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Abstract: It is importnat to treat a bacterial-infected wound with a hydrogel dressing
due to its excellent biocompatibility and extracellular matrix mimicking structure. In
this work, we have successfully developed new antibacterial curcumin nanoparticles
(Cur-NPs) loaded SF/SA composite hydrogel for wound healing. The as-prepared
composite exhibited excellent biocompatibility and antibacterial activity against E.
coli and S. aureus in vitro. In addition, this composite hydrogel showed good tissue
adhesive strength because of its higher viscosity and abundance of amino groups
distributed on SF which can form multi-aldehyde polysaccharides with the tissue
surface. The porous 3D structure of the composite hydrogel facilitated the absorption
of exudate from the wound site and promoted the fusion of cellular nutrients and
metabolites. In the full-thickness skin defect model with and without bacterial
infection, the Cur-NPs loaded SF/SA composite hydrogel prominently improves the
closure of bacterial-infected wounds by improving cell proliferation,
anti-inflammatory properties, vascular remodeling, and collagen deposition.

Keywords: composite hydrogel; wound healing; antibacterial; tissue adhesive; wound

dressing



1. Introduction
Wounds caused by surgery or accident are increasing every year which require timely
closure to ensure the healing of injuries. Generally, there are four stages of wound
healing: inflammatory, multiplication, and remodeling phases ™. However,
conventional wound healing strategies, such as gauze, cotton, and surgical sutures,
still show some obvious defects, which might cause trauma, unsatisfied tissue
integration, poor adhesiveness, and the need for foreign bodies for supplemental
fixation around the trauma . An ideal wound dressing should have good
biocompatibility, keep the wound wet and absorb exudates, provide protection to
prevent infection, actively promote the wound healing process, encourages
regeneration of damaged tissue, and serve as a depot for delivering drugs or other
therapeutics B4,

Adhesion and moisture retention at the wound site as well as helping the tissue to

regenerate are important factors in skin wound healing. Hydregels—a-seft-materiat

adhesive hydrogels can fill wounds and stop bleeding ["®l. Therefore, biocompatible

hydrogel wound dressings with bio-adhesion abilities and tissue repairabilities are
required.

Silk fibroin (SF) extracted from silkworm cocoon is a biomolecular material with
no immunogenicity, good biodegradation, and controllable mechanical properties,

which can be directly used in clinical tissue repair to promote cell adhesion, wound



contraction, re-epithelialization and angiogenic collagen formation -3 However,
single-component SF hydrogels also face some inherent drawbacks, particularly their
weak mechanical properties and fast degradation 2. As a wound dressing, combining
it with other polymers is an effective way to improve its adhesion, and enhance
bioactivity, stability, and other biological properties. Sodium alginate (SA) is a
biocompatible polysaccharide with fluid absorption capacity 331, Due to its safety,
stability, and fast biodegradation properties, it is commonly used as an excipient in the
pharmaceutical industry (16181 In addition, the existence of divalent and multivalent
metal ions, especially calcium ions, allows alginate-based hydrogels to be stabilized
in the system, providing an equilibrium between cytocompatibility and mechanical
binding strength ™91,

Although the microenvironment of hydrogel is relatively moist and suitable for
tissue cell migration and proliferation, bacteria still can penetrate the tissue interior
through its porous structure. To improve the antimicrobial properties of hydrogel
wound dressings, metal nanoparticles, such as silver ions 22l or antimicrobial
peptides 2, could be used to enhance the antimicrobial capacity of the hydrogels.
Curcumin (Cur) is an acidic polyphenolic compound extracted from the rhizome with
good antioxidant, anti-inflammatory, and antibacterial properties 23241, However, the
poor solubility and chemical stability of Cur in water limits its effectiveness at the
target site or wound tissue 5261, Therefore, Cur needs to be fabricated into a more

stable product to enhance bioavailability.
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Fig. 1 Schematic illustration for the fabrication process of curcumin nanoparticles
(Cur NPs)-loaded silk fibroin and alginate (SF/SA) composite bioadhesives hydrogel
scaffold for wound healing.

With this background, the present study reports the composite hydrogel systems
consisting of SF and SA as hydrogel scaffolds loaded with Cur nanoparticles. As
shown in Fig. 1, calcium ion (Ca®") is used as a cross-linking agent to coordinate with
the SF and SA chains to form a three-dimensional (3D) hydrogel network. The active
groups including -OH, -COOH and -NH: groups of the hydrogel network can also
bind to the tissue surface, affording strong and reversible tissue adhesion 7. In
addition, Cur NPs were further encapsulated into the composite hydrogels to enhance
the antibacterial and wound healing properties of the prepared composite hydrogels.
The  apparent  morphology, = mechanical  properties,  cytocompatibility,
anti-inflammatory and hemolytic properties of the composite hydrogels were
investigated. Eventually, the composite hydrogels were applied to a full-thickness skin

defect model to evaluate their effects on the repair and regeneration of common



wounds.

2. Materials and methods

2.1 Materials

Sodium alginate (SA, AP), sodium carbonate anhydrous (Na>COs, AP), lithium
bromide (LiBr, 99%), calcium chloride (CaClz, 99%), pluronic F127 (99%) and
curcumin (Cur, AP) were purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd. Calcein/PI cell activity cytotoxicity detection, H&E and Masson staining
kits were obtained from Bi Yun Tian Biological Reagent Co., Ltd. Sheep erythrocyte
was purchased from Nanjing Quanlong Biotechnology Co., Ltd. CD31 and IL-6
mouse antibody were obtained from Cell Signaling Technology, Inc. Animal care and
experimental protocols used in this study were approved by the Animal Ethics
Committee of Zhejiang Sci-Tech University (Number: 20190201).

2.2 Preparation of Cur NPs-loaded SF/SA composite hydrogels

The silk fibroin (SF) solution was prepared from mulberry silkworms 281, Briefly, silk
cocoons were cut into little blocks of around 0.5 x 0.5 cm and were boiled in the
Na>COsz solution (0.02 M) for 30 min (~10 wt% of Na,COs solution) to remove
sericin. The dried degummed cocoon pieces were further dissolved in LiBr solution
(9.3 M) for 10 min at 60 °C and then filtered with a 0.45um filter membrane. A SF
solution with a concentration of 20 wt% was obtained by dialyzing in ultrapure water
for 72 h (Fig. S1). Curcumin nanoparticles (Cur NPs) were fabricated by adding
curcumin powder (15 mg) into 5 mL pluronic F127 aqueous solution (10 wt%) under

stirring for 30 min at 50°C 23U And the final concentration of Cur NPs was



controlled at 3 wt%.

To prepare SF/SA composite hydrogels, 3.75 mL SF (~20wt%) and 15 mL SA
(16.7 wt%) were mixed at room temperature. Then, the different volume 0.05 M
CaCl> solution (150, 200, 250, and 300 uL) was added into 2 mL SF and SA mixture
under stirring to form cross-linked composite hydrogels. The resultant composite
hydrogels were named SF/SA-1, SF/SA-2, SF/SA-3, and SF/SA-4, respectively. To
prepare curcumin-loaded SF/SA composite hydrogels, different volume Cur NPs
solution (0, 0.5, 1.0, 1.5, and 2.0 mL) was mixed with 2 mL SF/SA-3 solution and
stirred for another 30 min. And the obtained curcumin-loaded SF/SA composite
hydrogels were  named  SF/SA-3, SF/SA-3/Cur-0.5, SF/SA-3/Cur-1.0,
SF/SA-3/Cur-1.5, and SF/SA-3/Cur-2.0, respectively.

2.3 Characterization

The rheological properties of the composite hydrogels were determined by a
rotational rheometer (MCR52, Austria). The morphology of Cur NPs was tested by
transmission electron microscopy (TEM, JEM-2100, Japan). FT-IR spectra of silk
cocoon and silk fibroin (SF) were measured by FT-IR spectroscopic analysis (Nicolet
Avatar 370, Thermo Scientific, USA) with the wavenumber ranging from 500 to 4000
cm™t. The morphologies of the composite hydrogels were observed by scanning
electron microscope (SEM) with an acceleration voltage of 15 kV at a high vacuum
(Ultra 33 FE-SEM, Carl Zeiss, Germany). The skin adhesive strength of composite
hydrogels was tested by a tensile test machine (5943, USA). The size distribution and

crystal state were tested by dynamic light scattering (DLS, Nano-ZSZEN3600, UK)



and X-ray diffraction (XRD, D8 discover, Germany).

2.4 Cell migration and anti-inflammation test

The effect of composite hydrogels on cell migration was investigated by a scratch test
of L929 cells 21, Briefly, L929 cells were transferred into a 6-well culture plate at a
density of 1x10° cells per well 25331 A line crossing the well behind the 6-well plates
was drawn with 200 uL pipette tips and the slipped cells were rinsed three times with
PBS. After that, 45 uL SF/SA-3/Cur-n (n =0, 0.5, 1.0, 1.5, and 2.0) and 1.0 mL 2%
serum solution was added per well. The images of cell migration were captured on a
brightfield light microscopy after incubation for 0, 16, and 24 h 34, Image J was used
to calculate the closure area and rate of the scratch fields:

Healing ratio (%) = [Son-Sth/ Son] x100% 1)
where Son is the scratch area incubated in the incubator for 0 h after scratching. S is
the scratch area of incubation in the incubator after scratching.

The antibacterial effects of various hydrogels were evaluated by colony counting
method against Gram-negative Escherichia coli (E. coli) and Gram-positive
Staphylococcus aureus (S. aureus) [2 31 First, the single colony of S. aureus and E.
coli were inoculated into nutrient agar medium and then transferred the bacterial
solution into a shaker, which was cultured at 37°C and 220 rpm for 24 h to obtain the
original bacterial solution. Then, the original bacterial solution was diluted to 1.0 x
10* CFU/mL with sterile pure water to obtain a diluent solution. 100 uL diluent
solutions were seeded into a 96-well culture plate at a density of 1.0 x 10* CFU/mL

per well. And 3 uL. SF/SA-3/Cur-n (n =0, 0.5, 1.0, 1.5, and 2.0) and 100 pL PBS were



added per well. Subsequently, the 96-well culture plate was kept in a CO> vacuum
incubator at 37°C for 24 h. The number of colonies in the petri dish containing each
sample was counted averaged three times, and the killing rate was calculated
according to the following formula:
Antibacterial ratio = (Nb - Nt)*100%/Np (2)
where Np = number of colonies without sample, and Nt = number of colonies with
samples.
2.5 Hemolytic analysis
The sterile defibrated sheep whole sheep samples were centrifuged at 3,500 rpm for
5 min. The red blood cell (RBC) pellet was rinsed thoroughly with PBS solution by
centrifugation for 5 min at 1500 rpm 637, The supernatant was removed and RBC
was diluted in the PBS. 500 pL diluent RBC suspension (~1.0 %) was first added into
a centrifuge tube, and 1.5 mL PBS and 50 mg SF/SA-3/Cur-n powder samples were
further added into the tubes. The tubes were shaken own slightly and incubated at
37 °C for 60 min. Control samples of positive (1.5 mL H20) and negative (1.5 mL
PBS) were prepared. After incubation, samples were collected by centrifugal
separation at 1500 rpm for about 3 min. UV-Vis spectrometer at 545 nm was
employed to measure the oxyhemoglobin absorption. The percentage of hemolysis
was calculated as follows:

Hemolysis ratio (%)=[(ODODn)/(ODp-0ODn)]*x100% (3)
where OD;, ODn, OD, represents the absorbance of the experimental group, the

negative control group sample and the positive control group at 545 nm, respectively.



2.6 Cytotoxicity evaluation

To assess the biocompatibility of composite hydrogels, mouse embryonic fibroblast
L929 cells were used to evaluate the in vitro cytotoxicity for manifold samples
(SF/SA-3, SF/SA-3/Cur-0.5, SF/SA-3/Cur-1, SF/SA-3/Cur-1.5, and SF/SA-3/Cur-2)
by the MTT approach 8. The cells with a density of 1x10%/mL were seeded into a
96-well culture plate and incubated in a complete medium containing 10% (v/v) fetal
bovine serum and 1% (V/V) penicillin-streptomycin of 100 pL at 37 °C in a 5%CO-
incubator for 12 h. Then, the medium containing 45 uL samples was replaced each 24
h. The cell viability was measured with a microplate reader at 490 nm B%. At the same
time, 1 ml mouse embryonic fibroblasts L929 solution with a concentration of 1X
10%/mL was implanted into single-well culture plates. Then, the medium containing
300 puL samples was changed every 24 h. Calcein/PI cell activity and cytotoxicity test
kit was used for fluorescent staining for cell proliferation at 48 and 72 h.

2.6 Wound healing in vivo

To discover the underlying adhibition of composite hydrogel in skin trauma closing,
the whole skin defect repair experiment was carried out on the normal and
bacterial-infected SD rats 8. First, SD rats (150g-200g) were anesthetized after one
week of reproduction, and a full-thickness circular skin incision with a diameter of
12mm was created on the back. SD rats were numbered and randomly divided into 6
groups: medical gauze group (positive control group), SF/SA-3, and SF/SA-3/Cur-1.0.
The rats were raised separately and allowed to get water and feed at will. Wound

recovery in each mouse was recorded daily using a digital camera. Image J analysis



software was used to measure the photo wound area at least three times, and the skin
wound healing rate was calculated according to the formula (4):

Wound healing rate (%) = ([Si- Sr]/Si) x 100% 4)
where Si, S represent the premier wound area and present wound area, respectively.
And wound healing rate over 90% can be considered the healing standard. To
investigate the healing of the bacteria-infected wound, 50 pL E. coli and 50 pL S.
aureus with 1x10° CFU/mL were coated on the wounds, and repeated coating on 3, 6,
and 9 days to reinfect the wounds.
2.7 Histopathological and immunohistochemical analysis
The skin tissue of the healed wound was examined by histopathology. The wound
skin tissue of rats was collected, soaked with 4% formalin solution, and embedded in
paraffin. The thickness of the embedded skin tissue was about 4 um %1, The sections
were stained with hematoxylin, eosin (H&E), and Masson trichrome staining, and
detected by biological microscope (BST 500x, USB). Interleukin-6 (IL-6) and
vascular factor (CD-31) were characterized by direct immunostaining sections 4,
2.8 Statistical analysis
All experimental data are expressed as the mean * standard deviation (SD).
Statistically remarkable values were assessed using t-test. When * p < 0.05, ** p <
0.01, ***p<0.001, ***# p < 0.001 the difference was statistically significant. A
p-value less than 0.05 was considered statistically significant.
3. Results and discussion

3.1 Preparation of Cur NPs-loaded SF/SA composite hydrogels



To distinguish the successful synthesis of SF, the high-quality conventional Fourier
transform infrared spectroscopy (FTIR) was employed under well-controlled
conditions. Fig. la displays the FTIR spectra of cocoons and fabricated SF in the
wavenumber range of 1800-800 cm™™. The peaks around 1700-1600 cm™ and
1600-1500 cm ! reflect the vibration of amide I and Il vibrations on the secondary
structures of the protein backbone, respectively. The peak at 1616 cm™ in cocoons has
been transformed to 1637 cm™ in SF due to the intramolecular B-sheet structure of the
amide | band 21, And the absorption peaks at 1513 cm™ in cocoons shift to 1516 cm™
in SF, which is caused by N-H bending and C-N stretching of the f-sheet structure in
the amide 11 band. The absorption peak of the amide 111 bands appears at 1235 cm™ in
SF, which is attributed to the random coil and/or helical conformation 42431,

In general, the gelation behavior of the hydrogel can be monitored by a
rheological analytic technique. The gelation time can be defined as the intersection of
storage modulus G’ and loss modulus G” to characterize the gelation rate 1441, Fig.
S2 shows the rheological properties of the SF/SA composite hydrogels by adding
different amounts of CaCl,. No storage modulus G’ and loss modulus G” intersect can
be found in the SF/SA-1 and SF/SA-2, implying the gelation has not been fully
formed due to the shortage of cross-linking agent. In the case of SF/SA-3, with adding
more CaCl, solution into SF and SA mixture, G' becomes larger than G" at 24 s (Fig.
1b). It is proved that CaCl. not only acts by decreasing the cross-linking time but also
contributed increasing the cross-linking degree of the composite hydrogel. However,

further adding CaCl. solution into SF and SA mixture, the intersection of G’ and G”



can be expanded to 96 s. This behavior can be contributed to generating competition
in the mechanism of the cross-linking reaction and hydrogels viscosity 1“6l It is
confirmed by the changing of hydrogel viscosity, as shown in Fig. 1c. Adding
excessive CaCl in hydrogel causes a decrease in viscosity.

Appropriate tissue adhesion property is an important parameter for wound
dressing application, which can ensure rapid hemostasis, continuous drug release, and
accelerated skin integrity during wound healing [“"*®l. To evaluate the adhesion of
SF/SA composite hydrogel, the adhesion on porcine skin was measured and the
adhesion strength of SF/SA composite hydrogel was calculated as well. As shown
in Fig. 1d and 1e. The two porcine skins with a width of ~ 4.6 cm are connected in a
zigzag shape by SF/SA composite hydrogels. SF/SA-1 sample presents the lowest
load capacity, which is only around 13 N under tensile strain at ~0.7%. By adding
CaCl» to improve the crosslinking degree, it could promote the adhesion of composite
hydrogel to the skin. The load capacity can be significantly increased in SF/SA-2 and
SF/SA-3 samples, which can reach ~17 and 22 N, respectively. However, the adhesion
strength in SF/SA-4 sample decreased slightly (about 19 N for load capacity). Similar
results can be found when porcine skins (~ 2.0 cm in width) are connected in overlap
for 1 cm by SF/SA composite hydrogels. The highest load capacity of ~383 N can be
observed for SF/SA-3 sample due to the larger adhesion area. The higher skin tissue
adhesive strength of SF/SA samples can be contributed to its higher viscosity and
abundance of amino groups distributed on SF which can form multi-aldehyde

polysaccharides with the tissue surface. In addition, they might stably adhere to some



active wound sites with frequent movement. Taken together, SF/SA-3 has been
chosen for the next-step investigations because of the shortest gelation time and the
highest viscosity.

The size and the morphology of Cur NPs were investigated using dynamic light
scattering (DLS) and transmission electron microscope (TEM). The average
hydrodynamic diameter of Cur NPs is decreased from 20+ 1.6 nm to 5+2.9 nm as
increasing the concentration of pluronic F127, as shown in Fig. S3. The results reveal
uniformity and monodispersity of the synthesized Cur NPs. This tri-block chain of
pluronic F127 creates hydrophobic pockets to hold Cur as well as gives a hydrophilic
surface property to disperse Cur NPs into SF/SA hydrogel media. Fig. 1f displays the
bulk appearance of the SF/SA-3 and SF/SA-3/Cur-1.0 composite hydrogels. Digital
images of inclined vials are taken after ~ 5 and 20 min of sample preparation. The
gelation behavior of SF/SA-3 solution can be observed by pre-mixing of SF/SA and
CaCl, solutions. In addition, the introduction of Cur NPs into SF/SA does not
influence the gelation behavior of the SF/SA-3 solution. The obtained
SF/SA-3/Cur-1.0 composite hydrogel is orange, and the blank SF/SA-3 hydrogel is
white. The morphology of SF/SA samples was observed by SEM. As shown in Fig.
1g and 1h, the lyophilized hydrogel samples exhibit porous 3D structure on the
surface and cross-section that could facilitate to absorb exudates at the wound site and

promote the fusion of the cellular nutrients and metabolites as wound dressing 19,
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Fig. 2 FT-IR spectra of SF and cocoons (a), storage modulus G’ and loss modulus G” (b) and
viscosity (c) of composite hydrogel against mixing time, stress-strain-load curves of serrated
porcine skin bonded with SF/SA-3 hydrogel and correspond schematic diagram of porcine skin for
stretching (d and e), digital images of SF/SA-3 and SF/SA-3/Cur-1.0 composite hydrogels (f), and
SEM images of the surface and cross-section morphologies of SF/SA-3 composite hydrogels (g

and h).

3.2 Cell migration assay and antibacterial assay

Cell scratch test is a standard in vitro technique for cell migration research 9. A

time-dependent experiment (0-24 h) was employed to appraise the capacity of

composite hydrogels to promote the expansion of L929 fibroblasts. As displayed in

Fig. 3a and 3b, ~10% wound scratch area has been healed for SF/SA-3 composite

hydrogels with or without Cur NPs after 16 h co-culture compared with only 2.7% for



the control group, showing a significant cell migration compared to the control
(untreated) cells. After co-culture for 24 h, more than 33% wound scratch area has
been healed for the SF/SA-3, SF/SA-3/Cur-0.5, and SF/SA-3/Cur-1.0 composite
hydrogels. However, at higher Cur NPs concentrations in composite hydrogels, such
as SF/SA-3/Cur-1.5 and SF/SA-3/Cur-2.0 composite hydrogels, the area in cell
migration significantly reduced after 24 h co-culture. The results depict that, SF/SA-3
composite hydrogels with an appropriate amount of Cur NPs induced wound closure
compared to the control group.

To evaluate the antibacterial activities of composite hydrogels on
Gram-negative bacteria (E. coli) and Gram-positive bacteria (S. aureus), the
composite hydrogels were exposed to the bacterial suspension with a concentration of
1x10° CFUxmL for 24 h at 37 °C. Fig. 3c and 3d display the comparison between
the control (only bacteria) group, SF/SA-3, and the composite hydrogels group. The
composite hydrogels containing Cur NPs exhibit significant effects in inhibiting
bacterial growth. At lower Cur NPs content (SF/SA-3/Cur-0.5), reductions for S.
aureus and E. Coli could reach 23.7% and 43.4%, respectively. And more than 60%
and 47% reductions for S. aureus and E. Coli can be achieved for the
SF/SA-3/Cur-1.0 composite hydrogel. The inhibitory effect on E. coli and S. aureus
can be further improved by increasing the amount of Cur NPs in composite hydrogels.
These results suggest that the loading of Cur NPs in composite hydrogels is beneficial

to enhancing antibacterial activity and decreasing the risk of wound infection.
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Fig. 3 CeII scratch tests against Cur NPs-loaded SF/SA 3 composite hydrogels after 0, 16, and 24
h (a), quantitative analysis of scratch healing ratio after 16 and 24 h (b), antibacterial images of
Cur NPs-loaded SF/SA-3 composite hydrogels against E. coli and S. Aureus (c), and quantitative
analysis of the antibacterial rate of composite hydrogels after 24 h (d).

3.3 Cytotoxicity and blood compatibility tests

A guantitative assessment of mouse embryonic fibroblast L929 cell responses toward
samples are tested to evaluate the toxicity of the composite hydrogels by the MTT
method. Fig. 4a and 4b illustrate the cell viability obtained by live/dead cell staining
of fibroblast cells after culture 48 and 72 h. Living cells are dyed fluorescent green
while dead cells are dyed fluorescent red. The confluency of the cells with SF/SA-3
composite hydrogels with or without Cur NPs was much higher as compared to the
control (untreated) group. And almost no dead cells can be observed in all samples.
The cell viability stays higher than 95% after 48 and 72 h co-culture with L929 cells,
suggesting excellent cytocompatibility. However, at higher Cur NPs concentrations in

composite hydrogels, there is a slight reduction in cell viability but no significant

effect on their cytocompatibility.
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Fig. 4 Live/dead assays of L929 cultured on the surface of plastic plates with different volume
ratios of Cur NPs-loaded SF/SA-3 composite hydrogels after culture for 48 and 72 h (a), MTT
assay of L929 cells against Cur NPs-loaded SF/SA-3 composite hydrogels after culture for 48 and
72 h (b), hemolysis images of the composite hydrogels (c), and hemolysis rate of 1% guinea pig
erythrocytes incubated with different composite hydrogels (d).

For application, biomedical materials are always inevitably in contact with blood.
Hemocompatibility is critical to the blood cells activation and the beginning of wound
healing Y. The blood compatibility was further assessed to prove the
biocompatibility for in vivo application by testing hemolytic activity. Fig. 4c and 4d
exhibit the test results of determining the hemolytic potential of SF/SA composite
hydrogel with different hydrogel Cur NPs load. The blood with PBS or H2O are
selected as the negative and positive control, respectively. The composite hydrogel
groups all present light yellow which is similar to the blank control group. While the
positive group is bright red, suggesting no hemolytic activity for erythrocytes for all
composite hydrogels compared with the negative blank group.

3.4 Wound healing in vivo
The wound healing effect of SF/SA composite hydrogels is further assessed on the rat
full-thickness skin defect model, as shown in Fig. 5a. The SF/SA composite hydrogels

are directly covered on the surface of clean wound sites. Fig. 5b exhibits the

1



macroscopic surfaces of wounds covered with SF/SA-3, SF/SA-3/Cur-1.0, and cotton
gauze. The composite hydrogels can adhere to the wound sites without secondary
damage due to their excellent bioadhesive and biocompatibility. Fig. 5¢c and 5d show
the wound area and wound healing ratio from day 1 to day 11. Compared with the
cotton gauze group, both SF/SA-3 and SF/SA-3/Cur-1.0 composite hydrogels show a
lower wound area and higher wound healing ratio at all various periods. After 4 days,
wounds covered with the SF/SA-3 and SF/SA-3/Cur-1.0 show an improved wound
healing ratio (50% and 60%, respectively) compared with cotton gauze (40%). After
11 days, the wound reduction is close to 96% and 98% in the SF/SA-3 and
SF/SA-3/Cur-1.0 hydrogel groups while wound size in the control group has healed to
~85%, which demonstrates a better promotion effect on wound healing of composite
hydrogels.

The histological examination was carried out on the skin wound of rats'
full-thickness skin defect model with three different kinds of the wound dressing.
Hematoxylin and eosin (H&E) and Masson’s trichrome Stainings are conducted on the
regenerated skin tissues collected on Day 11. As presented in Fig. 5e, there is hardly
any unmatured granulation tissue around the wound in the composite hydrogels. It is
noticeable that composite hydrogel groups exhibit higher regularity for both
epithelium and connective tissue, and more hair follicles and blood vessels than the
control group. However, in the case of the control group, the epithelium is not intact,
and the epithelial cells adjacent to the area of loss do not exhibit hyperplasia on the

11th day of post-wounding in the control group. In addition, the number of dermal



appendages in composite hydrogel groups is significantly higher than the control

group (Fig. 5f).
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Fig. 5 Schematic illustration of clean wound healing using Cur NPs-loaded SF/SA-3 composite
hydrogels as dressing (a), wound images after treated by composite hydrogels and diagram of
wound size during healing (b), wound area (c) and healing rate (d) treated by composite hydrogels
at days 0, 2, 4, 7 and 11. H&E and Masson’s trichrome staining figures of a wound treated by
composite hydrogels (e, inflammatory cells: black arrows; neovascularization: red arrows; hair
follicles: green arrows; glands: yellow arrows), number of dermal appendages (f), area of collagen
(9), number of vessels (h) and IL-6 secretion levels after treatment (i). * p < 0.05, ** p < 0.01,
*** < 0.001, ***# p < 0.001 vs. control group.

Masson’s staining is employed to identify collagen deposition on the healing
wound sites. The deposition of collagen fibers is the main feature of extracellular
matrix deposition, tissue remodeling, and maturation during wound healing 2. At the
same time, it also exists a positive correlation between granulation formation and

wound healing. Collagen regions reflect the formation and healing of new tissue.



Therefore, the wound healing process is closely related to the accumulation of
collagen and fibrin 31, It can be found that the wound area in the control group shows
disorganized, loose collagen fibrils even 11 days of post-wounding, yet the wound
with the blank SF/SA-3 composite hydrogel and Cur NPs-loaded SF/SA-3 hydrogel
treatment sprouts much dense and well-arranged collagen position. However, no
significant difference can be observed between blank and Cur NPs-loaded composite
hydrogels (Fig. 59g).

Meanwhile, to further understand the level of trauma angiogenesis and
inflammatory response, we used CD-31, a transmembrane protein expressed in early
angiogenesis, to assess angiogenesis and trauma healing effects. As shown in Fig. 5e
and 5h, on day 11, the positive expression of CD-31 in blank or Cur NPs-loaded
composite hydrogel-covered wounds is higher than the group in medical gauze (p <
0.05), indicating a facilitation for angiogenesis in the healing process. At day 11, the
expression of IL-6 is the lowest in the composite hydrogel group loaded with Cur-NPs
compared with the medical gauze group (p <0.01). There was also a significant
difference between the SF/SA-3 and Cur NPs-loaded SF/SA-3 groups compared with
the medical gauze group (p <0.01), indicating a better ability to treat infection (Fig.
5i). These results suggest that SF/SA composite hydrogel application in trabecular
tissues can significantly enhance the contraction of trabecular tissues but accelerate
wound healing.

3.5 Bacteria-infected wound healing in vivo

Many factors, such as bacterial infection, microenvironment imbalance, and cellular



repair dysfunction, can lead to wound deterioration and hinder the healing process 4.
A bacteria-infected wound model is selected to evaluate the wound healing effect of
our composite hydrogels (Fig. 6a). The prepared composite hydrogel presented good
wound healing after 11 days of healing compared to the control group (Fig. 6b) .

Wound area and percentage shrinkage were calculated from the comparison of the
healed wound area with the original wound area (Fig. 6¢ and 6d). On days 2 and 7, the
wound sites of Cur-NPs loaded SF/SA hydrogel are smaller (p <0.01) than SF/SA
hydrogel and the control groups. Compared to the control group, Cur-NPs loaded
SF/ISA hydrogel sample presents the smallest (p <0.05) wound areas and highest
wound closure among the tested groups after 11 days of treatment, which

demonstrates that the Cur-NPs loaded SF/SA hydrogel is the most favorable for

wound healing.
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Fig. 6 Schematic illustration of bacteria-infected wound healing using Cur NPs-loaded SF/SA-3
composite hydrogels as dressing (a), bacteria-infected wound images after treated by composite



hydrogels and diagram of wound size during healing (b), wound area (c) and healing rate (d)
treated by composite hydrogels at days 0, 2, 4, 7 and 11. H&E and Masson’s trichrome staining
figures of a wound treated by composite hydrogels (e, inflammatory cells: black arrows;
neovascularization: red arrows; hair follicles: green arrows; glands: yellow arrows), number of
dermal appendages (f), area of collagen (g), number of vessels (h) and IL-6 secretion levels after
treatment (i). * p <0.05, ** p < 0.01, ***p<0.001, ***# p<0.001 vs. control group.

Tissue re-epithelialization, collagen deposition, neovascularization, and
expression of inflammatory factors can help us to understand the wound healing
process more intuitively, as shown in Fig. 6e, where we observed H&E and Masson
trichromography of the healed wound tissue. H&E stained images of the control
samples showed slight activity of granulation tissue formation and incomplete
re-epithelialization. Without severe immunogenic signs and tissue necrosis, the
hydrogel samples could induce the formation of numerous dermal appendages in the
dermis (Fig. 6f). In addition, collagen fiber formation and collagen formation can be
seen by Masson staining of the wound site (Fig. 6e). Higher epithelial tissue
regeneration, dermal attachment, collagen deposition, improved inflammation and
neointima formation were observed in SF/SA hydrogel samples containing cur - NPs.
Collagen deposition percentage (Fig. 6g) and the number of vessels (Fig. 6h) were
quantified from Masson stained wound sites using Image J software. From the
collagen deposition results (Fig. 6g), the wounds treated with Cur-NPs loaded SF/SA
hydrogels had higher collagen deposition that was close to the blank SF/SA hydrogels,
and more than 2-fold more collagen deposition than the control group. In addition, it
exhibits a higher quantity of vessels in the wound treated with Cur-NPs loaded SF/SA
hydrogel (~260%) and blank SF/SA hydrogel (~220%) after 11 days of treatment

compared to the control group.



The expression level of IL-6 is ~20% for the Cur-NPs loaded SF/SA hydrogel,
which is significantly lower than that of blank SF/SA hydrogel at ~40% using the
control group (=100%) as a standard (Fig. 6i). It indicates that incorporating Cur NPs
into SF/SA matrices can provide superior compatibility during the in vivo wound
process, which is consistent with the analysis of compatibility in vitro.

4 Conclusions

We have developed a novel antimicrobial Cur-NPs-loaded SF/SA composite hydrogel
with adhesive and antimicrobial properties that ccould promote wound healing. The
as-prepared composite exhibited excellent biocompatibility and antibacterial abilities
against both Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria in vitro.
Furthermore, this composite hydrogel showed good tissue adhesive strength which
could adhere stably to wounds that are constantly changing in shape due to movement.
SF/SA composite hydrogels loaded with Cur-NPs positively interfered with the rate of
infected wound healing by improving antimicrobial capacity, collagen deposition, and
dermal attachment in a model of total skin defect with or without bacterial infection.
Therefore, this study provides a convenient, effective, and safe candidate for
designing antimicrobial hydrogels to promote healing of infected wounds.
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