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Abstract

The increased demand for improved strategies for wound healing has, in recent
years, motivated the development of multifunctional hydrogels with favorable bio-
compatibility and antibacterial properties. To this regard, the current study presented
the design of a novel self-healing composite hydrogel that could perform as wound
dressing for the promotion of wound healing. The composite hydrogels were composed
of polyvinyl alcohol (PVA), borax and chitosan functionalized with sialic acid (SA-CS)
and curcumin loaded Pluronic F127 micelles. The hydrogels were formed through the
boronic ester bond formation between PVA, SA-CS and borax under physiological
conditions and demonstrated adjustable mechanical properties, gelation kinetics and
antibacterial properties. When incubating with NIH3T3 cells, the hydrogels also
demonstrated good biocompatibility. These aspects offer a promising foundation for
their prospective applications in developing clinical materials for wound healing.
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1. Introduction

Wounds constitute skin defects that are prevalent in human history and are
recognized as increasing the risk of endogenous bacterial infection, which can
negatively influence human health [1-11]. These wounds are healed via a complex
process involving hemostasis, inflammation, proliferation and remodeling steps that
overlapped and incorporated the action of several cell types, such as platelets,
endothelial cells etc [12-15]. Meanwhile, wound healing, in some cases, e.g. diabetic
wounds, may require more time to be repaired, thus increasing the risk of infections
and exacerbating the potential of more serious (i.e. necrosis) and life-threatening
difficulties occurring [16-26]. It is, therefore, crucial to synthesize functional wound
dressings which promote wound healing while having innate antibacterial properties.
To this regard, various biomaterials, such as foams [27, 28], films [29, 30], nanosheets
[31], and hydrogels [10, 32-38] have been developed. In this strategy, the hydrogels
with the injectable and antibacterial properties were considered as the most promising
biomaterial because of their tunable excellent antibacterial and self-healing properties,
which will serve to enhance the overall efficiency of wound healing.

Thus, a functional hydrogel could become an excellent tool for preventing wound
infection and accelerating wound healing. For addressing this issue, hydrogels derived
from natural polysaccharide-based biomaterials have received extraordinary attention.
This is due to their inherent desirable biocompatibility, making them a promising
candidate for a myriad of applications in the Biomedical industry [39-49]. Chitosan

(CS) is a non-toxic, biodegradable and biocompatible amino polysaccharide produced



from the chitin that is present in the exoskeletons (shells) of arthropods and cell walls
of fungi [50]. As one of the most abundant natural materials, it has also been widely
utilized as a biomaterial because of its biocompatible and antibacterial properties.
Notably, its poor solubility in solvents (i.e. polar or non-polar) limits its versartility[51,
52]. Therefore, chitosan is usually chemically modified with different functional groups
to enhance its bioactivity through reactions with primary or secondary hydroxyl groups
on the chitosan backbone [30, 50, 53, 54]

Curcumin (Cur), known as isopropyl methane, is present in the turmeric herb and
is reported to possess favourable biological properties such as anti-inflammatory,
hypoglycemic, wound healing properties, etc., making it potentially beneficial to
human health [55-57]. Cur is, however, also characterized by poor solubility in water,
poor bioavailability, and poor stability in light [57, 58]. Due to these limitations,
previous works have incorporated the encapsulation of Cur into a suitable carrier, such
as hydrogel, for transporting to the target tissue [59-61].

Herein, inspired by proteoglycan in the extracellular matrix, we fabricated
polysaccharide-based composite hydrogels composed of borax, sialylated chitosan,
PVA, and curcumin-loaded Pluronic F127 micelles, characterized with inherent self-
healing and antibacterial properties (Scheme 1). Ingeniously, the dynamic ester bonds
between PVA, sialylated chitosan and borax endow these hydrogels with the capacity
to fill any irregularly shaped wound. Scheme 1 also shows that the study will promote
improved bioavailability of Cur by undertaking its micellization for enhanced delivery

in water-mediated hydrogels. Due to these design improvements, it is anticipated that



the hydrogel may be employed to promote wound healing and therapeutic effects while

also limiting the risk of wound infections.
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Scheme 1. Scheme showing the synthesis of sialylated chitosan (SA-CS) and curcumin-loaded
PF127 micelles (Cur-PF127), and the fabrication of composite hydrogel based on SA-CS, PVA,

Cur-PF127, and Borax.

2. Materials and methods
2.1 Materials

In the study, Aladdin industrial corporation (Shanghai, China) was the supplier of
morpholinoethanesulfonic acid (MES), chitosan (CS, degree of deacetylation: ca. 95%),
N-hydroxysuccinimide (NHS), 1-ethy-3-(3-dimethylaminopropyl carbodiimide)

hydrochloride (EDC<HCI) and sialic acid. Sodium tetraborate decahydrate and other



reagents were bought from Sinopharm, China.
2.2 Synthesis of sialic acid-conjugated chitosan (SA-CS)

1.8 g of chitosan was initially dissolved in 220 mL of 1 % acetic acid aqueous
solution. After this, 5 M NaOH was introduced to the solution in a dropwise manner to
adjust the pH to 6. Sialic acid (1.0 g), NHS (0.45 g) and EDCI (0.74 g) were then
dissolved in 0.1M MES buffer (pH = 5.0), and stirred 0.5 h and then added into chitosan
solution. The solution was then reacted for 12 h at room temperature under gentle
stirring. After 12 h, the obtained solution was dialyzed for 72 h against distilled water
while employing a 7000 Da dialysis membrane. After the dialysis, the solution was
freeze-dried.

2.3 Preparation of curcumin loaded Pluronic F127 micelles (Cur-PF127)

The one-step solid dispersion method was used in the preparation of Cur-PF127
micelles [59]. Briefly, a certain amount of curcumin and Pluronic 127 polymer at the
feed ration of 1:99 were dissolved in dichloromethane with gentle stirring, and then
the solution was condensed in a rotary evaporator at 40 °C. Finally, the co-evaporation
was dissolved in H>O at 40 °C under continuous stirring to self-assemble into micelles,
followed by lyophilization to obtain the yellow Cur-PF127 powder.

2.4 Synthesis of Borax-assisted Cur-PF127/SA-CS/PVA hydrogels

SA-CS polymer and PVA were separately dissolved in phosphate-buffered saline
(5 mL, PBS) at a pH of 7.2 at 37 °C to prepare a mixed solution containing SA-CS
(3.5% w/v) and PVA (3.5% w/v). Then, 0.000 g, 0.001g, 0.015g, and 0.025g Cur-PF127

were respectively added to the aforementioned mixed solution to make the



concentration of Cur-PF127 at 0%, 1%, 3%, and 5% (w/v). Subsequently, 900 pL 4 %
wt of borax was introduced to the mixture solution and vortexed to obtain a series of
composite hydrogels referred to as Gel 1 to Gel 4, respectively.
2.5 Morphology of hydrogels

Gold was employed in coating the hydrogels, after initial freezing in liquid
nitrogen and drying for 12 h. The gold-coated samples were then analyzed with a
scanning electron microscope (SEM; Hitachi, S-4800).
2.6 Antioxidant activity

The ABTS (7 mM) solution was mixed with (2.5 mM) potassium persulfate for
oxidation in the dark for 12-16 h at room temperature to prepare ABTS-+. This
ABTS-+ solution was then employed in measuring the antioxidant activity. Then 0.05g
of the sample to be tested was added to the ABTS -+ solution (5 mL), and the mixture
was oscillated and incubated in the dark at 37 °C for 30 min. Finally, the absorbance of
the reaction solution was measured at 734 nm. The free radical scavenging efficiency

was calculated as follows :

ABTS Scavenging (%) = [A]Bl“’[j];lz]:“m’”e x 100% (1)

Where [A]ink denotes the absorption of the blank and /A4/sampie denotes the
absorption of the sample. Herein, the blank refers to the ABTS solution only, and the
sample solution refers to the ABTS + sample solution.

2.7 Rheological evaluations

Rheological measurements of the composite hydrogels were undertaken using a

rheometer (TA, DHR, USA). The rheometer was equipped with a 20 mm stainless steel



upper cone and temperature-controlled Peltier bottom plate (DISCOVERY HR-2, TA,
USA), at 37 °C [62]. A 400 pL aliquot of the solution of SA-CS, Cur-PF127 and PVA
was introduced to the Peltier, after which the cone was lowered to a specified gap. Water
vapourisation was prevented by placing a low-viscosity oil, after which gelation was
initiated using 70 pL of borax (4 wt % ) which was injected into the gap. To determine
the storage moduli and the gelation kinetics, a dynamic time sweep at 1 Hz at a 1%
applied strain for a duration of 2000 s was conducted. The elastic behavior post-gelation
of the solutions (now hydrogels) was determined via 0.1-100 rad/s dynamic frequency
sweeps at 1 % strain and 0.1 % - 500 % (or to failure) strain sweeps at 1 Hz.
2.8 Drug release profile of the composite hydrogels

The amount of curcumin released from the hydrogels was measured according to
the previous report [17]. Briefly, 1 ml of composite hydrogel was immersed in 3 ml of
PBS at 37 °C, and 300 pl of leaching solution was collected at predetermined time
intervals. The absorbance of the extract solution was measured by the microplate reader.
2.9 Swelling Test

The freeze-dried hydrogel was introduced to PBS (5 mL) at room temperature and
maintained for specified time intervals. At the different time intervals, the hydrogel was
recovered and cleaned using filter paper such that additional surface fluid was removed

with the swelling ratio (SR) calculated as follows;

W -Wo

SR = x 100%. (2)

0

Where Wy and W; denote the initial mass (g) of the hydrogel after freeze-drying

and the final mass (g) of the hydrogel after swelling, respectively.
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2.10 Antibacterial activity evaluation

Evaluations of the antibacterial activities of the hydrogels were achieved using
gram-positive and gram-negative microbes of Staphylococcus aureus (S. aureus) and
Escherichia coli (E. coli), respectively. The hydrogels were introduced into a Luria
Bertani (LB) medium (0.02g/10 mL), after which the diluted bacterial suspension (10
uL) was added. The mixture was then cultured for 12 h at a temperature of 37 °C. The
O.D of the mixture at 600 nm was then measured [63]. For consistency, a blank
containing all components described above without the hydrogel was employed as the
control group such that the antibacterial ratio (AR) was calculated by the following
equation:

Antibacterial ratio = K”K—KS X 100%. (3)
b

Where K represents the absorption of the blank control group, and Ks denotes the
absorption of the sample containing the hydrogel.
2.11 Cell migration assay

Evaluation of cell migration and cell viability was achieved using NIH 3T3 cells
(CRL-1658™, ATCC). Dulbecco’s modified Eagle’s medium (DMEM) containing 10 %
fetal bovine serum, 100 pg/ mL streptomycin and 100 U/mL penicillin was used to
culture the NIH 3T3 cells under an atmosphere of 5 % COz and a temperature of 37 °C.
Passage 5 cells were then seeded at the 96-well plate, after which 100 pL of hydrogel
extract was introduced. The well was then incubated for 24 h at 37 °C. After 24 h, the
liquid fraction was removed, and the residual monolayer was scratched linearly using

the sharp tip of the 10 puL pipette. The well was then washed twice using PBS solution
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to remove the damaged cells away from the wells, after which 100 pL of fresh medium
was added to the linear scratch. The 96-well plate was then incubated for 12 h with
changes in the linear scratch observed using an optical microscope and analyzed by
Image J software [64].
2.12 Cell viability test

NIH 3T3 cells were cultured with the prepared hydrogels, and the viability of the
cells was investigated using CCK-8 after cell seed and culturing for different days was
undertaken, and the presence of metabolically active cells was measured via optical
density (O.D.) measurements at 450 nm. In the study, the culturing of NIH 3T3 cells in
the absence of the hydrogel served as the control group. To culture the NIH 3T3 cells
with the hydrogel, soaking of the prepared hydrogels in 75 v/v% of ethanol was
undertaken overnight, after which the solvent was replaced with PBS. All hydrogels
were then introduced to a 48-well plate (Corning), after which 1 mL of NIH 3TS cells
solution (1 x 10* cells/mL), was added to each well. The well was subsequently
incubated in a 5 % CO» atmosphere at the temperature of 37 °C while employing the
culture medium as a control. The well samples/solutions were then treated using the
CCK-8 kit solution (10 pL) after different days of incubation (i.e. 1 day, 2 days, and 3
days). The treated samples were then incubated at 37 °C for 2 h, after which the
solutions were transferred to a 96-well plate for the determination of their O.D. values
at 450 using a microplate reader.
2.13 Statistical analysis

Three replications for each group were undertaken, and the results were reported

11



as mean data = SD. Comparison of the mean values was achieved via one-way analysis
of variance (SPSS.22), with pairwise comparison undertaken using the LSD method

such that statistical significance was when p < 0.05.

3. Results and discussion
3.1 Synthesis and characterization of SA-CS and Cur-PF127

As shown in Scheme 1, the preparation of Cur-PF127/SA-CS/PVA composite
hydrogels is performed in two stages. To synthesize the sialylated chitosan polymer,
sialic acid was grafted to the chitosan backbone via an amidation reaction (Scheme 1a),
and its successful preparation was demonstrated by 'H NMR analysis. Figure 1a,
shows significant shifts of the unmodified chitosan at 3.14, 3.6 to 4.04 ppm, which are
representative of [H2], [H3] to [H6], protons, respectively [65]. The 'H NMR spectra
also show that shifts 1.88, 3.44 and 3.61 ppm were determined for the SA-CS
representative of [H6], [H7] to [H8] protons, respectively. The [H9] protons were
observed at shifts of 1.67 and 2.04 ppm. Moreover, the successful synthesization of SA-
CS was also confirmed by the Fourier-transform infrared spectrometer (FT-IR). As
shown in Figure 1b, The FT-IR spectrum of CS and SA-CS showed peaks assigned to
the saccharide structure at 893.87 cm™ and 1150.36 cm™! [66]. The band, due to angular
deformation of N-H (1617.97 cm-1), was quite reduced for SA-CS, which was caused
by grafting sialic acid to the primary amine. Moreover, a new absorption peak in the
FT-IR spectrum appeared at 2912.83 cm™!, corresponding to the C-H stretching of the
methyl group of sialic acid. The results demonstrate the successful grafting of the SA

12



to the backbone of CS. As stated earlier above, curcumin possesses several poor
characteristics (e.g poor solubility in Figure 1c¢), while the present study employing an
amphiphilic triblock copolymer PF127 for curcumin encapsulation as a pathway for
preparing curcumin-PF127 micelles (Cur-PF127) formation (Scheme 1b). The Cur-
PF127 micelle solution was shown to have good solubility up to 3 mg/mL with the
resulting TEM images of the resulting Cur-PF127 micelles presented in Figures 1d and
le. Figures le and f showed that Cur-PF127 micelles manifested sphere-like shapes

with a diameter of ~33.5 + 4.2 nm.
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Figure. 1 Illustration of SA-CS and Cur-PF127 micelles. (a) '"H NMR spectra of CS and SA-CS.
(b) FT-IR spectra of CS and SA-CS. (c) Images of free curcumin (on the left) and Cur-PF127
micelles (on the right) in water. (d, ¢) TEM images using different magnifications of Cur-PF127

micelles, and (f) size distribution of Cur-PF127 micelles calculated from TEM images.
3.2 Physicochemical properties of hydrogels

The SA-CA/Cur-PF127/PVA composite hydrogels were synthesized by mixing
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SA-CS, PVA, Cur-PF127 and borax at physiological conditions (Scheme 1c¢), in which
borax could form dynamic boron-diol bonds with PVA and SA-CS. As depicted in
Figure 2a, the hydrogel was formed by adding borax solution into PVA/SA-CS/Cur-
PF127 solution, and the hydrogel formation was confirmed via the tube inversion
method [50, 62]. SEM images were used to observe the morphology of the lyophilized
composite hydrogels (Figure 2b). The highly porous structure promotes cell migration.
It was also observed that the introduction of Cur-PF127 micelles led to a decrease in
the pore size and porosity of the composite hydrogel, although the structural
connections improved. The lyophilised hydrogels’ three-dimensional (3D) structure
with interconnected pore structures facilitates water absorption, oxygen and nutrient
exchange, and cell migration and growth, providing conditions for the rapid healing of
different wound tissues.

The prepared composite hydrogels showed a reversible building of dynamic
covalent bonds responsible for their self-healing. For instance, the hydrogel Gel 1 was
cut and divided, and the divided two parts, when contacted, maintained integrity in
some time (Figure 2c¢). Figure 2d shows that all hydrogels attained an equilibrium
swelling state at one hour, with this equilibrium swelling rate maintained over time,
thus highlighting the favorable dimensional stability of the hydrogels. Hydrogels Gel 1,
Gel 2, and Gel 3 showed equilibrium swelling rates of 370 & 5 %, 550 =10 %, and
600 = 9 %, respectively. It is worth noting that Gel 4 collapsed during the swelling test

due to its frail structure, and the swelling ratio data are not shown in Figure 2d.
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Figure 2. (a) The prepared hydrogel formation was shown by the vial inversion approach (sample
Gel 1 was displayed). (b) Photos highlight the self-healing process of hydrogels (sample Gel 1). (c)
SEM images of the hydrogels (Gel 1, Gel 2, Gel 3, and Gel 4). (d) Swelling behaviors of the
hydrogels (Gel 1, Gel 2, and Gel 3), it was noted that the swelling data of Gel 4 was shown due to
the collapse during the swelling test.

The viscoelastic properties of the prepared composite hydrogels containing Cur-
PF127 micelles were tested using rheological measurement (Figure 3). Figures 3a and
3b, showed the G' and G" values of the composite hydrogels during the gelation when
1 % strain and 1 Hz frequency were imposed for 2000 s. It showed a marginal reduction
in the G' and G" as the amount of Cur-PF127 in the composite hydrogels was increased.
The frequency sweep results showed that slight increments in G’ and G”” were observed
as the frequency increased, with G'> G" maintained in the range of 1-10 rad/s (Figures
3¢ and 3d). This indicated that the hydrogels were predominantly elastic. G' kept

relatively stable and was greater than G" in an extensive range of strain, representing
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the favorable elastic property. During the hydrogel formation process, as the time or
shear frequency increased, the peak of G' decreased alongside the increase in Cur-

PF127 concentration, which was also visible in the amplitude sweep test (Figures 3e

and 3f).
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Figure 3. Rheology analysis of the hydrogels. (a, b) Storage modulus (G') and loss modulus (G") of
hydrogels on time sweep for 2000 s at the stain of 1 % and the frequency with 1 Hz. (c, d) G' and
G" of hydrogels on frequency sweep from 1 to 10 rad/s at the strain of 1 %. (e, f) G' and G" of
hydrogels on strain sweep from 0.1 % to 1000 % at the frequency of 1 Hz. (g) The viscosity change
of Gel 1 in terms of shear rate, and inserted photograph displays hydrogel during injection. (h) G’

and G" of Gel 1 on continuous time sweep with alternate strain for three cycles (low strain at 1 %
for 100 s and high strain at 300 % for 100 s). (i) Release profile of Cur-PF127 micelles in the Gel
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Figure 2g shows that an increase in the shear rate leads to a decrease in the
viscosity of the hydrogel, which is indicative of the shear thinning characteristic and
thus highlights the injectability of the hydrogels. In Figure 2h, The continuous step
strain method was used to assess the rheological recovery behavior of the hydrogel.
Taking Gel 1 for example, the G' value was more extensive than G" when a low strain
of 1% strain was imposed, representing the stable of the hydrogel. However, when a
high strain of 300% was imposed, the values of G' was greater than G", meaning the
collapse of the structure of hydrogel. Interestingly, the hydrogels returned to the initial
state of G' > G" when the strain is returned to 1%. These observations indicated that the
hydrogel had the self-healing property and shear thining behavior owing to the dynamic
and reversible borate-diol bonds between borate and SA-CS. To achieve an effective
therapeutic effect, a prolonged release of curcumin is appreciated at the wound. In
Figure 3i, Gel 3 showed stable and sustained release behaviour without significant
burst release, and the release rate was about 60 % in 9 h. In the same test, the amount
of Cur-PF127 from Gel 2 was too low to detect, and Gel 4 structure broke down.
Therefore, Our result also proved that a higher addition of Cur-PF127 micelles may
impair the rheological properties and 3D network structure.

3.3 Antioxidant and antibacterial properties

Figure 4a shows that, as expected, a positive correlation exists between the
increasing concentrations of curcumin and antioxidant ability. Similarly, in all cases, a
positive correlation existed between the increasing concentrations of curcumin and the

17



killing ratio was observed. Thus, all prepared hydrogels demonstrated antibacterial
properties with the increase in the amount of Cur-PFA127. The antibacterial ratio of
Gel 2 and Gel 3 was shown to be more proficient in killing S. aureus than E.coli , with

a reverse trend observed in Gel 1.

(a) 100

nging (%}
8. aureus

ABTS Scavel

E. coli

Gel1 Gel 2 Gel 3 Gel 4

Figure 4. (a) ABTS scavenging of the hydrogels. The antibacterial behavior of the composite
hydrogels (sterilized 0.9 % saline solution was taken as the control group) after 12 h. (b)
Photographs of S. aureus and E. coli with hydrogels grown in the actual culture tube for 12 h. (¢)
The antibacterial activity of the hydrogels against S. aureus and E. coli after 12 h, the data of Gel 4

was not shown because that Gel 4 collapsed during the test.
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Figure 5. NIH 3T3 cells scratch test with, the blue dotted lines indicating the scratch gap width.

Scar bar: 100 um.

3.4 Scratch assay of NIH 3TS

Figure 5 shows that, relative to the blank group, Gel 1, Gel 2, and Gel 3 showed
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improved NIH 3T3 cell migration, leading to faster cell-free gap closure, thus
highlighting the potential for the hydrogels to promote wound healing. Interestingly,
the effect of Gel 4 with a higher amount of Cur-PF127 on cell migration was not as

obvious as that of Gel 2 and Gel 3.
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Figure 6. (a) Cytocompatibility of the hydrogels after being cultured with NIH 3T3 cells for
different days through CCKS8 method. (b) Representative pictures of NIH 3T3 cells cultured with

the composite hydrogels on days 1, 3, and 5.

3.5 Cytotoxicity of the hydrogels

NIH 3T3 cells were grown on the surface of the hydrogels, and the impact of the
hydrogels on cell proliferation was subsequently assessed via CCK-8 assays (Figure

6). The results showed that overall cell proliferation was promoted on the surface of
19



each of the prepared hydrogels. It can therefore be deduced that the overall cell
proliferation trend in the prepared composite hydrogels was favourable, indicating that

they were not cytotoxic and had good biocompatibility.

4. Conclusions

A polysaccharide-based composite hydrogel delivery system based on PVA, SA-
CS, and curcumin-loaded Pluronic F127 micelles was prepared as a possible pathway
for enhanced skin wound healing. Based on the dynamic boronic ester bond formation
between PVA, SA-CS and borax, the hydrogels showed stable rheological properties,
tunable mechanical properties, biocompatibility, free radical scavenging capacity, and
favorable antibacterial property at physiological conditions. These properties highlight

the potential for the future application of hydrogel in wound healing.
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