64—172 kPa at a water content of 98.0-98.8 wt%. These hydrogels were formed without an
organic cross-linking agent, where graphene was used as a physical cross-linker in the former
and a chemical cross-linker mainly in the latter. Poly(acrylic acid) (PAA)-gelatin-GO
nanocomposite hydrogels were reported [19], which were synthesized by in situ
polymerization of acrylic acid monomer in the presence of GO and gelatin. The hydrogels
exhibited a 71% increase in tensile strength (150-250 kPa) when containing 90 wt% water,
by the addition of 0.3 wt% GO [19]. The same group reported that PAA-gelatin-GO
nanocomposite hydrogels with different compositions showed a high compressive strength

(7-26 MPa) at a water content of 29-51 wt% [20]. Gelatin methacrylate-GO composite



hydrogels, which exhibited a fracture strength in compression of 91-501 kPa with 94.3-94.5
wt% water, were also reported [21].

Using N,N-methylenebisacrylamide (BIS) as the chemical cross-linker in the presence of
GO sheets, tough GO-based polyacrylamide (PAM) composite hydrogels were synthesized
by in situ polymerization of acrylamide monomers [22]. By incorporating GO sheets, the
hydrogels were double cross-linked with the predominant cross-linking contribution from
BIS and the additional contribution from multifunctional cross-linking agents of GO sheets,
imparting high toughness and a tensile strength of 30 kPa. Actuator materials based on PAM-
GO composite hydrogels were prepared by a similar method by others [23]. As the authors
suggested that PAM macromolecules grafted onto the GO nanosheets during polymerization,
the double cross-linked structure was obtained in the hydrogels which were cross-linked by
BIS and GO nanosheets. The good dispersion of the GO nanosheets in the composite
hydrogels, resulting from some PAM macromolecules grafted onto the GO nanosheets,
endows significant improvement of their mechanical properties, i.e., a 6-fold increase in the
compressive strength with 1 wt% GO content in comparison to that of neat PAM hydrogel.
These imply double cross-linking polymer hydrogels could be an effective strategy to
develop polymer hydrogels with high mechanical properties, like in the case of double cross-
linked polymer blend hydrogels [24].

In this work, we developed novel double cross-linked gelatin-GO nanocomposite
hydrogels with various weight ratios prepared using cross-linking agents of glutaraldehyde
(GTA) and GTA-grafted GO. The nanocomposite hydrogels were characterized with
different techniques and discussed with regards to their chemical structures, morphologies,

and mechanical properties in detail.



2. Experimental section

2.1 Materials

Gelatin (type B, BioReagent, bloom strength 225, number average molecular weight: 50,000),
graphite powder (size < 20 pm), potassium permanganate, sodium nitrate, hydrogen peroxide
(30%), concentrated sulphuric acid (98%), hydrochloric acid (35%), glutaraldehyde (50%),

and glycine (1 mol L) were all obtained from Sigma-Aldrich Corporation.

2.2 Preparation of gelatin-GO hydrogels

Graphene oxide was prepared from pristine graphite powder by a modified Hummers’
method [25], and purified and freeze-dried [17]. The gelatin-GO nanocomposite hydrogels
were synthesized by cross-linking gelatin using GTA in the presence of GO nanosheets. A
typical synthesis of the gelatin-GO nanocomposite hydrogel is described as follows. 0.1 mL
of aqueous GTA (0.056 g, 0.56 mg mL™") solution was mixed with 4.9 mL of aqueous GO
(0.001 g, 0.2 mg mL™) suspension under vigorous stirring at 37 °C for 1 h. 0.999 g gelatin
was added into 5 mL distilled water and then heated at 60 °C while stirring for 1 h. It was
then added into the water mixture of GTA and GO under stirring for 3 min before it was cast
into a cylindrical mould. The mixture was kept at room temperature (20 °C) for 24 h to
complete the gelation of gelatin through chemical cross-linking. In these hydrogels, GO
concentration increased from 0 to 5 mg mL", while the weight ratio of both gelatin and GO
to water was kept constant at 1:10. After gelation, the remaining aldehyde groups from GTA
were blocked by immersing the bulk hydrogel into a glycine solution (100 mM) at 37 °C for
1 h, and following triple wash in distilled water. The hydrogels were named as GHn, in which

n denoted ten times of the concentration (mg mL™) of GO in the final hydrogel.



2.3 Structure characterization

Gelatin, GO and gelatin-GO hydrogels were analyzed by Fourier transform infrared
spectroscopy (FT-IR) (Perkin Elmer Spectrum 100, a resolution of 4.0 cm™). An
aqueous GO suspension and the nanocomposite hydrogels were frozen at -20 °C, and
then dried under vacuum at -10 °C for two days by using a FreeZone Triad Freeze Dry
System (Labconco Corporation). As a control sample to study the interactions between
GO and GTA, the GTA-modified GO was also investigated by FT-IR. This sample
was prepared using the same procedure as for nanocomposite hydrogel, namely
mixing the same amount of GO suspension and GTA solution at 37 °C for 1 h,
followed by dialysis for 3 days to remove the unreacted GTA and then air-dry at room
temperature for 3 days. A neat GO suspension was also air-dried and characterized as
a control. Morphologies of the gelatin-GO hydrogels were studied by using scanning
electron microscopy (SEM). The lyophilized samples were fractured and then fixed on
aluminium stubs. Samples were gold coated by using an Emscope SC500A sputter
coater before the morphological images were taken under an FEI Inspect F scanning
electron microscope. The average pore sizes were calculated (at least 100 pores) by using

Imagel] software.

2.4 Compression tests

Uniaxial compression testing was performed using a mechanical testing system
(Model TAS500, Lloyd Instruments) equipped with a control and analysis software of
NEXYGEN. The hydrogel rods (20 mm high and 10 mm in diameter) were
compressed at a speed rate of 1 mm min~' using a 50 N load cell. Measurements were

performed on 5 replicate samples in each group.



2.5 Rheological measurements

The rheological properties were measured by using a MCR 301 rheometer (Anton Paar). The
shear moduli were recorded against angular frequency with a fixed strain of 0.1% (within the
linear viscoelastic region) at room temperature. Parallel-plate (diameter 25 mm) geometry

was used and the gap distance was fixed (2.0 mm) between the parallel plates.

2.6 Swelling tests

Hydrogel discs (10 x 10 x 2 mm”) were air-dried for one week at room temperature and then
submerged in distilled water at room temperature (23 + 1 °C) for swelling test. The samples
were weighed after a week when the weights became constant. Three replicate samples were
used for the measurements. The swelling ratio (SR) of the hydrogel was calculated using

equation 1:

Ws—Wyg
Wa

SR = (D

in which W, and W, denote the weights of the swollen and dried hydrogel, respectively.

3. Results and discussion

GO nanosheets used to synthesize the nanocomposite hydrogels have been characterized by
atomic force microscopy (AFM) and laser sizing in our previous works [17]. The thickness of
single-layer GO nanosheets was determined to be 1.0 nm and the majority of GO nanosheets
ranged in size from 2.2 to 20 um with a mean of 5.5 um [17]. When a GO aqueous
suspension was utilized for the preparation of GO reinforced hydrogels, the functional groups
on the GO nanosheets provided sites for physical and chemical interactions with the polymer
matrix [26,27].

As described before [28], the spectrum of GO (curve a in Fig. 1(A)) shows the existence
of different oxygen-containing functional groups: carbonyl groups (C=0, 1729 cm™), alkoxy

groups (C—0, 1044 cm™) and epoxy groups (C-O—C, 1222 cm™). O-H stretching bond and
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C=C vibrations are also observed at 3200-3400 cm™ and 1616 cm™, respectively. Gelatin is
characterized for comparison, and its main characteristic groups are identified in curve h. The
absorption bands at 1633, 1522, 1230 and 3285 cm’ are assigned to the amide I vibration
(C=0), amide II bending vibration (N-H), amide III and N-H stretching, respectively [29].
GHO has a similar profile to gelatin powder. After incorporation of GO into the gelatin, the
C=0 peak in GO at 1729 cm disappears in the gelatin-GO nanocomposite (curve b-g),
which is ascribed to the association between carboxyl groups on GO nanosheets and amino
functional groups in gelatin to form ammonium carboxylate complex [30]. The features of the
amide | vibration and amide II bending vibration from gelatin dominate in the studied
nanocomposites (curves b-g), overshadowing the feature of C=C vibrations from GO.

To investigate the formation mechanism of the hydrogels further, the FT-IR spectrum of
the mixture of GO and GTA, prior to mixing with gelatin solution to form a hydrogel, was
also studied. Fig. 1(B) shows the spectra comparison of GO and GTA modified GO. The
occurrence of a new shoulder at 2792-2840 cm'l, which corresponds to the C—H stretch mode
of GTA, initially indicates the presence of GTA on GO sheets. The peaks of C—O and C-O-C
show some shifts from 1046 and 1214 to 1056 cm™ and 1224 cm™ respectively, as well as
significant increases of their intensities, suggesting the formation of hemiacetal structure by
reacting the hydroxyl groups of GO sheets with aldehyde groups of GTA [31]. The C=0 peak
at 1720 cm’! shifts to 1704 cm™ and its intensity increases, which is ascribed to the residual
unreacted aldehyde groups of GTA as its one end may still remain free while the other end
reacts with GO. These findings are in line with those reported in the literature [31],
confirming the reaction between the hydroxyl groups of GO and the aldehyde groups of GTA
and their covalent bonding. The proposed chemical reaction is illustrated in Scheme 1. The
remaining aldehyde groups on the GTA modified GO act as multiple cross-linker points for

further reaction with gelatin chains during hydrogel gelation. It is known that the aldehyde



groups of GTA react with amino groups in gelatin to yield Schiff bases [32] and cross-link
gelatin molecular chains to create a network. Additional cross-linking was also reported
through the reaction between aldehyde groups of GTA and hydroxyl groups of gelatin [32].
Thus, the gelatin-GO nanocomposite hydrogels are formed through double cross-linking by
GTA molecules and GTA modified multifunctional GO sheets, and possibly also with
additional physical interactions, including electrostatic interaction and hydrogen bonding,
between the carboxyl, epoxy and unreacted hydroxyl groups on GO nanosheets and amino
groups in gelatin molecules. The mechanism of the formation of double cross-linked structure
in the gelatin-GO nanocomposite hydrogel is proposed in Scheme 2.

The interior morphologies of the double cross-linked gelatin-GO nanocomposite hydrogels
were investigated by SEM. The neat gelatin hydrogel cross-linked by GTA, GHO, displayed a
porous structure with a pore size of 1.67 £ 0.38 um (Fig. 2(A)). After incorporation of GO,
the gelatin-GO hydrogel is double cross-linked by both GTA and GTA-grafted GO and
becomes stiffer, which suppresses the growth of ice crystals during the freezing step. This

resulted in a smaller pore size for gelatin-GO hydrogel GH1 (0.74 & 0.29 um) with a narrow

pore size distribution (Fig. 2(B)), suggesting good distribution of GO sheets within the
hydrogel at the low concentration. With increasing GO, the pores become uneven and
shallower (Fig. 2C-F). A wider distribution of pore sizes suggests GO is not well distributed
in localized areas of the hydrogel network. GH5, GH10, GH30 and GH50 have bigger

average pore sizes of 0.89 £ 0.35 um, 1.21 £ 0.42 um, 1.38 &= 0.66 um and 1.27 * 0.44 um,

respectively.

Mechanical properties of the double cross-linked gelatin-GO hydrogels were evaluated by
uniaxial compression. The compressive strength of the hydrogel increases upon the increase
of the GO concentration (Fig. 3(A)). The compressive strength of 566 kPa for GH50 with the

highest GO concentration shows a 288% increase compared to 146 kPa for the neat gelatin



hydrogel (Table 1). These values are comparable to those values (91-501 kPa) of gelatin
methacrylate-GO composite hydrogels [21]. The compressive modulus of the gelatin-GO
nanocomposite hydrogel increases in general upon the incorporation of GO into the hydrogel.
It records the maximum modulus of 62 kPa for GH30 which almost triples the value (21 kPa)
of the neat gelatin hydrogel (Table 1). These significant improvements in the mechanical
properties of the gelatin hydrogel are attributed to the double cross-linked network structure
in the nanocomposite hydrogels in which GO sheets, grafted with GTA, act as
multifunctional cross-linkers, and also to the reinforcement effect of GO as an effective
nanofiller, with a high fracture strength, Young's modulus over 208 GPa [33], a high aspect
ratio and a large surface area. Furthermore, carboxyl, epoxy and unreacted hydroxyl groups
on the GO nanosheets are well associated with the polar gelatin by electrostatic interaction
and hydrogen bonding [17,34], also providing effective load transfer between gelatin matrix
and GO nanosheets in addition to the covalent bonds. The compressive fracture energies (the
areas under the compressive stress-strain curves) of the nanocomposite hydrogels are also
calculated and shown in Table 1, increasing from 20.8 kJ m™ for GHO to 76.3 kJ m™ for
GHS50. The high flexibility and mobility of GO nanosheets can help effectively dissipate
energy that is applied to the hydrogel, and therefore has a prominent effect on the hydrogel
toughness [35,36].

The compressive tangent moduli of the hydrogels significantly varied upon the change of
strain magnitude, indicating nonlinear and viscoelastic material behavior (Fig. 3(B)). The
tangent moduli of all gelatin-GO hydrogels are higher than those of the neat gelatin hydrogel
at strain magnitudes greater than 10%. The tangent modulus of GH30 is higher than that of
GHS50 at strain magnitudes greater than 10%, in line with their compressive moduli. This may
be due to the poorer dispersion of GO sheets in GH50. The content of GO sheets has two

opposing effects on modulus: on one side, a higher GO content increases the modulus of the
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hydrogel; but on the other side, it causes poorer dispersion which leads to aggregation of
some GO sheets and so overall reduces the cross-linking density and the modulus. In contrast,
the compressive strains at break of gelatin-GO hydrogels are all similar except for GHS.
Overall, the compressive strength, stiffness and toughness of the gelatin hydrogel are
improved by the presence of GO, which plays a critical role in enhancing their mechanical
properties.

Rheological measurements (Fig. 4) reveal viscoelastic characteristics of the hydrogels.
Their storage moduli (G') are always greater than their counterpart loss moduli (G"),
indicating elastic behavior is dominant in these hydrogels [37]. In Fig. 4(A), G’ is about one
to two magnitude orders higher than its corresponding G” (Fig. 4(B)). So, the values of the
damping factor, tan ¢ (tan 6 = G"/G’), are much lower than 1, suggesting the formation of
highly elastic hydrogels (Fig. 4(C)) [38]. The storage modulus of the neat gelatin hydrogel
(GHO) is 10.4 kPa (at 10 rad s™). With the incorporation of GO into the gelatin hydrogels,
their storage modulus increases. A 12% increase has been observed in the hydrogel GH1
(11.6 kPa), compared to that of GHO. The storage modulus of GH10 (20.1 kPa) increases
more significantly, showing 93% increase in contrast to GHO. The storage modulus reaches
the highest value of 27.0 kPa (at 10 rad s") for GH30 which shows a 160% increase, though
it is lower than that of GH50 below the crossover point at 2 rad s™. A further increase in the
concentration of GO leads to a decline in the storage modulus to 23.6 kPa (at 10 rad s'l) for
GHS50, indicating the structure weakening, which may be owing to the aggregation of GO and
a lower cross-linking density as previously discussed.

The cross-linking density (N) of the hydrogels, an important parameter to characterize the
structure-property relationship of hydrogels, was investigated. It is useful for the design of
the new hydrogels and manipulation of their properties. N is defined as the number of active

network chains per volume of the hydrogel. A cross-linked hydrogel can be considered as a
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Gaussian network and N is related to the static shear modulus (G) [39]. The correlation

between them was described by the rubber elasticity theory, as shown in equation 2 [39],

G = NKT = - (1 - 2MC) (2)

c M

in which k is Boltzmann constant, 7 is absolute temperature (298 K), R is the gas constant, ¢
is the concentration of the polymer (gelatin), M, is the average molecular weight of polymer

chain segments between the cross-linking sites, and M is the molecular weight of the
polymer. In the literature, an empirical correlation [40] between dynamic Young’s modulus
and static Young’s modulus and a correlation [41] between shear modulus and Young’s
modulus were reported. As a result, the static shear modulus was related to dynamic shear

modulus in equation 3 [17,18],

1.586
2(1+v)

G =0.629G' —

3)

where v is Poisson’s ratio, which is determined as 0.5 [42]. By substituting the experimental
data of G'in equations 2 and 3, the parameters are calculated and illustrated in Table 2.

The cross-linking density, N, of the hydrogel increases with the increase in the GO
concentration, from 15.9 x10* m™ for GHO up to 41.3 x10* m™ for GH30 before dropping
to 36.1 x10* m™ for GH50. The hydrogel with a higher modulus possesses a higher cross-
linking density, which is consistent with the literature [17,43]. Considering the same amount
of chemical cross-linker (GTA) was used in the synthesis of hydrogels, it is GO that induces
the higher cross-linking density; it acts as both a multifunctional cross-linker, when grafted
with multiple GTA, and a reinforcing nanofiller. Like the case with compressive or storage
modulus, the decrease of N for GHS50, which has the highest GO content, can be explained by
less effective cross-links between GO nanosheets and gelatin molecules due to increased

aggregation of GO sheets. The values of M, obtained vary in reverse to the cross-linking
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density, decreasing from 15,057 to 9,210 g mol™ for GHO and GH30 respectively before
increasing to 10,006 g mol’! for GH50.

To better understand the influence of GO on the cross-linking of the hydrogels, the
swelling property of the lyophilized gelatin-GO nanocomposite hydrogels with different
amounts of GO was measured, and the results are shown in Fig. 5. The swelling reached
equilibrium in distilled water after a week. All the hydrogels basically maintained their
original shape, and no migration of GO nanosheets from the hydrogel into water was
observed during the swelling process. With the increase of the amount of GO, the swelling
ratio of gelatin-GO nanocomposite generally decreases. The equilibrium swelling ratio
decreases from 8.3 g g'1 for GHO to 7.4 g ¢! for GH50. This confirms a higher cross-linking
degree in the nanocomposite hydrogel. More specifically, GO sheets, grafted with multiple
GTA, can function as multifunctional cross-linking agents to form multiple junctions in the
network and inhibit their swelling, resulting in the decrease in swelling capacity. Similar
phenomena have been reported for different nanofiller-enhanced hydrogels in the literature
[44,45]. However, the swelling ratio (7.4 g g") of GH50 is higher than that (7.0 g g') of
GH30 presumably due to increased aggregation of GO sheets. It is well known that there is a
strong correlation between the swelling capacity and the effective cross-link density of the
hydrogels. Thus, the effective cross-linking density of GH50 is lower than that of GH30. The
results are in line with the corresponding cross-linking densities derived from mechanical
properties and presented in the Table 2.

These gelatin-GO nanocomposite hydrogels may be fabricated into different shapes or
forms for future applications. For example, they could be cast onto moulds with different
shapes and dimensions to form complex 3D objects, and fabricated into fibres and nonwoven

fibrous constructs using gyratory methods [46,47].
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4. Conclusions

Double cross-linked gelatin-GO nanocomposite hydrogels have been successfully
synthesized by using both GTA and GTA modified GO sheets as cross-linking agents. The
hydrogels with varying amount of GO display the improved mechanical strength, stiffness
and toughness, which is ascribed to the double cross-linked network structure and also the
contribution of GO sheets as multifunctional cross-linkers and effective reinforcing
nanofillers. At a fixed GTA concentration, the compressive strength of the hydrogel increases
with increasing GO content. GHS50, containing 5 mg mL' GO, shows the highest
compressive strength of 566 kPa at a strain of 70%, exhibiting a 288% increase compared to
the neat gelatin hydrogel. However, the highest elastic modulus of 62 kPa is observed for
GH30 with 3 mg mL"' GO, which has a compressive strength of 509 kPa at a strain of 65.9%.
The elastic modulus value of GH30 doubles that of the neat gelatin hydrogel. The shear
storage modulus of the hydrogel generally increases with the increase in GO content, apart
from the highest GO content. The highest value of shear storage modulus is 27.0 kPa for
GH30, showing a 160% increase to 10.4 kPa for GHO. The swelling capacity of gelatin-GO
hydrogel decreases with the increase in the cross-link degree and mechanical properties of the
hydrogel. The novel nanocomposite hydrogels could have the potential to be used in

biomedical engineering.
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Table 1

Compressive properties of the double cross-linked gelatin-GO nanocomposite hydrogels.

Sample Compressive strength  Young’s modulus Fracture strain Fracture energy
(kPa) (kPa) (%) (kJ m?)

GHO 146 = 11 2110 67.9+44 20.8 £14.9
GHI1 286 £ 25 31+12 67.5+114 37.3+44

GH5 253 £55 3114 77.0+£4.4 409 +6.0
GH10 377 £ 68 42+9 702 +2.4 49.7 £ 6.7
GH30 509 £ 118 62+ 18 65.9+5.0 74.2 £20.7
GHS0 566 + 56 58+11 70.0 £2.5 763 £4.7
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Table 2

N and M, in the double cross-linked gelatin-GO nanocomposite hydrogels with different

compositions.
Sample Gelatin GO GTA G' N M,
(Wt.%) (mgmL™") (2 (kPa) (x 10°m?) (gmol™)

GHO 10 0 0.056 10.4 15.9 15057
GH1 10 0.1 0.056 11.6 17.7 14396
GH5 10 0.5 0.056 10.8 16.5 14830
GH10 10 1 0.056 20.1 30.7 10983
GH30 10 3 0.056 27.0 41.3 9210
GHS50 10 5 0.056 23.6 36.1 10006
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Scheme 1

GTA

GTA modified GO

Scheme 1. The proposed chemical reaction between GO and GTA.
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Scheme 2

NN

Gelatin

Electrostatic interaction
or hydrogen bonding

Scheme 2. The proposed schematic structure of double cross-linked gelatin-GO
nanocomposite hydrogels. Here, double cross-linkers refer to GTA and GTA-modified GO.

As the physical interactions are weaker than the two chemical cross-links, they are not

considered in the term of double cross-links.
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Figure captions

Fig. 1. (A) FT-IR spectra of the lyophilized (a) GO, (b) GHO, (c) GHI, (d) GHS, (e) GH10,
(f) GH30, (g) GH50, and (h) neat gelatin; (B) FT-IR spectra comparison of (a) GO and (b)
GTA surface-modified GO.

Fig. 2. SEM images of lyophilized gelatin-GO nanocomposite hydrogels: (a) GHO, (b) GH1,
(c) GHS, (d) GH10, (e) GH30 and (f) GH50.

Fig. 3. (A) Compressive stress-strain curves and (B) compressive tangent modulus versus
compressive strain of hydrogels: GHO, GH1, GHS, GH10, GH30 and GH50.

Fig. 4. (A) G' (solid), (B) G" (hollow) and (C) damping factor tan 6 of hydrogels: GHO, GH]1,
GHS5, GH10, GH30 and GHS50.

Fig. 5. Equilibrium swelling of the double cross-linked gelatin-GO nanocomposite hydrogels
with various GO contents: GHO, GH1, GHS, GH10, GH30 and GH50.

Scheme 1. The proposed chemical reaction between GO and GTA.

Scheme 2. The proposed schematic structure of double cross-linked gelatin-GO
nanocomposite hydrogels. Here, double cross-linkers refer to GTA and GTA-modified GO.
As the physical interactions are weaker than the two chemical cross-links, they are not

considered in the term of double cross-links.
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Fig. 3
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Fig. 4
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Fig. 5
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