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The mechanical performances of hydrogels are greatly influenced by the functionality of cross-linkers and
their covalent and non-covalent interactions with the polymer chains. Conventional chemical cross-linkers
fail to meet the demand of large toughness and high extensibility for their immediate applications as artificial
tissues like ligaments, blood vessels, and cardiac muscles in human or animal bodies. Herein, we
synthesized a new graphene oxide-based two-dimensional (2D) cross-linker (GOBC) and exploited the
functionality of the cross-linker for the enhancement of toughness and stretchability of a poly(acrylic
acid) (PAA) hydrogel. The 2D nanosheets of GO were modified in such a way that they could provide
multifunctional sites for both physical and chemical bonding with the polymer chains. Carboxylic acid
groups at the surfaces of the GO sheets were coupled with the acrylate functional groups for covalent
cross-linking, while the other oxygen-containing functional groups are responsible for physical cross-
linking with polymers. The GOBC had been successfully incorporated into the PAA hydrogel and the
mechanical properties of the GOBC cross-linked PAA hydrogel (PAA-GOBC) were investigated at various
compositions of cross-linker. Seven times enhancement in both toughness and elongation at break has
been achieved without compromising on the modulus for the as-synthesized PAA-GOBC compared to
the conventional N,N’-methylenebis(acrylamide) (MBA) cross-linked PAA hydrogel. This facile and
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1. Introduction associated with very low stretchability causing a big challenge
for the hydrogels to be useful in biomedical engineering
Hydrogels are three-dimensional cross-linked porous matrices ~applications.
of hydrophilic polymers with extraordinary capability of The mechanical performances of hydrogels are greatly
accommodating a large volume of water. The ‘soft and wet’ influenced by the activity of cross-linkers. Conventional chem-
nature of hydrogels along with the unique combination of ical cross-linkers like N,N’-methylenebis(acrylamide) (MBA)
stimuli-responsiveness and biocompatibility have made them forms covalent bonds with polymer chains and maintain the
very attractive for manifold applications in tissue engi- integrity of hydrogels. However, it leads to the improvement in
neering,? drug delivery,® sensing technology,’ biochemical toughness and modulus compromising on the extensibility.
separation®® and catalysis.”® 3D printed artificial organs have Covalent cross-linkers restrict the movement of polymer chains
recently been successfully produced from hydrogel materials.” in a definite zone for finite extensibility."* Recently, it has been
Gong et al. developed a new kind of hydrogel that can spon- considered that the inclusion of physical cross-linking may lead
taneously adhere to defective bones generating the potential to high toughness with high extensibility.** The physical cross-
for use in the treatment of joints and soft tissues.*® Although linking provides weak frictional resistance in polymer chain
notable success has been achieved in the preparation, modi- movement and ensure continuous energy dissipation during
fication, and development of hydrogels in recent years, one of ~deformation. Molecular ionic interaction, hydrogen bonding,
the key obstacles that still remains is the inadequate or host-guest interaction, etc. have been used for physical cross-
improper combination of mechanical properties of hydrogels. linking. Polymeric dispersive interaction of the surface of
For instance, hydrogels with low toughness are frequently —nanomaterials is an alternative over the conventional molecular
physical cross-linking in hydrogels. Extraordinary reinforcing

) o o ability to improve the mechanical behavior of hydrogels has
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they are still lagging from a desired mechanical performance
which can lead to practical applications. The major drawbacks
include random bonding of polymer and cross-linker which
incurs non-uniform stress distribution. Moreover, the nano-
composites are very susceptible to environmental factors like
temperature, pressure, and solvents, etc. putting forward lots of
scope for further improvement.

Graphene oxide (GO) has attracted great attention as
a promising filler material to enhance different functional
properties of nanocomposite hydrogels.”*”*> The GO nano-
sheets offer extremely large 2D surface area containing a good
abundance of polar functional groups (carboxylic, hydroxyl
and epoxide groups) on its basal planes and edges.>® Due to the
presence of different polar functional groups the surface of GO
can readily interact with different kinds of hydrophilic poly-
mers through dispersive interactions like hydrogen bonding,
dipole-dipole interaction, ionic interaction, etc. In addition to
the 2D surface area, GO can offer a good sliding zone with
frictional interaction for the unidirectional movement of the
polymer during elongation. This can effectively incur good
toughness with high extensibility in hydrogels.>* Moreover, the
inherent excellent mechanical strength and easy preparation
method of GO have made them very attractive. A good number
of research works are available for the efficient incorporation
of GO into the hydrogel to obtain enhanced mechanical
properties.***>?”?® The most common strategy followed for the
incorporation of GO into the nanocomposite hydrogels has
been the in situ polymerization of water-soluble monomers
containing traditional covalent cross-linkers (like MBA).
However, this strategy often achieved inadequate improve-
ment in mechanical properties such as tensile strength and
stretchability of the hydrogels. For instance, Ye et al. reported
the fabrication of PAA-MBA-GO nanocomposite hydrogel with
such kind of strategy and found elongation at break only four
times greater than that of neat PAA.>* The physical interactions
between polymer chains and GO nanosheets could not offer
very large energy dissipation restricting its function mainly as
supporting or reinforcing material. Alternate strategies are
therefore required to satisfy the requirement of even larger
toughness and longer elongation.

Herein, we propose a modification of GO with both phys-
ical and chemical anchoring sites for polymeric interaction.
The synergistic role of chemical and physical cross-linking in
a single platform of cross-linker may lead to the improvement
of mechanical performances.” Functionalization of GO
sheets with the acrylic groups leads to a special graphene
oxide-based cross-linker (GOBC) capable of forming covalent
and physical cross-linking with polymers, simultaneously.
The as-synthesized GOBC cross-linkers have been incorpo-
rated into the conventional polymeric gel of PAA, and the
mechanical properties and swelling behavior of the hydrogels
have been investigated with various degrees of cross-linker
concentrations. This new strategy of GO modification paves
the way for the development of high-performance nano-
composites required for cutting-edge applications in
biomedical engineering, particularly for the generation of
artificial tissues.
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2. Experimental
2.1 Chemicals and materials

High-purity graphite flakes (assay 99% carbon basis, —325 mesh
particle size), hydrogen peroxide (H,O,), N-(3-dimethylamino-
propyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-hydrox-
ysuccinimide (NHS), 2-aminoethyl methacrylate hydrochloride
(AEM), N,N'-methylenebis(acrylamide) (MBA), acrylic acid (AA),
and cellulose membrane dialysis tubing (avg. diam. 16 mm,
MWCO 14 kDa) were purchased from Sigma Aldrich. Sulfuric
acid (H,SO,), nitric acid (HNOj), sodium nitrate (NaNO;),
potassium permanganate (KMnO,), hydrochloric acid (HCI),
sodium hydroxide (NaOH), chloroacetic acid (CICH,COOH) and
potassium persulfate (KPS) were procured from Merck, Germany.
All the chemicals were analytical reagent grade and used as
received. Aqueous solutions of all the experiments were prepared
using deionized (DI) water.

2.2 Preparation of GO nanosheet

Graphene oxide nanosheet was prepared from graphite flakes
according to the modified Hummers' method.**?* At first,
graphite flakes (2 g) was transferred into a mixture of concen-
trated H,SO, (12 mL) and HNO; (8 mL). It was heated at 80 °C for
8 h. After cooling at room temperature, 500 mL of DI water was
added to dilute the mixture and left overnight. The mixture was
filtered and the product washed with DI water to remove acid
residue. The oxidized graphite powder was then dried overnight
at room temperature. The obtained dry powder (1 g) was then
treated in a round-bottomed flask with a mixture of NaNO; (1.03
g) and concentrated H,SO, (62 g). Under continuous stirring,
4.5 g of KMnO, was slowly added and the temperature of the
mixture was kept below 20 °C. The reaction was terminated by the
addition of DI water after 2 days. The filtered of the reaction
mixture was washed with 1 M HCI and subsequently with DI
water. Then the mixture was dialyzed against DI water for one
week to remove ionic species with a semipermeable membrane
tube having a molecular weight cut-off of 14 kDa. The final
product was obtained by drying in a vacuum oven at 60 °C.

2.3 Preparation of carboxylated graphene oxide (CGO)

Carboxylated GO (CGO) was prepared by converting hydroxyl
(-OH) and epoxide (C-O-C) groups into carboxylic acid (-COOH)
through the treatment of GO surface with chloroacetic acid under
a strong basic condition.**** 10 mL of GO suspension (2 mg
mL ") was sonicated for 1 h to obtain a stable dispersion.
Subsequently, 1.2 g of NaOH and 1.0 g of CICH,COOH were
added to the GO suspension and sonicated for another 2 h. The
resulting solution was neutralized by HCI solution (1 M) and
dialyzed against DI water at room temperature for 3 days to
remove the unreacted chemicals and impurities. The resulted
CGO solution was vacuum dried overnight at 60 °C.

2.4 Synthesis of GOBC

GOBC was synthesized by following the EDC coupling reac-
tion.*® 15 mg of the prepared CGO was sonicated in 15 mL of DI
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water for 1 h. 35 mg of EDC and 30 mg of NHS were added to the
suspension and stirred for 2 h at 0 °C. Finally, 300 mg of AEM
was added to the mixture and stirred at room temperature
overnight. The unreacted chemicals and reagents were removed
from the mixture by dialysis against DI water for 3 days. The
obtained GOBC solution was used for cross-linking of acrylic
acid polymer chains for the synthesis of 2D cross-linked PAA
composite hydrogels.

2.5 Fabrication of PAA composite hydrogel

Different composition of 2D cross-linked PAA hydrogels were
formed by the free radical polymerization reaction of AA with
GOBC in presence of KPS initiator. 2 mL of AA monomer
(density = 1.008 ¢ mL™") was added to 1 mL of DI water in
a glass tube and sonicated for 30 min. A specific volume of
GOBC solution and 10 mg of KPS were mixed in 1 mL of DI
water in a vial and sonicated for 30 min. The mixture of cross-
linker and initiator was transferred to AA solution under
vigorous stirring. The total mixture was poured into a glass
mold consisting of two parallel glass plates separated by 2 mm
Teflon spacer. The sample was heated at 58 °C for 4 h in an
inert atmosphere for polymerization. After completing the
polymerization, prepared gels were taken off the glass plates
and stored for further studies of mechanical properties and
swelling behavior. PAA hydrogels containing MBA and GO
were also prepared following the same procedure for
comparison.

2.6 Characterization

The Fourier transform infrared (FTIR) spectra of GO, CGO and
GOBC were recorded in the range of 4000-400 cm ™" by preparing
KBr pellet with samples in a Shimadzu FTIR-8400 instrument. UV-
Vis absorption spectra were carried out in a UV/visible spectro-
photometer (Shimadzu-1800). Thermogravimetric analyses (TGA)
and differential scanning calorimetry (DSC) were performed using
a NETZSCH STA 449F3 instrument. The samples were heated at
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a temperature increase rate of 10 °C min ' from room tempera-
ture to 800 °C under the nitrogen atmosphere. The surface
morphology of prepared cross-linkers and hydrogels was studied
using field emission scanning electron microscope (FESEM, JSM-
7600F, Tokyo, Japan) at a voltage of 10.0 kV. The samples for
FESEM were completely freeze-dried before performing the
experiment. X-ray diffraction (XRD) patterns of freeze-dried
samples were recorded by an X-ray diffractometer (PANalytical
Empyrean) using a Cu X-ray source (wavelength: Kei1 = 1.540598 A
and Ko2 = 1.544426 A) in the 20 range of 10° to 80°.

2.7 Mechanical tests

All PAA composite hydrogels were cut into pieces of rectangular
shape with 10 mm length, 4 mm width and 2 mm thickness for
tensile measurements. The tensile measurements were con-
ducted in a universal testing machine (TestResources, 100P250-
12 System) at a crosshead speed of 300 mm min~". The stress
was calculated following the equation ¢ = F/A, where F is the
recorded load and A is the cross-section area of the specimen.
The strain of the samples was measured from the ratio of
elongation of sample length (Al) with that of initial length (J,),
& = Al/ly. The Young's modulus was calculated from the initial
linear region of the stress-strain curves. The toughness of each
specimen was calculated by integrating the area underneath the
stress—strain curve before fracture.

2.8 Swelling ratio measurements

Small pieces of the as-prepared hydrogel of approximately similar
weight were immersed in a large amount of DI water. The gel was
freely swelled at room temperature to reach the swelling equi-
librium. The water of gel samples was continuously changed at
12 h duration. The swelling ratio of the samples was calculated
using the following equation:

SR = (W, — Wa)l W,y

GOBC

KPS, 58 °C, 4 h

PAA composite hydrogel

Fig. 1 Schematic diagram of the preparation of GOBC cross-linked PAA composite hydrogel.

This journal is © The Royal Society of Chemistry 2020

RSC Adv, 2020, 10, 10949-10958 | 10951



RSC Advances

where, W, and Wy are the weights of the swollen and dry
hydrogel, respectively.

3. Results and discussion
3.1 Synthesis and characterization of GO, CGO, GOBC

The main focus of this research was to fabricate a GO-based 2D
cross-linker with the multifunctional cross-linking ability and
investigate the influence of the cross-linker on the mechanical
properties of PAA hydrogels. Accordingly, GO was prepared
from graphite flakes via a modified Hummers' method. GO was
converted into CGO via a reaction with chloroacetic acid in
basic medium resulting in an increased number of ~-COOH
groups on GO surface. To introduce vinyl groups over the
surface, the carboxylic acid groups of CGO were functionalized
using 2-aminoethyl methacrylate hydrochloride. The free-
radical polymerization reaction was employed to prepare PAA
composite hydrogels by cross-linking PAA polymer chains by
GOBC in presence of KPS initiator. The schematic diagram of
the stepwise preparation of PAA composite hydrogel is pre-
sented in Fig. 1.

The conversion of GO into GOBC was investigated by UV-Vis
absorption spectroscopy. Absorption spectra of GO, CGO and
GOBC were obtained from a dispersed solution of an equal
concentration of each material and compared in Fig. 2a. The
changes that appeared in the spectra are related to the modi-
fication of the GO matrix. As shown in Fig. 2a, the main char-
acteristic peak for GO dispersion at 230 nm was attributed to
the m-7* transitions of aromatic C=C bonds and the shoulder
at ~300 nm was referred to the n—mt* transitions of C=0 bonds.
The overall feature is similar to the spectrum of GO synthesized
using the conventional Hummers' method.***” For CGO
dispersion, the main absorption peak at 230 nm remained
unaltered; however, the peak at 300 nm disappeared. Moreover,
CGO demonstrated much higher absorbance compared with
GO dispersion. These observations are indicative of the activa-
tion of GO surface by converting the hydroxyl groups to
carboxylic acid moieties under the basic medium.****** The red-
shift of the peak from 230 nm to 250 nm for GOBC corresponds
to the n—-m* transitions occurred due to the formation of C-N
bonds for amino functionalization of CGO.****

The modifications of GO to CGO and GOBC were further
investigated by the FT-IR spectra analysis. Fig. 2b displays the
FT-IR spectra of GO, CGO, and GOBC providing strong evidence
about the oxygen-containing functional groups. For GO, a broad
peak at 3416 cm™ " and peak at 1732 cm™ " indicated the pres-
ence of O-H groups and C=0 bond of carboxylic acid groups,
respectively. In-plane O-H bending mode appeared at
1397 cm ™" and the skeletal vibrations of aromatic C=C were
observed at 1620 cm ™. The peak at 1226 cm ™ was attributed to
the presence of the C-O-C bond of epoxy groups. The stretching
vibrations of alkoxy C-O occurred at 1055 cm™'.*>"* The spec-
tral band information strongly validated the successful
conversion of graphene oxide from graphite. The spectral
differences between CGO and GO indicated the successful
carboxylation of GO by the treatment of chloroacetic acid. Two
major changes were observed in the spectrum of CGO. One was
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the reduction of intensity of the characteristic vibration band of
C-O-C (1226 cm™') and another was broadening of the
absorption band of C=0 groups at 1732 cm™~ ".3**** The shift-
ing of the broad peak of O-H stretching vibration to lower
wavenumber 3393 cm™" indicated the formation of a large
number of carboxyl groups on GO surface. The appearance of
the peaks at 3408 cm ™', 1731 cm ' and 1161 cm ' in the
spectrum of GOBC, were attributed to the stretching vibrations
of N-H, C=0, and C-N bonds, respectively, of methacrylate
groups.®***>%5 The appearance of a new peak at 1652 cm
corresponded to stretching vibrations of NH-CO bond, which
was formed by the coupling reaction of CGO with the AEM.*®
TGA and DSC measurements were performed to investigate
the thermal stability of GO, CGO, and GOBC. The obtained
thermograms are presented in Fig. 3. Small weight losses below
100 °C for all samples were attributed to the evaporation of
adhered moisture or some organic molecules over the surface of
these materials. The major weight loss on the TGA curve of GO
after 200 °C was associated with the thermal decomposition and
rearrangements of oxygen-containing functional groups, which is

— GOBC
— CGO

a 23? nm
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I I I I I
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Fig. 2 UV-Vis spectra (a), and FT-IR spectra (b) of GO (red), CGO
(blue), and GOBC (green).
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Fig. 3 TGA (solid red lines) and DSC (dashed blue lines) curves of GO (a), CGO (b), and GOBC (c).

supported by the DSC measurement showing a marked
exothermic pick at 218 °C (Fig. 3a).>****” The steady weight loss of
GO in the range 300-800 °C might have been caused by the slow
decomposition of the other functional groups. The thermal
behavior of GO has been consistent with the previous reports.*»*
The decomposition temperature of oxygen-containing groups on
TGA was shifted to a high temperature due to the conversion of
GO into CGO (Fig. 3b).** When the DSC curves of GO and CGO
were compared, transformation of the sharp peak of 218 °C into
broad peak yet again indicated the carboxylate surface func-
tionalization of GO.*** Importantly, significant level of shifting
of the decomposition temperature and gradual weight loss over
a large range of temperature in the TGA curve of GOBC demon-
strated high percentage of conversion of CGO to GOBC (Fig. 3c).
DSC thermogram also supported the stability of GOBC over
a wide range of temperatures. The enhancement of the thermal
stability of GOBC was due to the successful attachment of large
functional groups over the CGO surface.***

The surface morphology of cross-linkers plays an important
role in their functionalities while interacting with the polymer
chains. The surface morphologies of GO, CGO, and GOBC were
observed by FESEM and the microscopic images are presented in
Fig. 4. The surface of GO had an irregular lamellar structure and
maintained a layer to layer distance (Fig. 4a). This happened for
the exfoliation of the sheet-like structure of graphite during the
conversion into GO. The layer by layer structure suggested the
intercalation of oxide functional groups (hydroxyl, carboxyl, and
epoxide) which were covalently bonded to graphite surface. It is
expected that each layer was connected with other closely due to
the strong dipole-dipole interactions.***° The rough surface and

irregular wrinkles of CGO (Fig. 4b) might have resulted during
the carboxylation of GO.** The lamellar morphology of GO was
almost disappeared from the CGO in the event of exfoliation and
sonication. Extensively exfoliated multi-layered porous structures
were clearly visible for GOBC in Fig. 4c. The amino-functionalized
graphene layers were irregularly folded to each other and formed
tangled patches.*>*

3.2 Characterization of PAA-GOBC composite hydrogels

The in situ polymerization technique was employed to prepared
PAA composite hydrogel because this technique enabled
control over both the polymer architecture and the structure of
the composite. To investigate the effect of GOBC as cross-linker
on the mechanical behavior hydrogels, different PAA hydrogels
with various concentrations of GOBC were prepared. FTIR
spectrum of PAA-GOBC-0.05 nanocomposite hydrogel is shown
in Fig. 5a. The peak at 3453 cm™ ' was assigned to the O-H
groups and a weak shoulder at 2924 cm ™" was attributed to C-H
stretching vibrations.5* The peak at 1654 cm ™ corresponded to
the C=0O0 stretching vibrations of acrylate units.> The peak at
1380 cm ™' was due to the C-OH bond of carboxylic acid and the
presence of C-N bonds of GOBC was observed at 1101 cm™'.*2
XRD patterns of neat PAA and PAA-GOBC-0.05 are presented in
Fig. 5b. The broad 26 peak of neat PAA ranging from 15° to 30°
corresponded to the well-known amorphous feature of cross-
linked polymeric structure.”> Very similar XRD patterns of
PAA-GOBC-0.05 and neat PAA supported the amorphous nature
of both hydrogels. The absence of any notable change in the
XRD patterns of PAA-GOBC-0.05 from neat PAA also demon-
strated the uniform distribution of GOBC in the PAA matrix

Fig. 4 FESEM images of GO (a), CGO (b), and GOBC (c).

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 FTIR of freeze-dried PAA-GOBC-0.05 hydrogel (a), XRD patterns of neat PAA and PAA-GOBC-0.05 hydrogels (b), FESEM images of
freeze-dried PAA-GOBC-0.05 hydrogel after swelling in DI water for 24 hours with 100x (c) and 500x (d) magnifications.

without any agglomeration, which is consistent with previous
reports.”>** The porosity of PAA-GOBC-0.05 hydrogel was
investigated by FESEM analysis of the freeze-dried PAA-GOBC-
0.05 hydrogel after swelling in DI water for 24 h. Sponge-like
interconnected micropores were clearly evident (Fig. 5¢) which
is attributed to the removal of water molecules during freeze-
drying.>* Most of the pore diameters were less than 100 pm and
homogeneously distributed. A higher magnification image of
the hydrogel exhibited a rod-shaped polymeric backbone, which
might have resulted from the significant level of 2D surface
cross-linking of GOBC (Fig. 5d). The functional groups present
on the GOBC surface made the PAA polymer chains capable of
forming strong physical and chemical interactions, which are
responsible for its enhanced mechanical properties. Moreover,
no visible level of aggregation was observed on the SEM images
suggesting that the physical and chemical cross-linking formed
by the GOBC with PAA was uniform.*

3.3 Mechanical behavior of PAA composite hydrogels

The prepared PAA-GOBC hydrogels exhibited excellent tensile
properties under external forces. The nanocomposite hydrogels
possessed a high level of deformation (around 19 times) with
remarkable flexibility without breaking as shown in Fig. 6b. The
prepared hydrogel was also tough and ductile that it can be
knotted (Fig. 6¢) and was still highly stretchable even with that
knot (Fig. 6d) indicating the presence of different types of
physical and chemical bonds formed by GOBC with PAA poly-
mer networks.

10954 | RSC Adv, 2020, 10, 10949-10958
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Fig. 6 Photographs of high stretchability PAA-GOBC hydrogels to
withstand 19 folds stretching (a and b), and 15 folds stretching from
a knotted state (c and d), a schematic illustration of cross-linked
polymer chains forming randomly entangled conformation, that
dissipates deformation stress by chain disentanglement and desorp-
tion (e).
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Fig. 7 Stress—strain curves of PAA composite hydrogels prepared with different cross-linkers (a) and PAA-GOBC hydrogel with different
compositions of GOBC. (b) Comparison of Young's modulus and tensile strength (c), elongation at break and toughness (d) of the hydrogels.

Systematic tensile measurements were conducted to inves-
tigate the mechanical performance of PAA hydrogels influenced
by the presence of GOBC cross-linker. Neat PAA, PAA-MBA, and
GO reinforced PAA (PAA-GO) hydrogels were also prepared for
comparison. Fig. 7a and b show the comparative stress-strain
behavior of PAA hydrogels prepared with different types of
cross-linkers and fillers. The measured mechanical parameters
were determined from the stress-strain curves presented in
Fig. 7c and d and summarized in Table 1. Compared to neat PAA
hydrogel, all nanocomposite hydrogels (PAA-GO-0.05, PAA-
MBA-0.05, and PAA-GOBC-0.05) exhibited greater Young's
modulus, tensile strength, and toughness. Obviously, the PAA-
GOBC hydrogels demonstrated exceptionally high elongation.
PAA-GO-0.05 hydrogel showed significant improvement in
elongation at break compared to neat PAA and PAA-MBA-0.05
with moderate enhancement in Young's modulus and tensile
strength. This was due to the formation of physical and
mechanical adhesive bonding offered by the chemical structure
of GO. GO has a tendency to mechanically lock different kinds
of polymers for its size and 2D shape, which is beneficial for the
creation of load-bearing networks within the host polymer
matrix.>* The large elongation can be explained by the fact that
the network of PAA-GO-0.05 hydrogel was composed of soft and
flexible PAA polymer chains impregnated with rigid GO sheets,
which can ensure frictional energy dissipation during defor-
mation.> The physical interactions of GO and PAA chains
include van der Waals interaction, ion-dipole, electrostatic

This journal is © The Royal Society of Chemistry 2020

interaction, etc. which had made the composites capable of this
kind of sliding friction. Conversely, PAA-MBA-0.05 demon-
strated a good tensile strength with very short elongation before
breaking. This kind of hydrogels is elastic in nature due to the
presence of large amount of covalent cross-linking and offer
very small contribution to viscoelastic energy dissipation.
Covalent cross-linking led to restricted elongation under tensile
deformation.” In the case of PAA-GOBC-0.05 hydrogel, excep-
tional high elongation along with large toughness had been
obtained. GOBC cross-linker had been designed in such a way
that it was capable of forming covalent bonds with the polymer
matrix by methacrylate functional group in addition to physical
cross-linking through dispersive interactions. Hence, diverse
types of cross-linkings such as physical, covalent and mechan-
ical were possible for PAA-GOBC-0.05 hydrogels simultaneously.
Although different kinds of bonding interactions were present
in the hydrogel but covalent bonding was dominating allowing
the hydrogel for possessing an outstanding tensile strength
before breaking.

We also observed that the mechanical properties of PAA-
GOBC hydrogels were dependent on the concentration of cross-
linker. Young's modulus and tensile strength were significantly
affected by the increasing concentration of GOBC. The elonga-
tion ability increased when the GOBC concentration increased
from 0.01 to 0.025%. The enhancement of elongation ability is
supportive of the explanation of an increased amount of diver-
sified cross-linking sites in the matrix. However, at a very high
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Table 1 Tensile test parameters calculated from the stress—strain curves depicted in Fig. 7a and b of PAA nanocomposite hydrogels having

various compositions of cross-linker

Young's Tensile strength Elongation at Toughness
Samples modulus (kPa) (kPa) break (%) (k) m™)
PAA 152 119 969 881
PAA-MBA-0.05 133 225 670 950
PAA-GO-0.05 117 131 2898 2748
PAA-GOBC-0.01 129 137 4445 4206
PAA-GOBC- 145 166 4817 5900
0.025
PAA-GOBC-0.05 161 248 4078 7124
Table 2 Comparison of mechanical properties of various PAA hydrogels

Young's Tensile strength Elongation at Toughness

Hydrogel modulus (kPa) (kPa) break (%) (k] m™?) Reference
PAA-cellulose nanocrystals 27 142 1107 — 56
PAA-silica nanoparticles 30 157 987 1385 29
PAA-GO-Fe** 32 272 2185 3400 14
PAA-HB* 247 188 513 — 55
PAA-MBA 133 225 670 950 This work
PAA-GOBC 161 248 4078 7124 This work

“ HB = hyperbranched bis-MPA polyester-64-hydroxyl.

concentration (0.05%) decreased elongation of PAA-GOBC-0.05
indicates the negative impact of the GOBC cross-linker over the
PAA hydrogel matrix due to the dominance of elastic covalent
cross-linking sites.” On further elaboration of the influence of
GOBC cross-linker, the stress-strain response of PAA-GOBC
hydrogels during stretching can be divided into three regions
(Fig. 7b). The significance of these three regions can be explained
from the differences in the contribution of the nanocomposite
cross-linking on the structure of PAA in response to the defor-
mation load. During the initial elongation (region I) the stress
was mostly tolerated by the covalent cross-linking sites and
resulted in elastic deformation. When the gel further deformed,
it crossed the elastic barrier by breaking of covalent cross-linking
points and demonstrated a necking behavior (region II). In
moderate deformation, the PAA chains were able to reassemble
over the surface of GOBC through multifunctional physical and
chemical bonding, restricting the full release of polymer chains
and resulted in elongation without breaking. At very high elon-
gation strain-hardening behavior had been observed (region III).
The strain hardening indicates the ease association of PAA
polymer chains in closer contact due to the presence of GOBC.
The conventional covalent cross-linker (MBA) resulted in fracture
at large deformation without demonstrating a significant level of
strain-hardening to ensure large elongation without breaking.
We have introduced a new strategy for incorporating the GO
in the form of cross-linker in this work to obtain enhanced
mechanical properties of the hydrogel. Therefore, a comparison
of the mechanical properties of the PAA-GOBC hydrogel with
the literature of similar types of hydrogels is necessary. Most of
the mechanical parameters, the PAA-GOBC hydrogel had higher
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magnitudes compared to the hydrogels found in literature as
shown in Table 2. For example, the overall toughness of PAA-
GOBC hydrogel was five times higher than that of reported for
3D silica-nanoparticle cross-linked hydrogel.”® Other reports
showed PAA-GO-Fe*" hydrogel possessed high tensile strength
with very low Young's modulus,” and PAA-HB hydrogel
exhibited a remarkably high Young's modulus with limited
elongation.® In this context, the 2D GOBC cross-linked hydro-
gel demonstrated a remarkable enhancement in mechanical
properties due to its significant and unique ability of chemical
and physical cross-linking with PAA polymeric network.

3.4 Swelling behavior of PAA composite hydrogels

The influence of GOBC and MBA contents on the swelling
behavior of PAA hydrogels was compared. The swelling kinetics
of the PAA with different cross-linkers hydrogels has been
shown in Fig. 8. Generally, the cross-linking density of the
hydrogel network plays an important role in the swelling
ratio.””*® When the PAA hydrogel with an MBA cross-linker was
immersed in deionized water, it exhibited a significant level of
swelling over time due to the absorption of a large amount of
water and it reached an equilibrium value after a long time. The
PAA hydrogels with GOBC cross-linkers also followed similar
kinetics. Additionally, with the increase of GOBC cross-linker
content, from 0.01% to 0.05% in PAA hydrogels, the equilib-
rium swelling capacity was found to be decreased.* It exhibited
that 0.05% GOBC was enough to restrict the disintegration of
hydrogels, however, demonstrated good swelling capacity
greater than MBA cross-linked hydrogel. The difference in
equilibrium swelling capacity of GOBC and MBA cross-linked

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Swelling ratio with respect to time of PAA composite hydrogels.

hydrogels had been attributed to the difference in the cross-
linker binding interaction. The cross-linking ability of GOBC
was not enough to restrict the swelling of PAA hydrogel to the
same extent as for MBA. Large numbers of diverse cross-linking
sites were present in PAA-GOBC hydrogel in addition to
a limited number of strong covalent cross-linking sites. The
wide distribution of cross-linking of PAA-GOBC hydrogel facil-
itated large elongation without breaking while restricting the
swelling of hydrogel. Nevertheless, the increase in GOBC cross-
linker amount was supportive of restricting the swelling
capacity of PAA hydrogel by increasing the number of cross-
linker sites per unit volume in the matrix.

4. Conclusion

In summary, we developed a new strategy for the modification
of GO with vinyl groups, which are capable of forming covalent
cross-linking with acrylic acid and similar monomers. The as-
synthesized GOBC cross-linker exhibited excellent ability to
form both covalent and non-covalent bonds with polymer
chains. Incorporation of GOBC into PAA hydrogel instigated
very high extensibility along with large toughness into the
composite hydrogels. The improvement of the mechanical
performance of PAA-GOBC with the increased addition of GOBC
was associated with the viscoelastic contribution of the cross-
linker. The remarkable improvement in the mechanical
performance of the hydrogels is attributed to the unique
combination of physical and chemical cross-linking sites
present in GOBC. This kind of multiple cross-linking thus
accounted for the outstanding tensile extensibility, which is
much desired for artificial muscle type materials.” Moreover,
the interactions of the cross-linker and polymer chains offer
a homogeneous stress distribution in the matrix of hydrogel to
restrict crack propagation. The bifunctional cross-linking
bonding of GOBC improved the mechanical properties of
hydrogel keeping scope for moderate swelling of hydrogel for
water uptake. The as-synthesized GOBC has the ability to be
a general platform for cross-linking many other vinyl or acrylic

This journal is © The Royal Society of Chemistry 2020
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polymers such as polyvinyl alcohol, polyacrylamide, etc. and
thus for obtaining high mechanical performance. This strategy,
therefore, will pave the way for exploring the advanced appli-
cations of hydrogels in biomedical and materials engineering.
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