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Abstract
Biopolymer-based hydrogels are commonly used in clinical applications. In the present study, N- succinyl
chitosan (NSC), oxidized pectin (OP), and graphene oxide (GO) were used to develop a new dualcrosslinked hydrogel system. The dynamic OP/NSC/GO hydrogel showed quick gelation and great
injectability due to the cooperation of hydrogen interaction between the GO nanosheets and the NSC and
OP macromolecules and Schiff-based crosslinking by amino and aldehyde functional groups of
polysaccharide derivatives. The performance of the above-mentioned hydrogel was improved when the
GOs were embedded. When the GO content was 6 (mg/ml), the hydrogel showed the best overall
performance, with a 10-minute healing time, a quick gelation time (~ 13s), acceptable swelling ability,
suitable conductivity, great hemocompatibility, and strong biological compatibility. These results showed
that the composite hydrogel could be used as a promising conductive injectable self-healing hydrogel for
tissue engineering applications.

Introduction
Tissue engineering is the process of designing and creating functional substitutes for the damaged
tissues and organs through growing the cells into a scaffold that mimics the target tissue's extracellular
matrix (ECM) (Spicer, 2020b). For this purpose, hydrogels, a three-dimensional cross-linked network
backbone containing a large amount of water (50–90%) are promising materials for tissue engineering
applications. To support cell proliferation, migration, and differentiation, hydrogels could be designed
which permit oxygen and nutrient transport. Also, they supply a 3D, highly hydrated environment for cells
that mimics the original soft tissues. This is mainly attributed to the unique properties of hydrogels,
including their high permeability, excellent biocompatibility, non-toxicity, non-immunogenicity,
biodegradability, tunable physical and chemical properties, tissue-like elasticity as well as the capability
to encapsulate bioactive molecules, cells, or drugs to mimic an extracellular matrix (ECM) (Spicer, 2020a,
Zhao et al., 2020). Recently, stimulus-responsive hydrogels have become a hot topic in biomedical
applications because of their versatility. Self-healing hydrogel has appealing features such as
maintaining the integrity of the structure and improving the mechanical properties. The most common
preparation method for self-healing hydrogels is introducing the dynamic covalent (boronate ester bond
(Ji et al., 2019, Figueiredo et al., 2019), disulfide bond (Guo et al., 2017), imine chemistry (Schiff-base
reaction) (Xu et al., 2018, Liu et al., 2018) and Diels-Alder reaction (Lin et al., 2018, Bi et al., 2019), etc.) or
the non-covalent bonds (hydrophobic association (Deng et al., 2018), electrostatic interactions (Pu et al.,
2017), hydrogen bonding (Ye et al., 2017), host-guest inclusion (Jin et al., 2019), etc.) into the hydrogel
system. However, the crosslinking curing mechanism affects the stability of the formed hydrogel directly
(Zhang et al., 2020). So, due to the moderate reaction conditions, efficient reversibility of imine bonds,
tunable properties, and stimuli-responsive performance of the resulting materials, imine bonding (CH = N)
has attracted significant interest in the biological applications. Also, water molecules are the only byproducts which are released in the imine reaction (Yu et al., 2021, de Lima et al., 2020).
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The appearance of the non-toxic, ecofriendly and biocompatible polymers derived from natural sources
have introduced a new and interesting dimension to the development of the low-cost and scalable
biomaterials for tissue engineering applications. Chitosan, a linear polysaccharide with cationic nature is
more attractive than the other bio-polymers due to its intrinsic biocompatibility, biodegradability, bioadhesivity, hydrophilicity, high viscosity, and antibacterial properties. It could be crosslinked via reaction
between its amino groups along the backbone and other polymers such as hyaluronic acid (Zhang et al.,
2018), alginate (Bagher et al., 2020), silk fibroin (Eivazzadeh-Keihan et al., 2021), and cellulose (Xu et al.,
2019). However, its poor solubility in physiological solvents due to its strong intermolecular hydrogen
bonding limits its biomedical applications (Yu et al., 2021). Therefore, to expand its application, NSuccinyl-chitosan (NSC), which is a water-soluble chitosan derivative could be synthesized via the
introduction of succinyl groups at the N-position of the glucosamine units of chitosan. This makes it an
excellent candidate to design polymeric scaffolds for tissue regeneration (Bashir et al., 2017, Kamoun,
2016).
Pectin (PE), which is also called polygalacturonic acid, is an anionic polysaccharide extracted from
primary cell plants. Pectin has been widely used in a variety of biomedical applications, due to its
important properties such as biocompatibility, biodegradability, capability to inhibiting the activity of
macrophages and neutrophils, anti-inflammatory effects, and the capability to restrain cells, drugs, and
genes (Li et al., 2019, Kaushik et al., 2020). On the backbone chain, there are hydroxyl, carboxyl and
carboxymethyl groups which makes it readily susceptible to functionalization and modification. PE could
be oxidized by reacting with sodium periodate to produce OP (Tummalapalli et al., 2016, Li et al., 2020a).
Through the oxidation reaction, aldehyde groups are introduced in the PE molecular chain, which are able
to participate in Schiff mechanism. So, they could react with amine groups of NSC and form imine
bonds.
Since the stability of the hydrogel network composed of imine bonds is usually poor, and the mechanical
properties are relatively weak, academics have paid widespread attention to the dual cross-linked (DC)
network hydrogels. This is because such DC network hydrogels optimize and combine different properties
of each network structure, including dual physically cross-linked hydrogels, dual chemically cross-linked
hydrogels. It should be noted that the hybrid cross-linked hydrogels could potentially resolve these issues
and results in materials appropriate for tissue engineering applications (Li et al., 2020b, Qin et al., 2019).
For this purpose, graphene oxide (GO), a precursor of chemically converted graphene, is a widely
investigated nanomaterial. Due to its oxygen-containing functional groups (i.e., hydroxyl, carboxyl,
carbonyl, and epoxy groups), it could be easily combined with polymers for enhancing the hydrogel's
mechanical properties. Moreover, it has good electrical conductivity, excellent chemical stability, easy
accessibility, appropriate mechanical and antibacterial properties (Hua et al., 2017, Zhou et al., 2018).
Therefore, in this study, the dual-crosslinked OP/NSC/GO hydrogels were fabricated via a dynamic imine
bond and a hydrogen bond. The gelling time, morphology, rheology, swelling ratio, degradation,
conductivity, self-healing, and injectability were examined. Also, in vitro biocompatibility and hemolysis
rates were evaluated.
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Experimental Section
Materials
Chitosan (Mw 190–310 kDa), pectin from citrus peels (galacturonic acid ≥ 74.0%), graphite powder,
succinic anhydride, sodium periodate, ethylene glycol, hydroxylamine hydrochloride, methanol and
sodium hydroxide were obtained from Sigma–Aldrich. Ethanol, acetone, potassium permanganate,
sodium nitrate, sulfuric acid 98%, and hydrogen peroxide, were obtained from commercially available
suppliers (Merck KGaA). All chemicals were of analytical grade purity and they were used as received
without any further purification. The aqueous solutions were prepared in deionized water.
Synthesis of N-succinyl chitosan (NSC)
As previously described, NSC was synthesized with slight modifications (Bashir et al., 2017). In short, the
purified chitosan (0.5 g) was suspended in 75 mL aqueous solution of acetic acid (5.0% v/v). This
mixture was placed magnetic stirring at 50 °C for 1 h. After that, dilution of the solution was done by
adding 75 mL methanol. Subsequently, succinic anhydride (2.5 g) was dissolved in 60 mL acetone and
mixed with chitosan solution. The stirring was continued at 50 °C for 24 hours. After 24 h, the pH of the
mixture was adjusted to 12 with NaOH (1.0 mol/L) solution, and the formation of a clear solution was
observed. The stirring of this clear solution was continued for further 5 hours. Afterward, 150mL ethanol
(96%) was added to form precipitates followed by filtration to separate the precipitates. These
precipitates were dispersed in ethanol for 24 hours. Then, dispersed precipitated product was washed
with several times with ethanol and acetone to remove excess reagents and dried using freeze-dryer for 4
hours. The final product was stored at room temperature. The degree of the substitution (DS) of NSC was
determined to be 0.52 according to the described previously (Bashir et al., 2017).
Synthesis of oxidized pectin (OP)
Synthesis of OP was according to the previously reported procedure with slight modifications (Ahadi et
al., 2019). Initially, 0.5 g of pectin was dispersed in 10 mL ethanol (96%). Then 10 mL of sodium
periodate solution (0.5 M) was added and the temperature was controlled at 40 °C. After the reaction was
carried out for 8 h in a dark environment. The appropriate amount of ethylene glycol was added to
continue the reaction for 2 h to remove the unreacted oxidant. After the reaction, the product was dialyzed
in deionized water (dialysis bag, molecular weight cutoff: 8–12 kDa) for 3 days to remove the excess
sodium periodate, then frozen at − 20 ℃ and lyophilized at − 80 ℃ for 24 h. The degree of oxidation (DO)
was determined by potentiometric titration, and DO value was 42.284 ± 0.897 %.
Synthesis of graphene oxide (GO)
GO was prepared using graphite powder via the modified Hummers method (Shahriary and Athawale,
2014). In brief, the graphite powder (1 g) and sodium nitrate (0.5 g) were added to sulfuric acid 98% (23
mL) under stirring. While using an ice bath and keeping the temperature at 0 °C (to prevent overheating
and explosion), potassium permanganate (3g) was added gradually to the mixture under the same
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conditions. Subsequently, the mixture was stirred at 35 °C for 24 h. Then, the solution was diluted with
distilled water, and the reaction was finally completed by adding 30% hydrogen peroxide (5mL). The
resulting mixture was washed with distilled water until the filtrate showed neutral pH. The obtained solid
was freeze-dried for 24 h.
Preparation of the OP/NCS/GO hydrogels
NSC and OP were dissolved in the phosphate-buffered saline (PBS, pH 7.4 and the room temperature for
5 h) separately to form a 3 wt. % solution. The various contents of GO (0mg/ml, 2mg/ml, 4mg/ml, and
6mg/ml) was dispersed into OP solutions (3 wt. %) with the aid of ultrasound. Then, the solutions were
stored at 4℃ for further use. The preparation of OP/NSC/GO hydrogels was carried out using a system
of two interconnected syringes. Equal volumes of the NSC and OP/GO solution were loaded into two
separate Luer-Lock syringes, respectively, and then both syringes were connected via a connector. The
solutions were thoroughly mixed by pressing alternately on each of the plungers (more than three times).
Upon thorough mixing, the entire syringe contents were pushed into one of the syringes, the connector in
conjunction with the empty syringe was disengaged, and the prepared hydrogel was ejected and liberally
deposited in suitable mold (10 mm diameter) for further investigation. According to the difference in the
contents of GO, the hydrogels were coded as OP/NSC/GO-0, OP/NSC/GO-2, OP/NSC/GO-4, and
OP/NSC/GO-6 hydrogels. The procedures of synthesizing the hydrogels have been shown in Figs. 1 and
2.
Gelation time test
The gelation time of hydrogels was measured by the tube inversion method. A mixture of 1 ml of
OP/NSC/GO solution was poured into a glass bottle with a diameter of 20 mm, and it was placed at room
temperature. The gelatin time is determined by the time it takes for the mixture to stop flowing when the
glass bottle is inverted.
Swelling measurements
To evaluation the swelling ratio, the same shape and size of freeze-dried hydrogel samples were weighed
(Wd) and soaked in PBS (pH = 7.4) at 37°C. After 48 h, samples were removed and the water remaining on
the surface was absorbed by filter paper. Then, the swollen hydrogel was immediately weighed (Ws) and
the swelling ratio was calculated from the formula:

In vitro degradation analysis
The degradation of the OP/NSC/GO hydrogels was examined for the weight loss under the aqueous
condition (PBS at 37oC) for 4 weeks. Firstly, the initial weight of lyophilized OP/NSC/GO hydrogels was
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accurately weighed (W0). After predetermined time intervals, hydrogels were removed from the medium
and, they were freeze-dried. Then, the sample was accurately weighed and recorded as (W1). The PBS
was replaced by fresh PBS every 3 days. All measurements were performed in duplicate. The following
formula calculated the degradation ratios of the OP/NSC/GO hydrogels:

Characterizations
Fourier transform infrared spectroscopy–attenuated total reflectance (FTIR–ATR) spectroscopy was
carried out with a JASCO-4700 FTIR spectrometer, and the wavelength range was set at 500–4000 cm− 1
at room temperature. Scanning electron microscopy (SEM) and transmission electron spectroscopy
(TEM) images were taken with a JEOL JSM-IT300S microscope (Tokyo, Japan), which works at a 5kV
accelerating voltage and a JEM-100CX electron microscope, respectively. X-ray diffraction (XRD) analysis
was performed using Philips PW1730 X-ray diffractometer with Cu Kα radiation (λ = 0.15405 nm) which
operates at 40 kV and 40 mA. Data were collected from 5 to 50° 2θ at room temperature. The hydrogel
(600µL) was formed in a cubic container, and an avometer was used to measure the conductivity using
the electric circuit.
Rheological Analysis
Rheological properties of hydrogels were carried out on an Anton Paar MCR-302 rheometer at room
temperature using a 25 mm diameter parallel plate. The frequency sweep test was analyzed over the
range of 1–100 rad/s at a fixed strain rate of 1%, and in the strain sweep test, the strain ranged from 0 to
1000%.
Considering the strain sweep results, the self-healing properties were quantitatively evaluated by the
damage-healing cycles which were continuous step switches from 1% (120 s for each interval) to 300%
(60 s for each interval), with a constant frequency of 1 Hz at room temperature.
The viscosity of hydrogels was monitored at the different shear rates to characterize the injectability
quantitatively. The viscosity-shear rate curves were obtained at room temperature, and the viscosity was
recorded when the corresponding shear rate was in the range of 1-100 s− 1.
Hemolysis rate
Hemolysis testing of the prepared hydrogels was performed according to the previously reported
procedure with slight modifications (Iqbal et al., 2017). Fresh human blood from a healthy donor was
collected in 5ml EDTA Vacutainer. The freeze-dried hydrogel samples of OP/NSC/GO0, OP/NSC/GO2,
OP/NSC/GO4, and OP/NSC/GO6 were ground into powder. 25 mg of the powdered sample was weighed
and poured into the test tube, then 10 mL of normal saline was slowly added. All tubes were incubated at
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37 °C) for 30 min. Subsequently, 0.1 mL EDTA blood was added to the test tube with a micropipette. After
shocking and mixing, well, it was kept at a constant temperature at 37°C for 60 min. Then, the tubes were
removed, and they were centrifuged at 1500 rpm for 10 min. The absorbance values of the supernatants
at 545 nm were measured with an ultraviolet spectrophotometer using Lambda 25 UV/Vis
spectrophotometer. The following formula calculated the hemolysis rate of hydrogel samples:

Where A1, A2, A3 are the absorbance of the hydrogel sample group, the positive control group (10 mL
distilled water, 0.1 mL human EDTA blood, without hydrogel sample material), and the negative control
group (10 mL normal saline, 0.1 mL human EDTA blood, without hydrogel sample material), respectively.
Cytotoxicity assay
Evaluation of cytotoxicity of the hydrogels was conducted using MTT (3-[4, [5-dimethylthiazol-2-yl]-2,5diphenyl tetrazolium bromide) assay and in terms of ISO 10993-5:2009 (Biological evaluation of medical
devices: Tests for in vitro cytotoxicity) using mouse fibroblast L-929 cells. Firstly, the prepared hydrogels
were sterilized by UV irradiation for 2 h, then they were added to a 24-well culture plate. Also, L-929 cells
with a density of 1.0 × 106 cells were seeded on each hydrogel to be assessed using the standard MTT
test. After culturing for 24 h, MTT assays were conducted to test the cell growth. The wells without
hydrogels were set as the controls.

Results And Discussion
Characterization of GO
The FTIR-ATR spectra of the graphite powder and the GO have been shown in Fig. 3. As shown in Fig. 3a,
in the graphite powder spectrum, no significant peak was observed. While, the FTIR-ATR spectrum of GO
showed characteristic bands at 3179 cm− 1, 1726cm− 1, 1617 cm− 1, 1232 cm− 1, and 1041 cm− 1 which are
attributed to the hydroxyl group (-OH), carboxyl group (C = O), aromatic ring (C = C), epoxy group (C-O-C)
and alkoxy group (C-O), respectively. These hydrophilic oxygen-containing functional groups supply the
GO sheets with high water dispersibility (Chen et al., 2013).
According to Sandhya and et al., the characteristic peak of graphite was reported to be at 2θ = 26.25°
(Sandhya et al., 2018). As shown in Fig. 3b, for GO, the 2θ peak shifted to around 10.93°, which indicated
that the graphite was fully oxidized into GO.
The morphological structure of GO was evaluated by TEM and SEM (Fig. 3). The SEM images of GO
layers have been indicated in Fig. 3c, representing a porous shape. Figure 3d showed the GO TEM image
with the paper-like morphology that has wrinkles on its surface.
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Characterization of hydrogels

FTIR-ATR
Evidence for the modification of the chitosan (CS) and pectin (PE) was observed in the infrared spectrum
(Fig. 4). Comparison of the CS infrared spectra with NSC spectra demonstrated the vanishing of the peak
at 1590 cm− 1 (the primary amine bending vibration) in NSC. The emergence of a new absorption band at
1550 cm− 1 provides direct evidence of the chitosan modification. Moreover, the absorption band at 1401
cm− 1 could be attributed to the symmetric stretching of the COO-, and it confirms the formation of Nsuccinyl chitosan (Bashir et al., 2017). Furthermore, FTIR-ATR results confirmed the formation of
aldehyde groups in the oxidized pectins (OP). Pristine pectin showed the broad peak at 3347 cm− 1 that
was assigned to the hydroxyl group's stretching band. The two bands located at 1719 and 1606 cm− 1
were assigned to the ester carbonyl stretching vibrations and asymmetric carboxylate stretching
vibrations, respectively. The aldehyde peak of OP, which emerges at 1726 cm− 1 and 883 cm− 1, belonged
to the aldehyde symmetric vibrational band and the hemiacetal formation of free aldehyde groups,
respectively.
FT-IR-ATR was also used to verify the chemical structure of the hydrogels (Fig. 4). For the spectrum of the
OP/NSC/GO-0 hydrogel, the hemiacetal structure's characteristic peaks at 871 cm− 1, along with the
appearance of stretching vibrations of the C = N bond at 1631 cm− 1, demonstrated that the Schiff-base
reaction occurred between the –CHO groups of OP and the NH2 groups of NSC. Some peaks are
increased for the other hydrogels, but there is no obvious change in the spectra' peak position. This
demonstrates that the hydrogen bonds are formed between the oxygen-containing GO's functional groups
and the hydroxyl groups on the NSC and OP molecular chains.
Gelation time
Gelation times of various amounts of GO are shown in Fig. 5. In the Gels, the OP acts as a
macromolecular chemical cross-linker making a spontaneous and fast chemical crosslinking reaction
between the aldehyde of OP and the amino of NSC (Fig. 5.a). Moreover, with the content of GO increasing
in the hydrogels, a shorter gelation time was observed. This might be due to the hydrophilic nature of the
GO. The GO nanosheets contain numerous –COOH and –OH groups, forming hydrogen bonds with the
NSC and OP macromolecules. Meanwhile, the higher content of GO will produce a higher amount of
hydrogen bonds that facilitate network structure formation, accelerate the gelation process, and shorten
the gelation time. So the formation of the cross-linked network structure is fast (< 30s).
Swelling and degradation
Figure 5 illustrates the swelling and degradation behavior of the composite hydrogels in the PBS at 37∘ C
. According to Fig. 5b, OP/NSC/GO-0 showed the highest swelling ratio among the four GO-containing
hydrogels. This is because of the lowest crosslinking density and mechanical properties of the
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OP/NSC/GO-0 hydrogels, that water molecules could enter the hydrogel network. Also, when the GO
content increased from 0mg/ml to 6mg/ml, the swelling ratio of the hydrogels was reduced. This might
have been due to the hydrogen bonds between GO nanosheets and the NSC and OP macromolecules,
which formed denser crosslinking points, thus the capacity of hydrogels would be decreased to form the
hydrogen bonds with water molecules.
Having biodegradability and preserving minimal resistance are the common requirements for porous
hydrogels used in tissue engineering. The presence of GO in the composite gel scaffold could maintain
their weight for up to 21days (Fig. 5c). After incubation for 21 days, the degradation ratio of OP/NSC/GO6 hydrogel (67.78 ± 2.65%) was lower than those of OP/NSC/GO-4, OP/NSC/GO-2, and OP/NSC/GO-0
(70.50 ± 3.83, 73.52 ± 5.10, and 94.90 ± 1.98%, respectively). It was due to the addition of GO, which
enhanced the hydrogel's crosslinking density; and therefore improved its stability. Such findings showed
that during in vitro culture, the composite hydrogel's structure was stable.

SEM
The cross-sectional morphology of composite hydrogels with different GO content was observed by SEM
(see Fig. 6a-d). As shown in Fig. 6, OP/NSC/GO owned the continuous three-dimensional porous
structure. This would lead to the structural and compositional similarity of hydrogels with the natural
extracellular matrix, as well as high oxygen permeability. There were no significant variations in the micromorphology of the four hydrogels prepared with various GO loadings. The pores were morphologically
homogeneous with smooth walls and there were dense voids. The network created by the Schiff base
cross-linking between NSC and OP and the hydrogen bonds between the polymer chains and GO
nanosheets caused the pore size of hydrogels to decrease slightly as the GO content increased (from
286.69 to 213.10, 184.91, and 127.573µm, respectively). Therefore, being orderly and compact, the
hydrogels with GO exhibited better mechanical properties than hydrogels without GO.
Conductivity of the OP/NSC/GO hydrogels
Besides self-healing and injectability, conductivity is also a desired property for the hydrogels used in
tissue engineering, mainly when it is used for tissues under electrophysiological conditions (Zheng et al.,
2020). The tissue conductivity (ventricular muscle, nerve, lung, cardiac, and skeletal muscle) ranges
orderly between 0.03 and 0.6 S/m. Thus, researchers must consider this issue when engineering various
tissues in the body, so that their designed electroconductive nano-biomaterials scaffolds satisfy these
electrical characteristics. Therefore, we then explored the conductivity of the OP/NSC/GO hydrogels. The
conductivity of OP/NSC/GO hydrogels with different GO contents has been shown in Fig. 7. All hydrogels
showed a conductivity of the order 0.0035–0.112 S/m. It is worth mentioning that the suitable
conductivity for native cardiac tissue is in the range from 0.005 to 0.16 S/m (Mostafavi et al., 2020),
which is in the range of the OP/NSC/GO conductivity hydrogels that we prepared.
Rheological property
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The rheological analysis at both strain and frequency sweep modes (Fig. 8a, b) was done to get the
hydrogels' mechanical property. Throughout the test, the storage modulus (G') was consistently higher
than (G") in the frequency range (1-100 rad/s) at a fixed strain of 1%. Figure 8a shows that the storage
modulus G′ and loss modulus G′′ of the hydrogels did not change significantly, suggesting that the
hydrogel is stable and elastic. However, the elastic modulus does not change apparently as the strain
increases, indicating the stability of the OP/NSC/GO imine bond and homogeneity of all these hydrogels
(Fig. 8b). The best mechanical properties were for samples with the largest G′ and G′′ that contained 6
mg/ml GO. This may be due to the increased cross-linking density between NSC and OP, as well as the
hydrogen bonding between GO nanosheets and polymer chains. As a result, the OP/NSC/GO-6 were
selected for more investigations.
Self-healing and injectable properties of OP/NSC/GO hydrogels
To evaluate the hydrogels' self-healing ability, the hydrogels' strain amplitude sweep test was first
performed to determine the critical point of the hydrogel between liquid and solid-state (Fig. 9a). The
results showed that the intersection point between the storage modulus (G') and loss modulus (G'') was
at the strain of 83.52%. When the strain is larger than this value, G' would be lower than G'', indicating the
collapse of the hydrogel, and change in its physical form from solid to fluid. Then, a series of rheological
recovery tests were carried out with the G' and G'' of the hydrogels versus time under higher strain to
evaluate the self-healing ability of the hydrogel (Fig. 9b). A large strain of 300% was applied to break the
network structure. It decreased the G' from ~ 759 Pa to ~ 63 Pa and induced gel-to-sol transition. When
switched into the low strain, the G' of the hydrogel returned quickly to the original value with the recovery
of the hydrogel structure, thus indicating the rapid self-healing property of the OP/NSC/GO-6 hydrogel.
According to the results, the broken structure recovered rapidly, and after periods of breaking and
reforming, there was still the nearly normal hydrogel.
A macroscopic self-healing test was conducted to further assess the self-healing behavior of the
OP/NSC/GO-6 hydrogel. As shown in Fig. 10, the square shape hydrogel was cut into two halves, and
then they were reconnected to allow them to be self-healed at 37℃. After 10 min of incubation at 37 ℃
without any external stimulus, the ruptured hydrogel could entirely integrate, and the blended integral
hydrogels could be lifted with laboratory tweezers. It was held up under the force of gravity, indicating the
self-healing performance of the OP/NSC/GO-6 hydrogel. Such self-healing ability attributes to the Schiffbased bonds and hydrogen interactions of the OP/NSC-GO-6 hydrogel.
We used both observable and qualitative approaches to confirm the injectability of the OP/NSC-GO-6
hydrogel. The viscosity of the OP/NSC-GO-6 hydrogel reduced significantly as the shear rate increased
from 1 to 100 s-1, indicating the shear-thinning behavior (see Fig. 11). Furthermore, given the shearthinning property of the OP/NSC-GO-6 hydrogel, it could also be rapidly injected via a syringe (3mL, G23)
without clogging. This indicated that OP/NSC-GO-6 hydrogel has suitable injectability. The Schiff base
linkages and hydrogen bonds were separated under pressure when the hydrogel was squeezed into the
syringe, leading to the transfiguration of the hydrogel, so that it could flow like a liquid into the needle.
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The extruded hydrogel was combined to make a single component because of its self-healing capacity.
This led to showing its ability to homogeneously encapsulate the cells or drugs and transplant them into
the tissue in a less invasive manner.
Hemolysis rate
The material's hemolysis rate is a crucial indicator of biological materials' blood compatibility. The
hemolysis phenomenon occurs when a foreign body is in contact with the blood which damages or
ruptures the red blood cells. The lower the calculated hemolysis rate is, the better would be, the material's
blood compatibility. The apparent hemolysis phenomenon was observed in the positive control tube, as
shown in Fig. 12. The positive control group's blood cells have ruptured, and the solution was uniform
and red. Furthermore, the blood cells were deposited at the tube in the negative control group, and the
solution was transparent. The hydrogel samples' hemolysis activity resembled somehow the negative
control sample. That is, some RBCs were deposited in the tube and a large number of them were
adsorbed in the hydrogel. The supernatant was mainly colorless and transparent. Biomaterials would be
suitable for biomedical applications if the hemolysis rate is less than 5%, according to international
guidelines. The hemolysis rate values obtained for all hydrogels range between 1.38% and 0.34% (as it
could be seen in Table 1), indicating that all materials have excellent blood compatibility properties.
Table 1
In vitro hemocompatibility analysis of
OP/NSC/GO hydrogels
Sample

Hemolysis rate(%)

OP/NSC/GO-0

1.38

OP/NSC/GO-2

0.92

OP/NSC/GO-4

0.57

OP/NSC/GO-6

0.34

Cytotoxicity test using MTT assay
To evaluate the suitability of using OP/NSC/GO hydrogels as biomedical materials, an MTT assay was
used to determine the toxicity of synthesized hydrogels. As shown in Fig. 13, during the whole incubation
period, the cell viabilities of the fibroblast (L929) were higher than 80 %, suggesting that all hydrogels had
no cytotoxicity to fibroblast cells (L929). Notably, the results also found that the cell viability was higher
with the addition of GO. Furthermore, compared to OP/NSC/GO-2, OP/NSC/GO-4, OP/NSC/GO-6, the cell
viabilities significantly decrease with the rise of GO content. This could be explained by the fact that as
the GO content in the hydrogels increases, the GO content in the extracts increases, and the GO shows a
strong cytotoxic effect at high concentrations.
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Conclusion
This study introduced a new dual-crosslinked hydrogel system with suitable injectability, excellent selfhealing, and adequate conductivity. Through embedding the GO into the doubly Schiff-base crosslinking
by amino and aldehyde groups of the NSC and OP, respectively and hydrogen bonding between the GO
sheets and the polymer chains, the OP/NSC/GO composite hydrogels were successfully prepared. For the
cmposite hydrogel's adjustable performance, it is critical to integrate the GO. Composite hydrogels had a
faster gelation time, greater stability, and better mechanical properties than pure hydrogels. Overall, In our
analysis, the composite hydrogel with a GOs content of 6 mg/mL displayed the best performance, with
an adequate swelling ratio and stability. The hydrogels had excellent anti-hemolytic properties when they
were examined in terms of hemolytic potential. Furthermore, the cytotoxicity testing revealed that the
hydrogel had no biological toxicity when tested on mouse embryonic fibroblasts, and the cell viability of
the various samples exceeded 80 %. These findings suggest that the constructed hydrogel could be a
suitable choice for tissue engineering, especially in electroactive tissues.
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Figures

Figure 1
Schematic of the synthesis of OP/NSC/GO hydrogel.
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Figure 2
Scheme of double cross-linked processes.
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Figure 3
Characterization of GO; a) FTIR-ATR, b) X-ray diffraction pattern, c), and d) SEM and TEM image,
respectively.
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Figure 4
FTIR-ATR spectra of various sample.
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Figure 5
Composite hydrogels with different amounts of GO; a) Gelation time, b) Swelling ratio, and c) degradation
behavior.

Figure 6
Morphological characterization of hydrogels: (a) OP/NSC/GO-0, (b) OP/NSC/GO-2, (c) OP/NSC/GO-4 and
(d) OP/NSC/GO-6. Scale bar: 500μm
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Figure 7
Conductivity results of the hydrogels.

Figure 8
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a) Rheology measurement of the hydrogels under the frequency-sweep, b) The storage modulus G′ and
loss modulus G″ were plotted logarithmically against strains of the corresponding hydrogel samples.

Figure 9
a) Strain amplitude sweep of OP/NSCGO-6 hydrogel, b) Amplitude oscillatory sweep when alternate step
strain switched from 1% to 300%.

Figure 10
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Macroscopic self-healing process of OPNSC/GO-6 hydrogels. The scale bar is 1.5 cm.

Figure 11
Viscosity measurements of OP/NSC/GO-6 hydrogel; extrusion of hydrogel through a 23-G needle and
writing by using OP/NSC/GO-6 as ink.
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Figure 12
Photographs of corresponding RBCs solutions after centrifugation. The picture shows the Hemolysis of
the negative control sample, positive control sample, and (A) OP/NSC/GO-0, (B) OP/NSC/GO-2, (C)
OP/NSC/GO-4, and (D) OP/NSC/GO-6.
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Figure 13
MTT assay results. a) Histogram comparing percentage of the live cells on 24 h, b) Mouse fibroblast cells
cytotoxicity assessment of hydrogels; A1) OP/NSC/GOs, A2) OP/NSC/GO-2, A3) OP/NSC/GO-4, A4)
OP/NSC/GO-6 Images were acquired on an inverted microscope from cells (after 24 h).
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