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ARTICLE INFO ABSTRACT
Keywords: Injectable hydrogels, which are polymeric materials that are characterized by their ability to be
Chitosan injected in a liquid form into cavities and subsequently undergo in situ solidification, have
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Hydrogel

Injectable

Cellular compatibility

garnered significant attention. These materials are extensively used in a range of biomedical
applications. This study synthesized several injectable composite hydrogels through the mild
Schiff base reaction while imposing different concentrations of quaternary ammonium chitosan
and oxidized pullulan. Subsequent characterizations revealed a consistent and coherent porous
structure within the hydrogels with smooth inner walls. The hydrogels were also determined to
possess good adhesion, mechanical properties, self-healing ability, and injectability. Furthermore,
antimicrobial tests against Escherichia coli and Staphylococcus aureus demonstrated antibacterial
properties, which improved with increasing concentrations of quaternary ammonium chitosan.
Co-culturing with skin fibroblasts demonstrated that the injectable hydrogels exhibited favour-
able biocompatibility and the capacity to boost cellular activity, thus underscoring its potential
for use in biomedical applications.

1. Introduction

Hydrogels, formed by physically or chemically crosslinking polymer chains, possess hydrophilic properties and 3-dimensional
networks [1]. Due to their physicochemical characteristics similar to human tissues, hydrogels have become highly valuable mate-
rials in the medical field, especially in controlled drug delivery, regenerative medicine, biological adhesion, biosensing, and 3D cell
culture techniques, among many other areas [2-5]. Hydrogels can be directly injected or transplanted into body tissues as functional
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materials to create sustained-release drug depots. This allows for higher drug concentrations at lesion sites, making them particularly
suitable for targeted drug delivery systems [6].

Injectable hydrogels are distinctive biomaterials with rheological properties that allow them to flow under shear stress. This en-
ables their passage through narrow syringes for administration, after which they regain their original mechanical properties in vivo
[7-10]. Injectable hydrogels have garnered significant interest for their potential in the biomedical field. For example, the design of
self-healing injectable hydrogels enhances their self-repair capability and stability after injection [11,12]. The mechanical strength of
hydrogels typically inversely correlates with their injectability, making it challenging to develop hydrogels that possess both high
mechanical strength and good shear-thinning injectability [13,14]. Previous studies have successfully prepared high-strength,
injectable supramolecular hydrogels by constructing multiple hydrogen bond systems [10,15]. Injectable hydrogels can function as
drug delivery carriers, offering sustained release of therapeutic agents directly at lesion sites, which enhances treatment effectiveness
and minimizes side effects [16-18]. Some injectable hydrogels exhibit rapid and firm adhesion to various tissues, offering new pos-
sibilities for tissue repair and regeneration. Injectable hydrogels, when employed, can reduce the need for invasive surgery and enable
personalized treatment based on individual patient conditions, demonstrating promise in the realm of personalized treatments.
Research on injectable hydrogels is advancing, providing innovative therapeutic options and enhancing treatment outcomes and
patient quality of life [19-21].

Currently, hydrogels can be produced using several materials, including synthetic polymers, natural polymers, and the incorpo-
ration of nanoparticles. For instance, Ding et al. utilized natural polysaccharide monomers as base materials and introduced varying
amounts of chitosan to prepare a flexible composite hydrogel [22]. Seo et al. synthesized a conductive hydrogel with sensing and
antibacterial functionalities using polyvinyl alcohol (PVA) and hyaluronic acid (HA) as raw materials [23]. Wu et al. used nano-clay
and rare earth elements to prepare a composite luminescent hydrogel with good mechanical properties and acid-base sensitivity
through copolymerization of acrylamide and 2-acrylamido-2-methylpropanesulfonic acid [24]. Marine biomaterials play a significant
role in biomedical materials due to their abundant resources, wide distribution, and advantages such as diverse functionality, good
malleability, and low toxicity [25-28]. Among them, chitin the second-largest natural polymer on earth after cellulose, is widely found
in insects, crustacean shells, and fungal cell walls [29,30].

31. Chitosan (the deacetylated version of chitin) contains numerous free active functional groups in its molecular side chains,
including amino, carboxyl, and hydroxyl groups [32]. These functional groups can act as modification sites, altering chitosan through
physical, chemical, and biological methods to create hydrogel materials with improved biological performance. Researchers have
improved the solubility of chitosan in water by introducing hydrophilic groups to its active sites through chemical reactions like
alkylation [33], acylation [34], sulfonation [35], nitration [36], and halogenation [37]. These modifications enabled the successful
preparation of chitosan derivatives with improved solubility in water, such as chitosan quaternary ammonium salts, carboxymethyl
chitosan, N-carboxybutyl chitosan, and chitosan hydrochloride. Among them, chitosan quaternary ammonium salts not only inherit
the advantages of chitosan itself but also exhibit greatly improved water solubility and antibacterial properties [38-44]. The multi-
functional hydrogels could be fabricated via compositing chitosan quaternary ammonium with other polymers or nanoparticles [45].
Ma et al., have prepared QCMC-HA-PEG hydrogels based on quaternary ammonium-modifed carboxymetyl chitosan, hyaluronic acid,
and 8-arms polyethylene glycol aldehyde for wound healing applications, the fabricated QCMC-HA-PEG hydrogels could accelerate the
wound healing process via promoting skin epithelization, collagen deposition, and inflammatory regulation [46].

Pullulan is synthesized by microorganisms such as Aureobasidium pullulans through the biotransformation process of carbon sources
such as sucrose or soluble starch [47-49]. It is a colorless, tasteless, and odorless biopolymer that is characterized by numerous hy-
drophilic groups, such as hydroxyl groups, in its molecular chain, making it highly soluble in water. Pullulan is insoluble in organic
solvents such as ethanol, ether, acetone, and chloroform. Additionally, due to its high safety, heat resistance, salt resistance, acid-base
resistance, and good plasticity, pullulan is widely used in various fields, including food additives, pharmaceutical manufacturing, daily
chemicals, construction materials, and environmental protection [49-51]. Moreover, pullulan can react with sodium periodate to
generate oxidized pullulan, which is an efficient crosslinking agent and can be used to crosslink with chitosan to prepare hydrogels
with specific properties [52].

In this study, polymeric materials were prepared by attaching quaternary ammonium groups to the chitosan chain to produce
quaternary ammonium chitosan, after which oxidation reactions were implemented to produce aldehyde-functionalized oxidized
pullulan. The success of the grafting and oxidation reactions was assessed using infrared and nuclear magnetic resonance methods.
Subsequently, two synthesized quaternary ammonium salt chitosan and oxidized pullulan were used to prepare hydrogel materials via
Schiff base reaction. The hydrogels’ microstructure, water absorption, swelling, rheological, adhesion, and antibacterial properties
were characterized and tested. Additionally, culturing of the human fibroblast cells in the presence of hydrogel materials was un-
dertaken to assess their compatibility and impact on cell activity.

2. Materials and methods
2.1. Materials

Chitosan (degree of deacetylation >95 %, viscosity 100-200 mPa s), pullulan, 2,3-epoxypropyl trimethylammonium chloride,
sodium periodate, and methylene blue were sourced from Shanghai Macklin Biochemical Technology Co., Ltd. Cell Counting Kit-8
(CCK-8) assay kit, fetal bovine serum, phosphate buffered saline (PBS), streptomycin mix, and high-glucose culture medium were
purchased from Beijing Solabao Co., Ltd. Nutrient Agar (NA) medium and Lysogeny Broth (LB) medium were bought from Qingdao
High-tech Industrial Park Haibo Biotechnology Co., Ltd. All reagents were purchased and used directly without further purification.
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2.2. Preparation of quaternary ammonium chitosan (QCS)

Quaternary ammonium chitosan was prepared in accordance with a method in the literature [53]. Briefly, 2.0 g of chitosan powder
was added to 120 mL of deionized water at room temperature. The mixture was then stirred magnetically (120 rpm) for 10 min for
complete dispersal. Subsequently, 15 mL of ice-cold acetic acid solution was added, and stirring was continued till it dissolved into a
pale-yellow transparent solution. Next, 200 mg of 2,3-epoxypropyl trimethylammonium chloride powder was introduced to the so-
lution, at 40 °C for 8 h, for reaction execution. At the end of the reaction, the product mixture was cooled to room temperature, and the
solution was dialyzed for 3 days using deionized water. The dialysed solution was subsequently freeze-dried, and the dried QCS was
obtained for later use.

2.3. Preparation of oxidized pullulan (OPL)

The preparation of oxidized pullulan polysaccharides follows previous research methods [54]. Briefly, 12.0 g of pullulan was
introduced in deionized water (300 mL) and stirred continuously at 120 rpm for one day until fully dissolved. The beaker was wrapped
with tin foil to ensure a dark environment (sodium periodate needs to be shielded from light), and then sodium periodate (10 g) was
introduced to the pullulan solution with continuous stirring for 24 h to ensure complete reaction. The resulting solution was then
dialyzed (molecular cutoff of the dialysis membrane was 3 kDa) for approximately 5 days. The dialyzed product was first cooled at 4 °C
for 1 day and then freeze-dried for 3 days to obtain purified OPL.

2.4. The QCS/OPL hydrogel preparation

The preparation process of QCS/OPL hydrogel is based on previous research methods [55]. The QCS (0.25 g) was introduced to
deionized water (5 mL) to obtain solution A, and OPL (0.25 g) was introduced to deionized water (5 mL) to obtain solution B. Both
solutions were inserted in a 60 °C water bath and stirred for 24 h for complete dissolution. Both solutions A and B were mixed and
reacted for about 1 min to obtain QCS/OPL hydrogels. According to weight ratios of solution A and solution B at 1:1, 4:1, and 9:1,
QCS/OPL 11, QCS/OPL 41, and QCS/OPL 91 hydrogels were fabricated, respectively.

2.5. Assessment via Fourier Transform infrared (FT-IR) spectroscopy

FT-IR spectroscopy was utilized to verify the successful synthesis of QCS and OPL and the chemical interactions in hydrogels. An
appropriate amount (0.5 g) of freeze-dried QCS, OPL, and hydrogel powders were mixed with re-crystallized KBr, ground into pellets,
and dried at 50 °C to remove moisture completely. Then, FT-IR spectroscopy (FT-IR, Nicolelis50, Thermo Fisher Scientific) was
employed to scan the samples in the range of 500-4000 cm ™!, and 64 times scan for each spectrum using a resolution of 1 em ™.

2.6. 'H nuclear magnetic resonance ( H NMR) spectroscopy assessment

'H NMR spectroscopy was further proved to synthesize QCS and OPL successfully. An appropriate amount (0.05 g) of freeze-dried
QCS and OPL was added to 0.5 mL of D,0, respectively, dissolved completely at 37 °C, and then transferred to NMR tubes for 'HNMR
characterization using an NMR spectrometer (600 MHz, JEOL ECZ600R/S3).

2.7. Microscopic morphology characterization

The fabricated QCS/OPL 11, QCS/OPL 41, and QCS/OPL 91 hydrogel samples were introduced into liquid nitrogen to solidify and
then fractured. Platinum sputtering was applied to the fractured surface (coating thickness: 10 nm). After that, SEM (Hitachi S-4800,
Hitachi) was used for imaging under an accelerating voltage.

2.8. Water swelling performance

The water swelling measurement refers to previous research work [56]. The hydrogel (freeze-dried) sample (m; in g) was immersed
in PBS with a pH of 7.4. At specified time intervals, the retrieval of the hydrogel was undertaken, with the surface water wiped off. The
sample was then measured as my (g). Until no further mass change was observed, the test was finished. The water absorption rate
(WAR) of different hydrogel samples was then calculated as follows:

wAR="2"" 100% &)
m

where WAR represents the water absorption rate of the hydrogel, m; (g) represents the dry mass of the freeze-dried hydrogel sample
before insertion into the PBS, and my (g) represents the hydrogel sample mass after immersion in PBS at different time intervals. Five
parallel tests were conducted on each sample, followed by calculating the mean and variance.
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2.9. Rheological property test

The fully swollen samples were stored at 4 °C for 6 h to ensure that the hydrogels achieved a completely uniform gel state. The
rheological characteristics of the hydrogel were assessed for time, temperature, and oscillation frequency using a rheometer (Discovery
HR-20, Waters Corporation).

2.10. Antibacterial property test

Escherichia coli and Staphylococcus aureus, which are Gram-negative and Gram-positive bacteria, respectively, were selected as
representatives for the antibacterial property analysis of QCS/OPL hydrogels [57]. Initially, the preserved bacterial strains were
retrieved, activated, purified, and cultured on a large scale. Subsequently, LB liquid culture medium (10 mL) and freeze-dried hydrogel
sample (0.1 g) were introduced to a test tube, followed by the bacterial solution (10 pL) with a concentration of 2 x 10° CFU/mL and
the tube sealed with a stopper. As a negative control, LB liquid culture medium (10 mL) was introduced to a test tube, followed by the
bacterial solution (10 pL) with a concentration of 2 x 10° CFU/mL and the tube was sealed with a stopper. The sealed test tube was
then incubated on a shaker for 6 h at 37 °C. After incubation, the absorbance at the wavelength of 600 nm (ODggo) was measured using
an ultraviolet-visible spectrophotometer.

2.11. Cell culture

The skin fibroblast cells (NIH/3T3 cells, CRL-1658™, ATCC) of a mouse were utilized to investigate QCS/OPL hydrogels cyto-
compatibilities [58]. Culturing of the NIH/3T3 cells occurred in a Dulbecco’s Modified Eagle Medium (DMEM) that had been sup-
plemented with 10 % fetal bovine serum (FBS) and 1 % penicillin-streptomycin. The cells were incubated at 37 °C in a 5 % CO;
atmosphere. The cells were passaged using trypsinization, and those at passage 5 were utilized for the subsequent tests.

2.12. Cell Counting Kit-8 (CCK-8) assay

Prior to conducting cell experiments, QCS/OPL hydrogel samples were sterilized by immersing them in 75 v/v% ethanol for 6 h.
After the ethanol treatment, the hydrogels were rinsed 5 times with a sterile PBS solution. Finally, the samples were subjected to
ultraviolet light to complete the sterilization process, for 4 h. 100 pL of NIH/3T3 cells suspension was introduced to each well of a 96-
well plate, which was pre-cultured in an incubator for 24 h. Then, the hydrogel extraction solution (100 pL) was introduced to the
culture plate, then cultured in an incubator and additional 24 h. Next, CCK-8 solution (10 pL) was introduced to each well, and the
plate was incubated for 4 h in the cell culture incubator. After incubation, the absorbance at the wavelength of 450 nm (OD4s5¢) was
measured using a microplate reader [59].

2.13. Scratch test

A clear cell isolation area was generated by culturing inserts to evaluate the migration ability of fibroblasts on different hydrogel
scaffolds [60]. Firstly, 70 pL of NIH/3T3 cells suspension with a density of 4 x 10° cells/mL was introduced to the wells of a 12-well
plate containing culture inserts. After incubating the cells in a complete culture medium for 24 h until they grew around the inserts, the
inserts were immediately removed to create a 500 pm wide cell-free scratch. Next, the sterilized hydrogel extractions were added to
each well containing the supplemented DMEM and the cells were co-cultured for 24 h. Cell morphology and distribution images were
captured at different 8 h time durations between 0 and 16 h using an inverted microscope, and the relative healing rate of the scratch
area was quantified using ImageJ software.

2.14. Fluorescence staining test

The hydrogel extraction solutions with NIH/3T3 cells were incubated at 37 °C in a 5 % CO5 atmosphere. On the first and third days,
the extraction solutions of the cultured cells were retrieved. After fixing the cells with 25 % glutaraldehyde, the cells were stained for
viability using calcein-AM (green) and propidium iodide (red). After staining, the cells were observed using a fluorescence microscope
to determine the proportion of dead and live cells [61].

2.15. Transwell migration assay

The experimental method of Transwell Migration Assay refers to previous research [62]. Initially, NIH/3T3 cells were cultured in a
5 % CO: atmosphere at 37 °C until they reached 90 % confluency. Washing of the cells was then undertaken with PBS, and the cells
were collected by centrifugation. Subsequently, collagen or Matrigel was applied to the bottom of the membrane (cell isolation
membrane) in the Transwell’s upper chamber and incubated to form a solid matrix layer. Serum-free medium was added to the upper
chamber, and cell concentration was adjusted to 1 x 106 cells/mL before seeding 100 pL into each upper chamber. 600 pL of the DMEM
containing 10 % FBS, was then loaded in the lower chamber to function as a chemoattractant. Following the addition of the appropriate
amount of hydrogel extract (4 mL extract in 10 mL DMEM), the setup was incubated for 24 h to promote cell migration into the lower
chamber. At the end of the experiment, the migrated cells, through the membrane, were fixed with formaldehyde, and subsequent
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staining was achieved using crystal violet, washed, and counted under a microscope to assess the particular impacts of the extracts on
cell invasion capabilities.

2.16. EdU assay

Initially, NIH/3T3 cells were seeded in suitable culture dishes and cultured at 37 °C with 5 % CO: atmosphere until reaching the
appropriate density. Subsequently, an appropriate concentration of 5-ethynyl-2"-deoxyuridine (EdU) was introduced to the medium,
and cells were incubated for 6 h to incorporate EAU into newly synthesized DNA. Washing of the cells was then undertaken using PBS
to eliminate any unreacted EAU after which 400 pL of 4 % formaldehyde was added and allowed to stand for 15 min. Next, the
permeabilization of the cells was achieved via a 20 min treatment using 0.5 % Triton X-100 to facilitate dye penetration. A click
chemistry reaction was undertaken, wherein a fluorescently labelled azide reacted with EdU to mark the newly synthesized DNA.
Finally, the labelled cells were imaged and analyzed using an appropriate fluorescence microscope to quantitatively determine the
proportion of cells exhibiting fluorescent labelling, thus assessing the proliferative activity of the cells [63].

2.17. Statistical analysis

The experiments were performed thrice, and results were presented as means =+ standard deviation. Data were analyzed using one-
way ANOVA with the SPSS 22 statistical software. Pairwise comparisons were conducted using the Bonferroni method, and statistical
significance was considered at p < 0.05, unless otherwise noted.

3. Results and discussions
3.1. Quaternary ammonium salt modified chitosan preparation

Fig. laillustrates the reaction for quaternary ammonium salt modified chitosan preparation. The quaternary ammonium groups are
grafted to chitosan vai a nucleophilic substitution reaction of chitosan -NH; groups and epoxy groups to obtain QCS, and the successful
synthesis of QCS synthesis is investigated using the FT-IR spectra analysis (Fig. 1b). Fig. 1b shows that the peak at 3381 cm ™! in the FT-
IR spectrum of chitosan indicates the presence of hydrogen bonding, with a splitting phenomenon due to hydrogen bond interactions.
Additionally, a distinct absorption peak around 1592 cm ™! indicates to the presence of -NHy group. In contrast, the QCS FT-IR
spectrum showed a single peak of -OH at 3354 cm ™!, while at 1481 cm ™, a peak associated with the bending vibration of a C-H of
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Fig. 1. (a) Schematic synthesis process of quaternary ammonium modified chitosan (QCS). (b) FT-IR spectra and (c) H NMR spectra of chitosan
and QCS.
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the -CH3 was observed. The disappearance of the peak at 1592 em}, corresponding to the bending vibration of the primary amine N-H,
indicates the occurrence of a quaternization reaction on chitosan. Furthermore, the synthesis of QCS was verified by considering the 'H
NMR spectrum (Fig. 1c). The peak of -NH; at § = 3.4-3.6 ppm in the 'H NMR spectrum of QCS disappears with the grafting reaction
due to hydrogen bond interaction [64]. The obtained results of FT-IR and 'H NMR were also consistent with the previously published
works, confirming the successful synthesis of QCS [10,42].

3.2. Preparation of oxidized pullulan

Pullulan was oxidized via conversion of -CH,OH to -CHO groups to obtain oxidized pullulan (OPL). Fig. 2a illustrates the schematic
process of the reaction. Analysis of the FT-IR spectrum (Fig. 2b) reveals a new absorption peak at 1732 cm™! in OPL’s spectrum,
indicating the formation of aldehyde groups through the oxidation reaction with sodium periodate. Additionally, in the 'H NMR
spectrum of OPL shown in Fig. 2¢c, absorption peaks corresponding to aldehyde groups appear between = 4.79-4.51 ppm, further
confirming the oxidation of pullulan successfully [37,65].

3.3. Preparation of QCS/OPL hydrogels

In this work, with the regulation of the weight ratios of QCS solution and OPL solution (1:1, 4:1, and 9:1), three types of QCS/OPL
hydrogels (QCS/OPL-11, QCS/OPL-41, and QCS/OPL-91) were prepared. The QCS/OPL hydrogel could be facilely fabricated by
uniformly mixing QCS solution and OPL solution under room temperature conditions. The reaction mechanism involves the Schiff base
reaction, where the amino groups of the QCS and the OPL’s aldehyde groups form dynamic Schiff base bonds in situ (Fig. 3a) [66].
According to the FT-IR spectra of QCS/OPL hydrogels shown in Fig. 3b, the presence of a new absorption peak at 1634 cm ™! indicates
the bending vibration of the C=N bond. This suggests that Schiff base bonds are formed in the QCS/OPL hydrogels. Furthermore, in the
QCS/OPL hydrogels, the peak representing the aldehyde groups of OPL at 1732 cm™! was observed to diminish or vanish, suggesting
the utilization of aldehyde groups of OPL during the Schiff base reaction. Due to the Schiff base bonds, the QCS/OPL hydrogels possess
self-healing abilities, which will be investigated. Furthermore, such dynamic covalent bonds give the QCS/OPL hydrogels injectable
abilities. The favourable injectability of the hydrogels allows for their even dispersion onto a glass slide by applying pressure with a
syringe, as shown in Fig. 3c. All QCS/OPL hydrogels display similar injectable behavior, so sample QCS/OPL-41 is displayed. In Fig. 3c,
the alphabet “xy” could be easily written using the QCS/OPL hydrogel.

3.4. Microstructure of QCS/OPL hydrogels
Due to the 3D microporous structure, hydrogels have been widely used in the fields of tissue engineering and biomedicines. Fig. 3d

depicts the comparable internal microstructure of the fabricated QCS/OPL hydrogels, characterized by uniform and smooth pore
structures. It was clearly observed that the hydrogels with different polymer proportions displayed porous structures. Furthermore,
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Fig. 2. (a) Schematic synthesis process of oxidized pullulan (OPL). (b) FT-IR spectra and (c) 1H NMR spectra of pullulan and OPL.
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Fig. 3. (a) Schematic illustration of fabricating QCS/OPL hydrogels via Schiff base bonds crosslinking. (b) FT-IR spectra of the prepared QCS/OPL
hydrogels. (c) Photos show the sol-gel transition process of QCS/OPL hydrogels under room temperature, and the obtained hydrogels could be
injected using a syringe (QCS/OPL-41 as an example). (d) SEM images of the prepared QCS/OPL hydrogels.

with the increase of QCS concentration in QCS/OPL hydrogels, a slight reduction in pore size was observed, which may be attributed to
the increased degree of crosslinking between amino and aldehyde groups for a denser three-dimensional network structure. With the
increase of crosslinking points in the hydrogels, a much more dense 3D network structure would be formed. The uniform micro-
structure facilitates the transportation of more nutrients and metabolites in the hydrogels, proving the potential as wound dressings in
wound healing applications [67].

3.5. Swelling properties of QCS/OPL hydrogels

The water absorption capability facilitates the application of hydrogels in wound dressings. Thus, the maximum water absorption
(equilibrium swelling ratio) of QCS/OPL hydrogels is investigated, as shown in Fig. 4a and b. It is shown that the QCS/OPL hydrogels
reached their maximum water absorption within 5 h, with nearly a 50-fold increase in water absorption within 30 min (Fig. 4a).
Furthermore, as indicated in Fig. 4b, there were no significant differences in equilibrium water absorption rates among the three
hydrogel materials, all achieving water absorption levels exceeding 200 times their original mass. Compared to our previously re-
ported QCS based hydrogels, the hydrogels based on QCS and OPL display significant water absorption ability [10,42,44,45].

3.6. Self-healing ability of QCS/OPL hydrogels

The self-healing properties of QCS/OPL 11 hydrogel, QCS/OPL 41 hydrogel, and QCS/OPL 91 hydrogel were confirmed using a TA
rheometer. Fig. 4c shows that the collapse of the hydrogel network structure occurred at 620 % strain. However at a strain of 100 %,
G’ > G’, indicating the hydrogel’s network structure was maintained. Fig. 4c shows that as G’ decreased to a certain value, G’ sur-
passed G, leading to hydrogel network structure collapse. Notably, when subjected to a 1 % strain, the hydrogel’s G’ quickly reverted
to its original value. Results from cyclic tests demonstrated the hydrogel network’s ability to undergo repetitive repairs, attributed to
the Schiff base dynamic bonds formed between the amino groups and aldehyde groups on QCS and OPL, respectively, which provide
the QCS/OPL hydrogel with exceptional self-healing properties. In addition, QCS/OPL 11 hydrogel was chosen as a representative to
demonstrate the macroscopic self-healing capability of the hydrogel. The hydrogel was first cut into two equal halves in the macro-
scopic self-healing test. Staining of one-half of the hydrogel with methylene blue was undertaken, while the other half was left un-
stained. Afterwards, the two halves were contacted. As depicted in Fig. 4d, after 9 min, the hydrogel successfully underwent self-
healing under room temperature conditions. When one end was gripped with forceps and held vertically, the healed hydrogel did
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Fig. 4. (a) The swelling properties and (b) water absorption capacity of the prepared QCS/OPL hydrogels are shown, with images in (a) illustrating
the water-absorbed samples at various times (QCS/OPL-41 as an example). (¢) The storage modulus (G’) and loss modulus (G”') of the QCS/OPL
hydrogels under strain are presented. Additionally, the self-healing capability was assessed through rheological analysis, where G’ and G*' were
recorded over time using alternating 1 % and 100 % strain. (d) Photos demonstrating the self-healing performance of the prepared QCS/OPL
hydrogels, with QCS/OPL-41 shown as an example.



Q. He et al. Heliyon 10 (2024) e38577

not detach, showcasing the outstanding self-healing ability of the QCS/OPL hydrogel.
3.7. Adhesive properties of QCS/OPL hydrogel

Fig. 5 highlights the adhesion performances of QCS/OPL hydrogels with favourable adhesion to surfaces of various materials, such
as human skin, metal, plastic, rubber, and glass (Fig. 5a). Polysaccharide-based hydrogels’ adhesion performance primarily comprises
physical, chemical, electrostatic, and wetting adhesion. Hydrogels are highly hydrated soft materials involving physical capillary and
wetting adhesion [68,69]. Additionally, the quaternary ammonium cations in the QCS/OPL hydrogel can form an electrostatic
attraction with opposite charges on the adhered surface, achieving electrostatic adhesion [70]. The hydroxyl groups and other
functionalities in the polysaccharide chains can bond with polar groups on the target surface using hydrogen bonds, thereby providing
additional adhesion force [71]. The detailed adhesion mechanism is illustrated in Fig. 5b.

3.8. Antibacterial properties of QCS/OPL hydrogel

The antibacterial performance of QCS/OPL hydrogel is illustrated in Fig. 6a and b. The results show that the solution becomes more
transparent with reduced bacterial content after the co-cultivation E. coli and S. aureus with the QCS/OPL hydrogel samples. This
indicates a significant inhibitory effect of QCS/OPL hydrogels of different proportions on E. coli and S. aureus proliferation [72].
Furthermore, the antibacterial effect of QCS/OPL hydrogels is inversely proportional to ODggo. Through measurement of the solution’s
ODg0, it was found that QCS/OPL 11 hydrogel and QCS/OPL 41 hydrogel exhibited better inhibitory impact on S. aureus than on E.
coli. The cationic properties of the quaternary ammonium groups attached to chitosan polymers allow them to interact with the
negative charges on bacterial cell walls, leading to structural destruction of the cell membrane that impairs cell viability and growth
[73]. Moreover, oxidized Prussian polysaccharide possesses oxidative properties, producing reactive oxygen species (ROS) in bacterial
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Fig. 5. (a) The prepared QCS/OPL hydrogels depict the adhesive properties, with representative images showcasing adhesion to various surfaces.
Furthermore, the hydrogels could be compressed using fingers. Sample QCS/OPL-41 was only displayed, and all hydrogels obtained had the same
performance. (b) The possible adhesive mechanism was illustrated.
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Fig. 6. The antibacterial performances of the QCS/OPL hydrogels against (a) E. coli and (b) S. aureus in LB agar liquid medium for 6 h, and the
photos inserted were the hydrogels in LB agar liquid medium.

cells. These ROS cause oxidative damage to cellular structures, further impeding bacterial growth and reproduction. Overall, through a
synergistic mechanism involving the disruption of membranes of cells, as well as the induction of oxidative stress, QCS/OPL hydrogels
exhibit notable antibacterial effects against both E. coli and S. aureus. Such antibacterial characteristics render the material valuable for
medical, food packaging, and water treatment applications.
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Fig. 7. (a) Live/Dead (Calcein/PI) staining of NIH/3T3 cells co-cultured with QCS/OPL hydrogels for 24 and 48 h, where live cells appear green and
dead cells appear red (b) CCK-8 assay was further employed to investigate the cytocompatibilities of the co-cultured QCS/OPL hydrogels with NIH/
3T3 cells. (c) NIH/3T3 cells scratch results at 8 and 16 h. (d) Statistical analysis of cell migration. The white scale and yellow bars represent 100 pm.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.9. Co-culture of cells with QCS/OPL hydrogels

Biocompatibilities of the hydrogels were assessed using QCS/OPL hydrogel samples co-cultured with skin fibroblasts. The results,
as shown in Fig. 7a and b, indicate that all hydrogel samples exhibited good biocompatibility. A comparison of the data between 24 h
and 48 h reveals significant cell proliferation over time with no apparent cell death observed. The CCK-8 statistical data further
confirmed the biocompatibility of the QCS/OPL hydrogel materials, with cell viability rates exceeding 95 % for all samples. The cell
migration ability was evaluated to further assess the impact of the hydrogel materials on skin fibroblasts. As depicted in Fig. 7c,
analysis of the experimental results shows that, in comparison to the data at 8 h and 16 h, the hydrogel groups demonstrated efficient
cell migration through prolonged co-culture. Specifically, the QCS/OPL 41 hydrogel group exhibited the highest migration efficiency.
Fig. 7d provides further statistical analysis, indicating that the cell migration counts for QCS/OPL 41 at 16 h reached approximately
350 cells, higher than the approximately 200 cells for QCS/OPL 11 and approximately 150 cells for QCS/OPL 91 hydrogel groups. The
biocompatibility and structure of the materials primarily determine the migration of cells. All three types of QCS/OPL hydrogels used
were biocompatible natural polymeric materials. SEM microstructural results (Fig. 3d) revealed that the QCS/OPL 41 samples had the
optimal pore structure, which is more conducive to cell crawling, thus demonstrating superior migration capability.

To further determine the effects of hydrogel materials on cellular activity, QCS/OPL hydrogel samples were co-cultured with cells.
The DNA synthesis during cell proliferation and the Transwell cell invasion capabilities were characterized, with results presented in
Fig. 8. Analysis from Fig. 8a indicates significant DNA synthesis occurring after 6 h of culture, where the hydrogel groups notably
outperformed the control group. Further statistical analysis, as shown in Fig. 8b, demonstrates that the QCS/OPL 41 hydrogel group
had a ratio of newly formed cells to initial cells exceeding 40 %. Fig. 8c and d also show the cell invasion capabilities of the hydrogels
with the QCS/OPL 91 hydrogel group shown to notably enhance cell invasion capabilities to a greater extent compared to other
hydrogel groups and the control group. Statistical analysis further indicates that the number of cells migrating through the membrane
materials in the QCS/OPL 91 group was approximately 1500, while other hydrogel groups ranged between 500 and 800. In contrast,
the blank control group had fewer than 500 cells passing through.

4. Conclusion

The present study investigated functional QCS/OPL hydrogels that were synthesized through the Schiff base reaction between
chitosan quaternary ammonium salt, and oxidized pullulan. All obtained QCS/OPL hydrogels exhibited a consistent porous structure,
with pores conducive to storing nutrients, drugs, and metabolic products while simultaneously providing an attachment environment
for cell growth. The QCS/OPL hydrogels demonstrated good adhesion on various surfaces, thus may prevent detachment from wounds.
Furthermore, the QCS/OPL hydrogels exhibit favourable mechanical properties and self-healing capabilities, which are essential for
tissue regeneration. The QCS/OPL hydrogel also demonstrated swelling properties, making it well-suited as a wound dressing capable
of absorbing contaminants discharged from wounds. In addition, the QCS/OPL hydrogel showed favourable antibacterial activity
against both E. coli and S. aureus. Cell compatibility tests revealed that the QCS/OPL hydrogels had no cytotoxicity to cell growth.
Based on these physicochemical properties, QCS/OPL hydrogel has potential in biomedical materials.
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