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A photo-triggering double cross-linkea
adhesive, antibacterial, and biocompatible
hydrogel for wound healing

Honghua Hu,'¢ Xinrang Zhai,*¢ Wenyue Li,>> Shunxian Ji,' Wei Dong,* Weiyu Chen,
and Zhongfa Lu®>*

SUMMARY

Full-thickness wounds, lacking the epidermis and entire dermis and extending
into subcutaneous fat, represent a common treatment challenge. Due to the
loss of adnexal structures as a source of keratinocytes, full-thickness wounds heal-
ing can only be achieved by re-epithelialization from the wound edge and contrac-
tion. Here, we developed a hydrogel composed of chitosan methacrylate (CSMA)
and o-nitrosobenzaldehyde-modified gelatin (GelNB) for promoting full-thick-
ness wound healing. The CSMA/GelNB (CM/GN) hydrogels exhibited superior
mechanical and adhesive properties than that of pure CSMA hydrogel. In vivo ex-
periments confirmed that CM/GN could promote wound healing by generating
more hair follicles and mutual blood vessels, high fibroblasts density, and thicker
granulation tissue thickness. In addition, reduced secretions of tumor necrosis
factor-o (TNF-a) and enhanced secretions of vascular endothelial growth factor
(VEGF) could be observed in regenerated tissues after CM/GN treatment. These
results suggested that CM/GN hydrogels could be promising candidates to pro-
mote wound healing.

INTRODUCTION

Skin damage is one type of the most common physical injuries (Xu et al., 2015; Zhao et al., 2017) and could
be caused by various factors, such as abrasion, empyrosis, and clinical operation. At present, the wound
dressing is recognized as an effective treatment option in clinical practice. Alcohol or iodize for sterilization
and cotton gauze for fixation is applied widely in skin treatment (Yang et al., 2021). However, cotton gauze
fixation is limited at certain areas, like axilla and ankle, because it would be easy to fall off in daily activities.
Tedious replacement is required due to non-antibacterial property itself. Moreover, the wound healing
process is complex so that efficient products need to address issues such as bacterial infection, biofilm for-
mation, impaired angiogenesis, and prolonged inflammation with wounds simultaneously (Atashgah et al.,
2021; Matoori et al., 2021). Therefore, new biomaterials with multi-functions for skin repair are highly
desired for clinical applications.

Hydrogels have attracted increasing attention in recent years for their unique properties such as high-water
content, viscoelastic, and biocompatibility (Gong et al., 2013; Guo et al., 2013; Wei et al., 2021). The porous
structure and suitable swelling ratio support various biomedical applications such as biosensing (Choi
et al., 2020; Mao et al., 2021), drug delivery (Zhao et al., 2021), tissue engineering (Ghorbani et al., 2020),
and microenvironment regulation (Fan et al., 2014). Moreover, numerous surface groups ensure the com-
bination of hydrogels with functional materials to enhance mechanical property and treatment effect (Kwak
et al., 2009; Van Nieuwenhove et al., 2016; Ahmad et al., 2017). Various materials, such as silk fibroin (Mi-
tropoulos et al., 2015), gelatin (Huang et al., 2019), chitosan (Osi et al., 2021), and hyaluronic acid (Koivusalo
et al., 2019), have been utilized in practice. Among these commonly used precursors, gelatin has been
considered a most promising candidate for skin treatment due to its excellent biocompatibility, abundant
surface groups, and high solubility (Yue et al., 2015). Numerous gelatin-based composites have been
explored through combination with functional materials, like methacrylate modification (GelMA) (Yin
et al., 2018), stearic acid modification (Karnnet et al., 2005), carbohydrazide modification (Heo et al.,
2020), epigallocatechin gallate modification (Honda et al., 2018), and heparin modification (Niu et al.,
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2014). Previous works have obtained diverse gelatin-based hydrogels with strong mechanical strength,
antioxidative activity, and outstanding emulsifying properties (Rose et al., 2014; Suderman et al., 2018).

For wound dressing, the adhesive property is another vital point worth to be considered (Balakrishnan
et al., 2014). For example, Liu et, al. fabricated an adhesive hydrogel for diabetic foot wound dressing
by combining polyacrylamide, gelatin with e-polylysine (Liu et al., 2021). Blacklow et, al. reported an active
adhesive dressing assembled with functional components to accelerate wound closure (Blacklow et al.,
2019). Recently, N-(2-aminoethyl)—4-(4-(hydroxymethyl)—2-methoxy-5-nitrosophenoxy) butanamide (NB)
has been demonstrated as a tissue adhesive functional molecule because benzyl alcohol structure of NB
would be transferred into benzaldehyde structure under UV irradiation, which is contributed to interact
with amino groups of tissue (Hong et al., 2019). Therefore, NB could be a promising candidate to modify
the gelatin to form a biomacromolecule with tissue adhesive properties.

Besides, antibacterial properties are also favorable for wound dressing materials (Sun et al., 2021). Chitosan
(CS), apolysaccharide, has been proved to have remarkable antibacterial capacity and reaction activity with
negatively charged compounds owing to the polymeric cationic characteristics (Douglas et al., 2006; Attas-
gah etal., 2022). However, CS can only be dissolved in acid solution, but rarely in neutral solution and inter-
stitial fluid (Geng et al., 2005), which hinders the application in skin treatment. The CS modified with meth-
acrylate (MA) design is a pretty solution (Kolawole et al., 2018). The CS methacrylate (CSMA) avoids strict
pH limitations and realizes favorable compatibility with medical hydrogels.

Herein, photo-triggering CSMA/GelNB (CM/GN) hydrogels were fabricated for wound dressing: (1) CSMA was
used as photo-crosslinkable and antibacterial agent for in situ hydrogel formation and avoiding bacterial infec-
tion, (2) GelNB consists of gelatin and NB could provide cell adhesion and wet tissue adhesive properties simul-
taneously to promote tissue regeneration and integration. To our knowledge, this is the first time to fabricate a
hydrogel adhesive based on CSMA and GelNB for wound healing. The prepared CSMA and GelNB were char-
acterized by "H-NMR, while CM/GN hydrogels were characterized by SEM and FTIR spectroscopy. Moreover,
mechanical strength and adhesive property were evaluated. Antibacterial properties were tested based on Es-
cherichia coli (E. coli). In vitro study based on bone marrow stem cells (BMSCs) was also conducted. Finally, the
wound healing properties of CM/GN hydrogel were studied in vivo. The therapeutic effects of CM/GN hydro-
gels were evaluated by histological and immunofluorescence (IF) staining.

RESULTS AND DISCUSSION

To fabricate the photo-triggering double cross-linked adhesive, antibacterial, and biocompatible hydro-
gel, CSMA and GelNB were first synthesized. The chemical process of the hydrogel network formation is
illustrated in Figure 1. For CSMA synthesis, the primary amino groups of chitosan were reacted with MA
through amidation. To successfully synthesize GelNB, the molecule NB was designed with a carboxyl group
to connect to the amino groups in the gelatin. The previously reported amino-terminal NB (Hong et al.,
2019) could not be used to synthesize GelNB because there are both amino groups and carboxyl groups
in the molecular structure of gelatin that could directly react during the activation of EDC/NHS. Therefore,
in this study, the carboxyl terminal NB was first active by EDC/NHS and then grafted to the gelatin.

To form a double cross-linked multi-functional hydrogel, CSMA, GelNB, and photo-initiator LAP were mixed.
After UV light irradiation, LAP was cleavaged into free radicals and initiated the polymerization of CSMA that
formed the first network (Fairbanks et al., 2009). Simultaneously, the grafted NB was also triggered by the UV
light and formed aldehyde groups that could bond the amino groups in CSMA through Schiff base reaction,
forming the secondary network. Furthermore, the UV-triggered GelNB could simultaneously bind to the tissue
surface by a similar mechanism (Yang et al., 2016). Hereby, the tissue adhesive and biocompatible hydrogel was
fabricated based on natural macromolecule derivatives and photo-triggering cross-linking.

The successful synthesis of GelNB and CSMA was proved by '"H-NMR. As shown in Figure 2A, the peaks of
protons at 7.6 ppm (peak a), 7.0 ppm (peak b), and 4.8 ppm (peak c) are the characteristic peaks of NB, sug-
gesting the achievement of NB modification onto the molecular chain of gelatin. Also, the peaks of protons
at around 5.5 ppm (peak a and b) (Figure 2B) were observed in "H-NMR spectrum of CSMA, demonstrating
that vinyl groups were found on the molecular chains (Osi et al., 2021). The results exhibited the reliability of
precursor used in subsequent experiments.
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Figure 1. Schematic illustration of the fabrication of CM/GN hydrogels

After the formation of photo-triggering hydrogels, the functional groups of the material were analyzed by
FT-IR spectra (Figures 2C and S1). In the spectrum of GelNB, the peaks near 1637 cm ™" and 1542 cm ™" were
ascribed to prominent amine of gelatin (Xavier et al., 2015). Also, CSMA spectrum exhibited the character-
istic peaks at 1052 cm™' (C-O-C bridge symmetric stretching) and 1614 cm™' (C=0 stretching, amide |
band) (Osi et al., 2021). In the spectrum of CM/GN hydrogel samples, both characteristic peaks of
CSMA (1052 cm~" for C-O-C bridge symmetric stretching) and GeINB (1629 cm™" for amino group of gel-
atins) were observed, indicating the material was successfully fabricated by CSMA and GelNB. The intact
FTIR spectra can be found in Figure S1. The microstructure of prepared hydrogels was exhibited by SEM. As
shown in Figure 2D, the pore channels existed in the series of hydrogels. The porous structure of the ad-
hesive hydrogels ensured the routes of H,O molecules and therapeutic factors, indicating that the series of
CM/GN hydrogels was potential in skin treatment (Nguyen and Alsberg, 2014). In addition, rheology test
was performed to the hydrogel samples and the result was shown in Figure 2E. The storage modulus (G') is
exhibited as greater than loss modulus (G”) in all the samples, demonstrating the materials were gel state
(Wei et al., 2015). Swelling properties and water content were also important factors for hydrogel materials.
As displayed in Figures 2F and 52, CM2/GNO showed an equilibrium swelling ratio up to 160 (water content
was as high as 97.87%) while that of CM/GN hydrogels was less than 40. Swelling kinetics tests exhibited
that these hydrogels were able to fast absorb water into their network in 6 h (Figure 2G). When put the
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Figure 2. Characterizations of synthesized biomacromolecules and hydrogels
TH-NMR spectrum of (A) GelNB and (B) CSMA.

C) FT-IR spectra of GelNB, CSMA, and CM2/GN10 hydrogel.

(
(D) SEM of CM/GN hydrogels. Scale bar: 100 um.
(E) Storage modulus (solid symbols) and loss modulus (open symbols) of the hydrogels in angular frequency range of 0.1-

100 rad/s.

(F) Equilibrium swelling ratios, (G) Swelling kinetics curves, and (H) Deswelling kinetics curves of the hydrogels. All data are

presented as the mean + SD.
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equilibrium swelled hydrogels in the air, they showed similar deswelling kinetics curves (Figure 2H). The
phenomenon that water content of prepared hydrogels decreased along with the increasing GeINB during
fabrication process could be explained that stronger cross-linking contributed to high polymer density and
small-sized pore, restricting water penetration (Qi et al., 2015).

The mechanical properties of the hydrogel were evaluated by a coaxial compressive test as shown in Fig-
ure 3A. All the tested hydrogel samples, with different content of GelNB, were able to withstand up to 90%
strain without fracture (Figure 3B). Nevertheless, the stress/strain curve indicated the modulus of the hydro-
gels could be influenced by the content of GelNB. After calculation, the compressive modulus of CM2/
GNO, CM2/GN5, CM2/GN7.5, and CM2/GN10 was 3.40 kPa, 49.52 kPa, 64.18 kPa, and 85.72 kPa, respec-
tively (Figure 3C). This could be explained as the solid content of hydrogel increased from CM2/GNO to
CM2/GN10. Besides, the cross-linking of GelNB network and the formation of double polymer networks
also contribute to the improvement of mechanical strength.

To investigate the tissue adhesive properties, lap shear tests were conducted according to a modified
ASTM standard (F2255-05) (Figure 3D). It was obvious that the more GelNB was added in precursor, the
stronger adhesion CM/GN possessed (Figures 3E and 3F). It was explained that high GelNB content sup-
ported more aldehyde groups to react with CSMA amino groups, resulting in stronger cross-linking. More-
over, the more aldehyde groups could also lead to more imine connection to the collagen casing. These
two reasons both contribute to the strong adhesion of CM/GN hydrogel to tissue surface (Yuk et al.,
2016). Furthermore, CM2/GN10 was selected to test the tissue adhesive property to porcine skin ex vivo
(Figure 3G). The CM2/GN10 pre-gel solution was applied to the porcine skin and in situ formed a hydrogel
adhesive under a UV light. For better visualization, an edible pigment was added into the pre-gel solution.
As shown in Figure 3G, the CM2/GN10 exhibited flexible mechanical property and strong adhesion to the
porcine skin, and it could be recovered into its original status after bending and wrenching.

Inherent antibacterial property of wound dressing was a most attractive field for skin repair. The antibacterial
effect of CM/GN hydrogels against E. coli was evaluated by the area E. coli proliferating. As displayed in
Figures 4A and 4B, the area CM/GN hydrogels affected was 177.8% (CM2/GNO), 277.8% (CM2/GN5), 336.1%
(CM2/GN?7.5), and 469.4% (CM2/GN10), respectively. It was demonstrated that the synthesized wound dressing
possessed excellent antibacterial capacity and the addition of GelNB was beneficial to inhibit E. coli prolifera-
tion. The nitric oxide and aldehyde groups formed by NB could contribute to the antibacterial property of this
hydrogel system (Duan et al., 2021).

As a species of eligible medical wound dressing, excellent biocompatibility is crucial for clinical application. The
experiment of BMSCs Live/Dead assay was conducted to evaluate the cytotoxicity of prepared hydrogels. The
green spots represented live BMSCs and red spots represented dead cells (Figure 5A). The viability of cells
cultured with CM/GN groups was comparable to that of the control group. These results revealed that the de-
signed CM/GN hydrogels possessed fantastic biocompatibility and non-cytotoxicity to cells, ensuring the pros-
pect to further research for practical adhibition in wound cure. Moreover, the effect that CM/GN contributed to
BMSCs growth was studied and the result was shown in Figure 5B. BMSCs proliferation had almost no change
between control and CM/GN groups on first day. Obviously, CM/GN facilitated cell proliferation on 4th and 7th
day and the promoting effect hoisted with GelNB content increasing. It was explained that gelatin, the raw ma-
terial for GelNB synthesis, was a species of protein and it would release nutrient substance for cell growth during
degradation, leading to the acceleration of BMSCs proliferation (Rogers et al., 2021).

The wound healing performance of the hydrogel wound dressing was further investigated in vivo (Fig-
ure 6A). Full-thickness skin defects were created on the back of rats. CM/GN10 hydrogel was used to treat
the defect, while the control group was treated with PBS. The wound area for hydrogel group and control
group were observed on 3rd, 7th, and 14th day and the images were displayed in Figure 6B. On the 3rd and
7th day, both hydrogel group and control group showed reduced wound area, while the hydrogel group
exhibited the smaller wound area that demonstrated a comparatively higher wound healing promotion ef-
fect. On 14th day, the wound remaining area of both groups was tiny, but hydrogel group was about 62.2%
smaller than the control group in wound area. Therefore, our research results show that by tracking the
wound area, the wound healing effect of the hydrogel group is better than that of the control group.
This could be attributed to the inherent low immunogenicity, antioxidant, antimicrobial, and anti-inflam-
matory properties of chitosan (Dragostin et al., 2016; Moeini et al., 2020). At the same time, chitosan could
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Figure 3. Mechanical properties and tissue adhesive properties of hydrogels
(A) Schematic illustration of compressive test.

(B) Stress/strain curves of CM/GN hydrogels from compressive test.
(C) Compressive modulus of prepared hydrogels.

(D) Schematic illustration of adhesive property test.

(E) Curve of adhesive force between the hydrogels and substrates.
(F) Adhesive strength of prepared hydrogels.
(

G) Photos of CM2/GN10 synthesized in situ on porcine skin, and recovered after bending and wrenching. All data are presented as the mean + SD.
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affect the hemostasis phase by clotting blood. In this study, in order to reduce the drawbacks of chitosan
such as low water solubility and weak mechanical properties, we synthesized MA-functionalized high mo-
lecular mass chitosan to overcoming these disadvantages and combined NB-grafted gelatin to fabricate a
new biocompatible, photo-crosslinkable, and tissue adhesive hybrid hydrogel.

Wound healing is a well-known biological process comprised of hemostasis, inflammation, proliferation,
and remodeling (Moeini et al., 2020). To better understand the wound healing process of CM/GN hydro-
gel treatment, H&E staining was performed to the tissue sections. As shown in Figure 4D, acute inflam-
matory responses were observed both for hydrogel groups and control group on the 3rd day, corre-
sponding to the inflammation phase of healing process. Fibroblasts and inflammatory cells migrate to
the wound area. There are new blood vessels found in the wound site. Compared with control group,
less inflammatory cells and more fibroblast cells were observed around the wound site in the hydro-
gel-treated group. This result could be attributed to the anti-inflammation of chitosan (Dragostin
et al., 2016), and suggesting CM/GN hydrogels promoted the healing process. On the 7th day, a layer
of epithelium was found in the hydrogel group. Moreover, higher regularity of connective tissue with fi-
broblasts was observed in the hydrogel group when compared to control group. When it comes to the
14th day, the stained tissue sections of hydrogel-treated group showed more hair follicles and blood ves-
sels than that of control group. Besides, granulation tissue, containing abundant fibroblasts and growth
factors, is another important indicator to assess the wound healing process. As exhibited in Figure 4E,
the granulation tissue in hydrogel-treated group was nearly 494 um thicker than that of control group
14 days post-surgery, demonstrating a superior wound healing effect of CM/GN hydrogel. Taken
together, the above results suggested the CM/GN hydrogel promoted wound healing in the rat full-
thickness skin defects model.

Under normal conditions, moderate tumor necrosis factor (TNF) could provide a favorable effect on skin
regeneration by enhancing the recruitment of immune cells and promoting the proliferation phase of heal-
ing process (Ashcroft et al., 2012). Balanced TNF production is also important for the protective functions
when the cutaneous wound is infected. In this study, tumor necrosis factor-a (TNF-a), a typical pro-inflam-
matory factor, was investigated to evaluate the effect of CM/GN hydrogel in preventing infection. As shown
in Figures 7A-7C, significantly higher expression of TNF-a (red dots) was found in the control group than
that of the hydrogel-treated group on the 14th day (*p < 0.05). This could be result from antibacterial prop-
erty of CM/GN hydrogels. On the other hand, the expression of VEGF was studied because it could regu-
late collagen synthesis, angiogenesis, and re-epithelization in the wound healing process. Figures 7B-7D
shows that, during the regeneration period, higher level of VEGFA (red dots) expression was observed in
the hydrogel group when compared with the control group (**p < 0.01). Overall, these results indicate the
CM/GN hydrogels could accelerate the wound healing process by simultaneously downregulating the pro-
duction of TNF-a. and enhancing VEGF expression.

Limitations of the study

In this study, we developed a photo-triggering double cross-linked adhesive, antibacterial, and biocom-
patible composite hydrogel (CM/GN) for promoting full-thickness skin defect repair. CM/GN exhibited
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Figure 5. Cytotoxicity of CM/GN hydrogels

(A) Live/Dead assay of BMSCs cultured with extract of CM/GN hydrogels at day 1 and day 4: images (left, scale bar:
200 pm) and percentage of viability for each group (right).

(B) Proliferation of BMSCs cultured with extract of CM/GN hydrogels. All data are presented as the mean + SD.

a GelNB content-dependent mechanical property and tissue adhesive capacity to porcine skin ex vivo.
In vitro studies based on BMSCs indicated the material was no cytotoxicity and could promote the prolif-
eration of stem cells. Compared with skin healing without treatment, CM/GN could accelerate the healing
process and get a fantastic therapeutic effect. Especially, the detection of VEGF and TNF-a proved efficacy
of CM/GN in preventing infection and tissue regeneration. Nevertheless, to further demonstrate the anti-
bacterial property of this material, other bacterial species such as Staphylococcus aureus could be studied
based onthe CM/GN hydrogel. Also, additional experiments could be used to reveal the mechanism of the
tissue regeneration promoted by biomaterial in gene level. Nonetheless, these results demonstrated that
the CM/GN hydrogel was qualified in the field of skin tissue engineering and exhibited the promoting pros-
pect in clinic.
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Detailed methods are provided in the online version of this paper and include the following:
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Figure 6. In vivo wound healing treated by CM/GN hydrogels

(A) Schematic of full-thickness skin defects repair using CM/GN10 hydrogel.

(B) Photographs of wounds on 3rd, 7th, and 14th day for hydrogel and control group.

(C) Quantitative analysis of the wound areas percentage in all groups (n = 5, *p < 0.05, ***p < 0.001).

(D) Histological evaluation of wound regeneration for hydrogel and control groups on 3rd, 7th, and 14th day. Granulation
tissue thickness for hydrogel and control group on 14th day (granulation tissue: blue arrows). Scale bar: 400 um.

(E) Granulation tissue thickness of hydrogel and control groups on 14th day. (n = 5, ***p < 0.001). All data are presented as
the mean + SD.

iScience 25, 104619, July 15, 2022 9



- ¢ CellPress

A TNF-a/Nucleus
Control Hydrogel
~ 150
=
‘; % %k
=+ s 5  —
e £ £ 100
S
| 2
3
;2 %ﬂ 50+
W
B VEGFA/Nucleus 2
Control Hydrogel 0

Day3

D >
o@)60 &oo,?
SRS
D

n
(=]
1

~ 300
s Il Control
5 - é 2507 = Hydrogel
2 = G 200+ —
~ = E Kk
£ Z 150- —
= 5
& &
5
>
5

Day14
<>
1

100

Figure 7. IF staining for the regenerated skin tissues

(A) Representative images of skin tissue sections on the 14th day after IF staining labeling with TNF-e (red dots). Scale bar:

100 pm.

(B) Representative images of skin tissue sections on the 3rd, 7th, and 14th day after IF staining labeling with VEGF (red
dots). Scale bar: 100 um.

(C and D) Quantified analysis of TNF-a (C) and VEGF (D) by calculating the relative percentage of area coverage. *p < 0.05,

**> < 0.01. All data are presented as the mean + SD.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, peptides and recombinant proteins

Chitosan (CS)

Gelatin
1-(3-Dimethylaminopropyl)-3-ethylcarbodimide
hydrochloride (EDC)

N-Hydroxysuccinimide (NHS)

Sodium bicarbonate (NaHCO3)

Sodium hydroxide (NaOH)

Methacrylic anhydride (MA)

Lithium phenyl-2,4,6-trimethylbenzoyl
phosphinate (LAP)
N-(2-aminoethyl)-4-(4-hydroxymethyl)-2-
methoxy-5-nitrosophenoxy) butanamide (NB)
Cell counting Kit-8 (CCK-8)

Anti-VEGFA antibody

Anti-TNFA Ab

Coralite488-conjugated Affinipure Goat Anti-
Mouse IgG(H + L)

Coralite594-conjugated Goat Anti-Rabbit IgG(H + L)
Sprague Dawley (SD) rats, 2-week-old

DMEM/F12 medium
10% fetal bovine serum
Penicillin-streptomycin mixture

Adult male Sprague Dawley rat

Qingdao Hecreat Bio-tech company Ltd
Sigma-Aldrich
Aladdin (Shanghai, China)

Aladdin (Shanghai, China)
Aladdin (Shanghai, China)
Aladdin (Shanghai, China)
Sigma-Aldrich

Haining Jurassic Bio-tech company Ltd

Haining Jurassic Bio-tech company Ltd

Beyotime (Shanghai, China)

Proteintech (Wuhang, China)
Proteintech (Wuhang, China)
Proteintech (Wuhang, China)

Proteintech (Wuhang, China)

Hangzhou Qizhen Laboratory Animal
Technology Co., Ltd.(Hangzhou, China)

Keygen Biotech (Jiangsu, China)
Sigma (USA)
Keygen Biotech (Jiangsu, China)

Shanghai SLAC Laboratory Animal Co.,
Ltd. (Shanghai, China)

CAS: 9012-76-4
CAS: 9000-70-8
CAS: 25,952-53-8

CAS:6066-82-6
CAS: 144-55-8
CAS: 1310-73-2
CAS: 760-93-0
CAS: 85,073-19-4

Cat# C0039

Cat# 66828-1-Ig; RRID:AB_2882171
Cat# 60291-1-Ig; RRID:AB_2833255
Cat# SA00013-1; RRID:AB_2810983

Cat# SA00013-4; RRID:AB_2810984

Cat# KGM12500N

CAS: 1943609-65-1
Cat# KGY0023

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Wei Wei (zjewwei@zju.edu.cn).

Materials availability

All materials are from commercial sources and are widely available.

Data and code availability

Original data are available from corresponding authors.

This paper does not report the original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

The 2-week-old male Sprague Dawley (SD) rats were used as donors to culture primary rBMSCs. Rats were
anesthetized by inhalation of 3% isoflurane and then euthanized by intraperitoneal injection of sodium
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pentobarbital (70 mg/kg). The long bones were obtained by removing the skin of the two hind legs and
dissecting them at the hip, knee, and ankle joints. Femur and tibia with residual tissue removed were rinsed
with phosphate-buffered saline (PBS, Keygen Biotech, China). The prepared femur and tibia were
immersed in DMEM/F12 medium (Keygen Biotech, China) with 10% fetal bovine serum (FBS, Sigma,
USA) and 1% penicillin-streptomycin mixture (Keygen Biotech, China). Bone marrow was collected by
continuous rinsing with DMEM/F12 medium after insertion of a 22-gauge needle into the midsection of
the femur and tibia. Collect the bone marrow cell suspension in a sterile 15 mL centrifuge tube and then
centrifuge at 1000 rpm for 3 min. Resuspend the pellet culture medium. The suspended cells were cultured
in a T25 cm? flask and placed in a 37°C incubator containing 5.0% CO,. Replace the medium every 3 days.
All experiments used BMSCs at passage 3.

METHOD DETAILS
Synthesis of CSMA

The CSMA was synthesized according to previously reported literature (Kufelt et al., 2015). Briefly, CS was
first dissolved in acetic acid to form 1 wt % aqueous solution. MA was then added into the solution (anhy-
dride: amino = 1: 1) at 60°C and stirred for 6 h. Then, the solution was neutralized with 10 wt% NaHCOs3. The
synthesized CSMA was dialyzed against deionized water for 4 days and final product was obtained by
lyophilization.

Synthesis of GelNB

GelNB was fabricated through the amidate between -COOH of NB and -NHj of gelatin (Zhang et al., 2021).
In brief, EDC/NHS and NB were dissolved in dimethyl sulfoxide (DMSO) and the mixture was added into
homogeneous gelatin solution slowly. The system was kept at 45°C and stirred for 4 h. The product was
purified by deionized water dialysis for 3 days. The synthesized GelNB solution was collected and
freeze-dried for the following studies.

Fabrication of hydrogels

The process of the photo-triggering hydrogels was displayed in Figure 1. Different amounts of freeze-dry-
ing GeINB were dissolved in 2 wt% CMSA solution at 55°C and 0.5 wt% (final concentration) photo-initiator
LAP was added. The precursor mixture was transferred into a custom-made polydimethylsiloxane (PDMS)
mode (®10 mm X 2 mm) and irradiated under UV light for 5-20 s to generate the hydrogels (CM2/GNO,
CM2/GN5, CM2/GN7.5, CM2/GN10) (see Table S1).

Characterization

"H Nuclear Magnetic Resonance ("H-NMR) spectra of CSMA and GelNB was obtained by an AV-300 NMR
spectrometer (Bruker, 400 MHz). The chemical structures of freeze-dried hydrogels were characterized by
Fourier transform infrared (FT-IR) spectroscopy (NICOLET IS10 spectrometer) in the region of 4000 and
400 cm™' (also see Figure S1). The microstructures of hydrogels were observed by ZEISS SIGMA 500 scan-
ning electron microscope (SEM). The rheology tests were performed using a rheometer (Anton Paar
MCR302).

Mechanical characterization

Compressive tests of CM/GN hydrogels were performed under an electronic testing machine (MTS C41)
with a 50 N load cell. The samples were cured in a pre-manufactured polydimethylsiloxane (PDMS) mold
(10 mm in diameter, 2 mm in depth). The compressive rate was set as T mm/min. The compressive modulus
was calculated from the linear region of the stress-strain curve.

Lap shear test

The lap shear strength of the CM/GN hydrogels was measured under a modified ASTM standard (F2255-
05). The substrates were glass slides covered by collagen sausage casing. 10 pL of CM/GN pre-gel solution
was pipetted between two substrates (overlapped area was 25 x 10mm). The adhesive was achieved upon
UV exposure. The substrates were loaded to breakage using a testing machine (MTS C41) at a speed of
5 mm/min.
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Test of water content

The prepared hydrogels were lyophilized and the weights of the hydrogels before drying (W) and after
drying (Wg) were recorded. Water content (W.) was defined as the following equation and the results
were shown in Figure S2:

W — Wy

We
Wo

(Equation 1)

Swelling kinetic studies

A slice of freeze-dried hydrogel (mp) was immersed in 10 mL deionized water at room temperature. Then,
the hydrogels were taken out and wiped with filter paper at required time. The weights (m,) were measured
and record until they approached constant. Swelling ratio was calculated as the following equation:

Swelling ratio = Mt (Equation 2)
mo

Deswelling kinetic studies

Deswelling kinetic experiment was conducted by measuring the weights of the fully swollen hydrogels
exposed to air at room temperature at pre-determined time intervals. Deswelling ratio was defined as
the following equation:

Deswelling ratio = % (Equation 3)

e

Where m; represented the weights of hydrogels measured at time t and m, represented the weights of fully
swollen hydrogels.

Antibacterial performance
E. coli (initial OD value was 0.03) LB culture was spread onto the surface of agarose gel evenly and CM/GN
hydrogels were put on the culture medium. The area that E. coli was killed represented antibacterial effect
and it was calculated as the following equation:

S

Antibacterial effect = < (Equation 4)
0

Where Sgrepresented the area the CM/GN could influence E. colireproduction and Sy represented the size
of CM/GN.

Moreover, another experiment to evaluate the hydrogels antibacterial capacity was conducted. A piece of
prepared hydrogel was immersed in 5 mL E. coli LB culture (initial OD value was 0.03) and it was stirred at
37°C. OD values was recorded at required time and antibacterial capacity was exhibited.

Cell viability and proliferation

The designed precursor solution was sterilized by 0.22 pm filters and photocured in a sterile environment.
The prepared hydrogels were first immersed in Dulbecco’s modified Eagle’s medium (DMEM) for 12 h to
make a hydrogel extract. Then, rat BMSCs were seeded in normal cell culture plates, cultured with the
extract, and incubated at 37°C and 5% CO,. The cells were also treated by a Live/Dead assay and imaged
on an inverted fluorescence microscope at pre-determined time points. Meanwhile, the BMSCs were
treated by CCK-8 assay according to the instruction to evaluate the cell proliferation. The OD values
were measured by a microplate reader.

In vivo skin defects model

All animals were treated according to the standard guidelines approved by the Zhejiang University Ethics
Committee (ZJU20210204). For the evaluation of the wound healing effect of the hydrogel wound dressing,
a rat (adult male Sprague Dawley rat, 6-8 weeks, 200-300 g) full-thickness skin defect model was used. All
rats were acclimatized for 7 days before surgery. The animals were injected of sodium pentobarbital (40—
50 mg/kg body weight) with intraperitoneal injection for anesthesia. Under aseptic condition, full thickness
skin round wounds (10 mm in diameter) were created by a needle biopsy on the shaved dorsal region of rats
above the tail but below the back. After that, the hydrogel group was injected with hydrogel wound dres-
sing followed by a UV irradiation (30 mW/cm?) for 20 s. The control group were treated with 40 uL of PBS
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and wound was bandaged with a clean dressing. The rats were allowed to move freely in the cages in the
following days. Photos of the wound area were recorded every day. On the 3rd, 7th and 14th day after sur-
gery, rats in each group (n = 5) were sacrificed by an overdose of anesthetic, and the wound skin tissue was
excised for histological analysis.

Histological analysis

To evaluate the inflammation and epidermal regeneration in the wound area, tissues containing the wound
site and their surrounding healthy skin were collected. The tissue samples were fixed in 4% (v/v) paraformal-
dehyde for 1 hright after sacrifice before embedded in paraffin. The samples were cross sectioned to slices
(4 pm thickness) and then stained by Hematoxylin-Eosin (H&E). All slides were scanned and analyzed by a
Digital Slide Scanner (KFBIO, Ningbo). The regenerated skins from the wound site were also excised for IF
staining with Anti-VEGFA antibody (proteintech) and TNFA Ab (proteintech), respectively. Coralite488-
conjugated Affinipure Goat Anti-Mouse IgG(H + L) (proteintech) and Coralite594-conjugated Goat Anti-
Rabbit IgG(H + L) (proteintech) were used as the secondary antibody to reveal VEGFA and TNFA expres-
sion. The nuclei were stained with 4’,6-diamidino-2-phenylindole. Slides were observed under an upright
fluorescence microscope (BX53, Olympus).

Statistical analysis

All data are presented as the mean + SD. Differences between the values were evaluated using one-way
ANOVA or Student's t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 was considered statistically
significant.
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