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Abstract 41 

In this study, bioactive composite hydrogels were created using the decellularized 42 

extracellular matrix (ECM), GelMA, and Polydopamine-loaded Asiaticoside 43 

(AC@PDA) nanoparticles for use as wound dressings that could promote healing and 44 

prevent infection. A decellularization method was used to obtain ECM from porcine 45 

Achilles tendon tissue. AC@PDA nanoparticles were then synthesized and found to 46 

have a uniform spherical structure with good cytocompatibility, particularly when 47 

compared to PDA nanoparticles alone. The mechanical properties of the bioactive 48 

composite hydrogels showed good elasticity and shape recovery after compression, 49 

with a slight decrease in compressive strength due to the addition of nanoparticles. 50 

The formation of interpenetrating networks through the use of EDC/NHS was also 51 

found to improve the mechanical properties and moisture retention of the hydrogels. 52 

The PDA/ECM-G and AC@PDA/ECM-G hydrogels showed higher water absorption 53 

capacity and similar moist retention capacity to the ECM-G hydrogel. The 54 

microstructure of the hydrogels was observed through SEM, with the ECM-G 55 

hydrogel showing a dense and compact structure, while the PDA/ECM-G and 56 

AC@PDA/ECM-G hydrogels displayed a more porous and interconnected structure 57 

due to the presence of nanoparticles. In vitro cytotoxicity tests on human skin 58 

fibroblasts showed good biocompatibility for all hydrogels. The in vivo wound 59 

healing performance of the hydrogels was also tested on a full-thickness excisional 60 

wound model in mice, with the AC@PDA/ECM-G hydrogel showing the fastest 61 

wound closure without scarring and the highest-formed hair follicles. The 62 
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AC@PDA/ECM-G hydrogel had the best performance in promoting wound healing. 63 

These results suggest that the bioactive hydrogel has the potential for use as a wound 64 

dressing. 65 

 66 

Keywords 67 

Bioactive hydrogels, extracellular matrix, wound dressing, scarless wound healing.  68 
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1. Introduction  70 

Skin is the largest organ of the human body and serves as an essential barrier to 71 

provide protection against microorganism infiltration and dehydration. The skin is 72 

extremely vulnerable to injury, and the skin defects over a certain diameter cannot 73 

heal spontaneously, though the human skin possesses high self-regeneration potentials 74 

[1, 2]. Wound healing is a dynamic and complex process, and the regeneration of 75 

wounds includes four continuous stages, that is, hemostasis, inflammation, 76 

proliferation, and remodeling [3]. Acute and/or chronic wounds impose a notable 77 

burden on patients and healthcare systems all over the world. Appropriate wound 78 

dressing treatment strategies could alleviate this costly burden, such as gauze, foams, 79 

hydrogels, and others [4, 5]. Hydrogels are considered the most competitive wound 80 

dressings due to their good tissue compatibility, good hydrophilicity, hygroscopicity, 81 

moisture retention, and three-dimensional (3D) porous structure [6]. Hydrogels 82 

consist of around 90 wt% water and 10 wt% natural or/and synthetic polymers formed 83 

through both covalent and supramolecular non-covalent interactions [1, 7]. Mao et al., 84 

[8] fabricated a series of multifunctional nanocomposite hydrogels using bacterial 85 

cellulose (BC), gelatin, and selenium nanoparticles. The prepared hydrogels exhibited 86 

remarkable antibacterial, antioxidative and anti-inflammatory abilities. In addition, 87 

the rat full-thickness defect model confirmed the excellent skin wound healing 88 

performance of the prepared hydrogels via the notably enhanced wound closure and 89 

angiogenesis.  90 

The wound-healing process could be significantly improved using bioactive 91 
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hydrogels, which are able to stimulate cell migration, proliferation, and differentiation 92 

and enhance blood vessel formation [9]. Currently, bioactive hydrogels are mainly 93 

fabricated by incorporation of growth factors; however, such a strategy still faces 94 

clinical application challenges [9-11]. The decellularized extracellular matrix (ECM) 95 

hydrogels, as bioactive hydrogels, could retain the structural characteristics and 96 

stimulatory properties of the hydrogels and can also enhance the growth, migration, 97 

proliferation, differentiation, and angiogenesis of the seed cells [12, 13]. Generally, 98 

decellularized ECMs could be harvested from natural mammalian tissue sources by 99 

removing cells and DNA content, and a large variety of macromolecules contribute to 100 

the ECM structure and function, including fibrous ECM proteins, proteoglycans (PGs), 101 

and glycosaminoglycans (GAGs) [14-16]. Zhao et al., [17] obtained decellularized 102 

ECM from a porcine Achilles tendon myotendinous junction and generated a scaffold 103 

using decellularized ECM with a well-preserved native biphasic layered hierarchical 104 

structure, biological composition, and excellent mechanical properties. The fabricated 105 

ECM scaffold displayed minimal immunological reaction. Some researches 106 

confirmed that ECM-derived hydrogel had a positive influence on tissue regeneration 107 

due to that it could trigger the release of some bioactive molecules, such as vascular 108 

endothelial growth factor (VEGF) and insulin-like growth factor (IGF), and activate 109 

stem cells to promote vascularization and new tissue formation [18, 19]. Ryzhuk et al., 110 

[20] developed a cost-effective method to produce bioactive ECM-derived hydrogel 111 

from easily accessible human amniotic membranes. The results demonstrated that the 112 

hydrogel is biocompatible with a wide range of stem cell types and is promising for 113 
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tissue repair and regeneration. The decellularized ECM has the function of acting as a 114 

biological platform to correctly interact cells and biomolecules, and reconstructing 115 

cutaneous lesions by providing the required functional domains for cell differentiation 116 

in wound healing [21]. Lin et al., [22] obtained acellular dermal matrix (ADM) from 117 

mouse skin and designed chitosan/ADM scaffold, which provides a protective 118 

environment for mesenchymal stem cells (MSCs) survival in vivo and contributes to 119 

the growth of vessel and the acceleration of wound healing. Also, Bankoti et al., [23] 120 

fabricated bioactive hydrogel with the extracted ADM using a dual cross-linking 121 

approach with ionic crosslinked with chitosan and covalent crosslinked using iodine-122 

modified 2,5-dihydro-2,5-dimethoxy-furan, and the bioactive hydrogel treated full 123 

thickness burn wounds and demonstrated rapid healing.         124 

However, scarring in the skin still presents a significant medical problem, which 125 

leads to restriction of movement, loss of tissue function, and severe psychological 126 

morbidities [24]. The development of scarless wound hydrogel dressing is still 127 

urgently needed and challenging. Transforming growth factor-β (TGF-β) signalling 128 

has been well-recognized as a key regulator of skin wound repair. However, the 129 

dysregulation of TGF-β signalling contributes to pathological skin scarring [25]. 130 

Zhang et al., [26] integrated a photo-crosslinking strategy and a microcapsule 131 

platform to develop wound dressing materials for the pulsatile release of TGF-β, and 132 

the skin wound closure was greatly enhanced with effectively suppressing scar 133 

formation. Asiaticoside (AC) is a triterpenoid compound extracted from Centella 134 

asiatica, which has been used as a Chinese herbal medicine for thousands of years 135 
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[27]. Many reports have confirmed that AC demonstrates the outstanding functions of 136 

anti-ulcer, anti-inflammatory, anti-depression, anti-dementia, antibacterial and 137 

antioxidant activities [28, 29]. AC plays an important role to support wound healing 138 

through its multiple mechanisms and activities, includes reducing wound oxidation, 139 

stimulating collagen synthesis, accelerating cell proliferation, promoting angiogenesis, 140 

changing the secretion and arrangement of collagen fibers, and inhibiting scar growth 141 

[30-33]. However, the poor solubility and lipophilicity of AC limit its 142 

pharmacological and therapeutic potential in wound healing [31, 34, 35]. So, an 143 

effective delivery system is required to deliver AC to wounded skin. Liu et al., [36] 144 

designed the AC-loaded silk nanofiber hydrogels as bioactive and injectable matrices 145 

for skin regeneration. After the implantation of prepared AC-laden hydrogel matrices 146 

to the full-thickness wound defects in rats, scarless wound repair was achieved, and 147 

inflammatory reactions and angiogenesis were regulated during the inflammation and 148 

remodeling stages.  149 

In the present research work, the decellularized ECM was prepared from porcine 150 

tendon using a new decellularization technology. Next, GelMA was composited with 151 

prepared decellularized ECM and crosslinked using EDC/NHS, and AC-loaded 152 

polydopamine (PDA) nanoparticles were incorporated to obtain the bioactive 153 

hydrogel (Scheme 1). The physiologically relevant properties of the bioactive 154 

hydrogel, such as the rheological properties, mechanical strength, and microstructure, 155 

were characterized. The biocompatibility and wound healing efficacy were evaluated 156 

in vitro and in vivo. Furthermore, the mechanism of the bioactive hydrogel for 157 
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scarless wound healing was discussed through tissue section staining and 158 

histochemical analysis. 159 

 160 

 161 

Scheme 1. Schematic illustration of the fabrication of bioactive hydrogels as wound dressing 162 

using decellularization ECM, GelMA, and PDA-loaded AC nanoparticles for skin regeneration.  163 

 164 

2. Materials and Methods 165 

2.1 Chemicals and Materials  166 

Gelatin (Gel, Catalog Number: 10010326), sodium hydroxide (NaOH), acetic 167 

acid (CH3COOH, HAc), and hydrochloric acid (HCl) were purchased from 168 

Sinopharm Chemical Reagents Co., Ltd. Fresh porcine tendon was purchased from 169 

Wuchang Slaughterhouse (Wuhan, China). Phosphate buffer salt (PBS), sodium 170 

dodecyl sulfate (CH3(CH2)11OSO3Na, SDS), N-hydroxysuccinimide (NHS), 171 

dopamine (DA), 1-ethy-3-(3-dimethylaminopropyl carbodiimide) hydrochloride 172 

(EDC), and methacrylic anhydride (C8H10O3) were purchased from Aladdin Co., Ltd. 173 

Asiaticoside (C48H78O19, AC) was purchased from Best-reagent Co., Ltd. Triton X-174 
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100 was obtained from Amresco Co., Ltd. All reagents were purchased and used 175 

directly without further purification. 176 

2.2 Preparation of Decellularized Extracellular Matrix (ECM) 177 

The decellularized extracellular matrix (ECM) was prepared according to the 178 

previous modified methods [37, 38]. The fresh porcine tendon tissues were cut into 179 

0.5 cm × 0.5 cm slices and washed using PBS for 2 h. The sliced tissues were soaked 180 

in a 0.5 % SDS and 0.5 % Triton X-100 and stirred for 24 h. After then, the soaked 181 

tissues were washed thoroughly using PBS again. Next, the tissues were treated with 182 

1 % HAc solution for 24 h and washed using distilled water for 48 h. Lastly, the 183 

tissues were freeze-dried and milled to powder using a grinding miller, and the 184 

obtained powder was added to distilled water to obtain ECM samples (0.6 %, 0.8 % 185 

and 1 %), and the samples were frozen and stored.  186 

2.3 Synthesis of Polydopamine-loaded Asiaticoside (AC@PDA) Nanoparticles  187 

180 mg of DA powder was dissolved in 90 mL of Millipore water, and the pH of 188 

the solution was adjusted to 8.5 using 1 M NaOH solution, and stirred for 24 h at 189 

25 °C, and the solution was centrifuged (4000 r/min) for 15 min to obtain the black 190 

precipitated powder, and the powder was washed using Millipore water 5 times to 191 

remove residual NaOH, and freeze-dried to obtain black PDA nanoparticles powder. 192 

Next, 0.2 mg of lyophilized PDA nanoparticles powder was added into 10 mL of 193 

methanol solution (20 ug/mL) , and treated ultrasonically for 2 h at 4 °C. The mixed 194 

solution was freeze-dried to obtain AC@PDA nanoparticles and stored at 4 °C.  195 

2.4 Synthesis of Methacrylate Gelatin (GelMA)  196 
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GelMA was prepared according to the previous literature [39, 40]. Briefly, 50 mL 197 

of gelatin solution (10 w/v %) was mixed with 5 mL of methacrylate anhydride (20 198 

w/v %). The mixed solution was stirred (600 r/min) for 2 h. Then, the reaction was 199 

stopped using 5-fold diluted PBS and dialyzed in distilled water for one week at 40 °C 200 

in a 12–14 kDa dialysis bag. Afterwards, the treated solution was freeze-dried to 201 

obtain GelMA and stored at –80 °C.  202 

2.5 Preparation of Bioactive Composite Hydrogels 203 

8 g of obtained ECM (0.8 wt%) and 8 g of GelMA (10 wt%) were mixed in a 204 

beaker (50 mL), and stirred (600 r/min) for 6 h at 37 °C to obtain a uniform solution. 205 

Then, 2 mg of AC@PDA nanoparticles was added to the above solution and stirred 206 

(800 r/min) for 2 h at 37 °C. After then, EDC (50 mM) and NHS (25 mM) were added 207 

to the above solution, stirred (1000 r/min) for 20 min at 37 °C, and stilled for 1 h to 208 

obtain bioactive composite hydrogel, and the obtained hydrogel was designated as 209 

AC@PDA/ECM-G (Scheme 1). At the same time, the composite hydrogel based on 210 

ECM and GelMA using the same method was fabricated and designated as ECM-G, 211 

and the composite hydrogel based on ECM, GelMA, and PDA nanoparticles using the 212 

same method was prepared and designated as PDA/ECM-G. 213 

2.6 Fourier Infrared Spectroscopy (FT-IR) Analysis  214 

The presence of specific chemical groups in prepared samples was analyzed 215 

using the Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 216 

(ATR-FTIR, ThermoFisher, Nicolelis5). The FTIR spectra were obtained within the 217 

range between 500 and 4000 cm-1 with a resolution of 1 cm-1, with 64 scans for each 218 
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spectrum. 219 

2.7 Ultraviolet-visible Spectroscopy (UV-vis) Analysis  220 

Ultraviolet–visible Spectroscopy (UV–Vis, PerkinElmer, Lambda 950) was used 221 

to investigate the diffuse reflectance spectra of samples. The sample was operated in 222 

the range of 200–800 nm at 298 K. 223 

2.8 Dynamic Light Scattering (DLS) Analysis 224 

The size distribution of PDA and AC@PDA nanoparticles was examined by 225 

Dynamic Light Scattering (DLS, Malvern Zetasizer 3000E).  226 

2.9 Transmission Electron Microscopy (TEM) Analysis 227 

The morphology of PDA and AC@PDA nanoparticles was examined by 228 

Transmission Electron Microscope (TEM, Tecnai G2 F20). The PDA and AC@PDA 229 

nanoparticles were dispersed in Millipore water and sonicated for 2 h. After then, the 230 

copper grid was dipped into the prepared solutions and dried under infrared lamp for 231 

TEM test.  232 

2.10 Scanning Electron Microscope (SEM) Analysis  233 

The microstructure of hydrogels was observed under Cold Field Scanning 234 

Electron Microscopy (SEM, S-4800, Hitachi). The hydrogels were freeze-dried and 235 

cut into thin slices, and adhered on the SEM scaffold using a conductive glue. Then, 236 

the surface of the samples was sprayed with a thin platinum conductive layer for SEM 237 

test.  238 

2.11 Compressive Strength Analysis  239 

The compression strength of the prepared hydrogels was investigated by using an 240 
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electromechanical universal testing machine (CMT4103, China) at a crosshead 241 

contraction speed of 2 mm/minute. The secondary cyclic compressive stress-strain 242 

curves of hydrogels were recorded (deformation 95%).  243 

2.12 Rheological Test 244 

The rheological properties of the prepared hydrogels were evaluated using a 245 

DHR-2 rheometer (TA, USA). The test was carried out using a 40 mm diameter and 1 246 

mm clearance aluminium low inertia parallel plate, and the edge of the fixture was 247 

sealed using glycerin to avoid water evaporation from the sample during the test. The 248 

energy storage modulus (G') and loss modulus (G") of hydrogels were measured by 249 

varying the temperature and frequency.  250 

2.13 Water Absorption and Moisture Retention Performance  251 

The mass of each freeze-dried hydrogel was recorded initially as m1, and the 252 

sample was inserted in distilled water for 24 h to reach saturation. Then, the swollen 253 

hydrogel was taken out, and the water on the surface of the sample was wiped off. 254 

The mass of the sample was recorded as m2. The water evaporation rate (WER) of the 255 

hydrogel was then calculated as follows;  256 

WER =
𝑚2 − 𝑚1

𝑚1
× 100% 257 

The saturated hydrogel at the equilibrium state was placed in an oven at 37 °C 258 

for 48 h, and then the mass of samples was recorded as m3. The moisture retention 259 

(MR) of the hydrogel was calculated as follows;  260 

MR =
𝑚3

𝑚2
 ×  100% 261 

2.14 Biodegradation Evaluation  262 
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The freeze-dried hydrogel was soaked in simulated body fluid (SBF) for 24 h to 263 

reach saturation, and the mass was recorded initially as m0. Then, the swollen sample 264 

hydrogel was immersed in SBF and placed in a shaker at 37 °C (100 rpm/min). All 265 

samples were sealed without refreshing SBF to minimize pH changes and microbial 266 

contamination. The sample was taken out at the predesignated time, and the water on 267 

the surface of the sample was wiped off, the mass was recorded as mt. The in vitro 268 

biodegradation rate (DD) of the hydrogel in SBF was then calculated as follows;  269 

𝐷𝐷 = (1 −
𝑚0−𝑚𝑡

𝑚0
)  ×  100%            270 

2.15 Free Radical Scavenging Rate Test 271 

The free radical (·OH) scavenging rate of the prepared hydrogels was tested 272 

according to the method described in the literature [41, 42]. Briefly, 1.0 mL of the 273 

sample was mixed with 1.0 mL of 1,10-phenanthroline solution (1.5 mmol/L), then 274 

1.0 mL of hydrogen peroxide solution (0.03 %) was added and reacted for 1 h at 275 

37 °C. The absorbance of the complex solution at 536 nm was measured using an 276 

ultraviolet spectrophotometer and recorded as At. At the same time, the test sample 277 

was replaced by 1.0 mL of distilled water and considered as the control group, and its 278 

absorbance was recorded as An. Also, the hydrogen peroxide was replaced by distilled 279 

water and considered as the blank group, and its absorbance was recorded as Ab. The 280 

hydroxyl radical scavenging rate was subsequently calculated as follows;  281 

OH• =
𝐴𝑡 − 𝐴𝑛

𝐴𝑏 − 𝐴𝑛
 ×  100% 282 

2.16 Cell Culture  283 

Human skin fibroblasts (HSF, PCS-201-012, ATCC) were used to be cultured 284 
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according to ATCC instructions. The HSF cells were cultured in a T25 cell culture 285 

flask under a humidified atmosphere of 95 % air and 5 % CO2 at 37 °C. The cell 286 

culture medium (Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 287 

10 % of fetal bovine serum and 5% of penicillin streptomycin) was replaced every 288 

two days. After the cell density reached 80%, cells were digested using trypsin and re-289 

suspended in a new cell medium. The 3rd generation HSF cells were used for the next 290 

experiments. 291 

2.17 CCK-8 Analysis  292 

The CCK-8 assay was used to evaluate the cytocompatibility of the prepared 293 

hydrogels by culturing them with HSF cells. The hydrogel was cut into a circular disk 294 

with a diameter of 8 mm and soaked in ethanol (75 v/v%) for sterilization, and then 295 

the samples were washed with sterile PBS. The HSF cells (1×104 cells /mL for each 296 

sample) were seeded onto hydrogels and cultured for 1, 3, and 5 days in a 48-well 297 

plate (Corning). After then, a 10 μL CCK-8 kit solution was added and agitated. The 298 

plate was moved in a CO2 atmosphere for 4 h. The O.D value at 450 nm of each 299 

orifice was measured using a microplate reader (SpectraMax 190, USA). Cells 300 

cultured without adding hydrogels were used as a blank control group.  301 

2.18 Fluorescence Analysis  302 

The viability of HSF cells was also evaluated using the Calcein 303 

acetoxymethylester/propidium iodide (Calcein-AM/PI) Double Stain Kit (Zeye 304 

Biotechnology Co., Ltd, Shanghai). Both living and dead cells were stained 305 

simultaneously, and living cells produced green fluorescence because of calcein, and 306 
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dead cells produced red fluorescence owing to propidium iodide (PI). After hydrogels 307 

were cultured with cells on days 1, 3, and 5, glutaraldehyde (2.5 %) was added to 308 

localize the cells. Then, the samples were rinsed twice using PBS, and cells were 309 

labelled using the Calcein-AM/PI Kit according to the supplier's instruction. The cells 310 

were observed under a confocal laser microscope (CLSM, Leica TCS SP5 II, 311 

Germany). 312 

2.19 Cell Migration Assay  313 

HSF cells were seeded at the 96-well plate and co-cultured with 100 μL of 314 

hydrogel extract at 37 C for 24 h. After then, the liquid was removed, and a straight 315 

line was scratched on the cell monolayer with a 10 μL pipette sharp tip; the wells were 316 

washed twice using PBS to remove the damaged cells. Next, 100 μL of fresh medium 317 

was added to the wells, and the original straight line was recorded using an optical 318 

microscope. Subsequently, the plate was placed in an incubator for 24 h, and the 319 

change of scratch straight line was recorded.  320 

2.20 In vivo Wound Healing Study  321 

All animals were treated in accordance with the “Principles of Laboratory 322 

Animal Care” (NIH publication #85-23, revised 1985). All in vivo animal 323 

experiments were approved by the Animal Ethical Committee of Tongji Medical 324 

College, Huazhong University of Science and Technology (HUST). The rat models 325 

were established according to previous reports [42] [43]. 25 Sprague Dawley (SD) 326 

rats (280 ± 50 g) were divided into 5 groups (i.e., 5 rats in each group). The SD rats 327 

were anaesthetized using pentobarbital sodium (3 %, 20 mg/kg). After then, a circular 328 
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wound model with a diameter of 15 mm in the middle back of the rat was made, and 329 

all epidermis and dermis were removed. Next, the wound sites were treated using 330 

GelMA, ECM-G, PDA/ECM-G, and AC@PDA/ECM-G hydrogels, respectively, and 331 

physiological saline was used as the control group. Then, the wound was bandaged 332 

using gauze, and pictures were captured on days 5, 10 and 15 to observe the wound 333 

healing. The wound healing time has been determined by visual observation.  334 

2.21 Histological evaluation  335 

Tissues were collected from the wounds of the above-mentioned rats on day 5, 336 

10 and 15, respectively, and stored at -20 °C, and then the tissues were sectioned and  337 

investigated using hematoxylin-eosin (HE) and Masson’s staining for optical 338 

microscopy observation. The histologic examinations were detected per high power 339 

field. For the comparison to normal skin, the epithelium cell layer, amounts of the 340 

inflammatory cells and fibroblasts for each group on days 5, 10, and 15 (five sections 341 

for each day, and five areas were randomly selected for each sample) were counted 342 

and scored using 4 scales: 0 = normal, 1 = mild increase, 2 = moderate increase and 343 

3 = marked increase [44]. The newly formed capillary number and dermis (μm) for 344 

each group on days 5, 10, and 15 were analyzed by the same statistical method. The 345 

number of hair follicles for each group on day 15 was obtained from the whole 346 

sections.  347 

2.22 Statistical Analysis  348 

Each experiment is repeated three times. Values were presented as the means of 349 

these replicates ± standard error of the mean. Mean values were compared by one-350 
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way analysis of variance (ANOVA) using SPSS.22 statistical software package, LSD 351 

method was used for pairwise comparison with statistical significance established 352 

when p < 0.05. 353 

 354 

3. Results and Discussion  355 

3.1 Preparation and Properties of Decellularized ECM 356 

In this paper, the decellularized ECM was obtained using a porcine Achilles 357 

tendon, and the treatment process is shown in Figure 1A. During the decellularization 358 

process, the structure of fibrous tissue was destroyed by the frozen ice crystals, the 359 

extracellular membrane was also punctured, and cells were also detached from the 360 

original matrix after using the treatment. The porcine Achilles tendon tissue without 361 

fat, the tissue after frozen and HAc treatment, and the final crushed tissue were 362 

displayed in Figures 2B i, ii, and iii, respectively. The decellularization process is 363 

applied to native tissue to remove the constituent cells and obtain ECM. The tendon 364 

tissue used in this paper has a low cell content, which is suitable for decellularization 365 

treatment [45]. After the decellularization process, the cell number in the tissue was 366 

significantly decreased. The cell distribution in untreated tendon and decellularized 367 

ECM was investigated using fluorescence assay (DAPI/Phalloidin-FITC) (Figure 1C), 368 

the cell nucleus was represented by blue color, and the cytoplasm was represented by 369 

green color. It was observed that the residual cells were greatly decreased in ECM in 370 

comparison to the untreated tendon. The residual cell content was further statistically 371 

analyzed, shown in Figure 1D. The cell content in untreated tendon was 77.33 ± 8.22 % 372 
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per/mm, and cell content in decellularized ECM was decreased to 0.32 ± 0.13% 373 

per/mm. The microstructure of the obtained ECM was investigated using SEM 374 

(Figure 1E), the interconnected porous microstructure morphology was observed, and 375 

no residual cells were observed. The native tendon has a unique tissue structure with 376 

bundles of collagen fibers aligned along tissue to display crimp structure [46], and 377 

such crimp structure was destroyed in this work using the modified decellularization 378 

method.  379 

 380 

 381 

Figure 1. A) Schematic diagram of decellularization process using porcine Achilles tendon. B) 382 

The photos showing ECM samples. C) Representative fluorescent microscopy images of prepared 383 

ECM and untreated tendon using phalloidin-FITC/DAPI. D) Statistical analysis of residual cells in 384 

untreated tendon and obtained ECM,
 **

p < 0.01. E) SEM images of the prepared ECM at different 385 

magnifications.  386 

 387 
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3.2 Properties of AC@PDA Nanoparticles  388 

Next, PDA-loaded AC (AC@PDA) nanoparticles were fabricated following the 389 

modified literature method [47-49]. PDA nanoparticles were first synthesized using 390 

the cyclization and polymerization of monomer dopamine, and then AC was loaded in 391 

PDA nanoparticles. The preparation process is shown in Figure 2A. FT-IR 392 

spectroscopy was performed to confirm the synthesis of PDA nanoparticles, shown in 393 

Figure 2B. The peak at 1629 cm-1 attributed to the C=O bonds from PDA, and the 394 

absorption peak at 2811 cm-1 corresponded to the stretching vibration of N-H groups 395 

disappeared, and the peak around 3300 cm-1 significantly enhanced, confirming the 396 

successful synthesis of PDA nanoparticles [50]. The TEM images (Figures 2C and 397 

2D) showed that the obtained PDA and AC@PDA nanoparticles were successfully 398 

formed with a uniform spherical structure. The prepared PDA and AC@PDA 399 

nanoparticles were monodispersed with an average size of 379.2 ± 14.5 nm and 392.4 400 

± 17.5 nm, respectively. However, according to the hydrodynamic diameter histogram 401 

distribution profile (Figures 2Cii and 2Dii), the hydrodynamic diameter of both PDA 402 

and AC@PDA nanoparticles was slightly increased to 481.6 ± 16.3 nm and 563.1 ± 403 

18.2 nm, respectively, whereas the polydispersity index of both nanoparticles was in 404 

the range of 0.2. The larger value obtained from the DLS test over TEM images was 405 

attributed to the swelling of PDA nanoparticles hydrated in an aqueous solution 406 

because of their hydrophilicity [49]. Furthermore, the cytocompatibility of both PDA 407 

and AC@PDA nanoparticles was further investigated by culturing with Human skin 408 

fibroblasts (HSF) cells (Figure 2E). The results showed that both nanoparticles had 409 
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good cytocompatibility; however, AC@PDA nanoparticles displayed better 410 

cytocompatibility than PDA nanoparticles due to the addition of AC.  411 

 412 

 413 

Figure 2. A) Schematic diagram of the fabrication of AC@PDA nanoparticles. B) FT-IR spectra 414 

of dopamine (DA) and PDA nanoparticles. C) TEM images (i, iii, iv) and DLS analysis (ii) of 415 

PDA nanoparticles. D) TEM images (i, iii, iv) and DLS analysis (ii) of AC@PDA nanoparticles. D) 416 

Relative cell viability of HSF culturing with PDA and AC@PDA nanoparticles for 24 h.  417 

 418 

3.3 Physiochemical Properties of Bioactive Composite Hydrogels 419 

The bioactive composite hydrogels using decellularized ECM, GelMA, and 420 

AC@PDA nanoparticles were fabricated, and the physiochemical properties of 421 

hydrogels were investigated, including mechanical properties, water absorption and 422 

water retention properties, radical scavenging rate, rheological properties, 423 

biodegradability, and microstructure. The successful incorporation of PDA 424 
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nanoparticles in hydrogel networks was confirmed using UV-Vis spectrum analysis, 425 

and the UV-Vis spectra of all obtained hydrogels are displayed in Figure 3A. 426 

Compared to ECM-G hydrogel, the absorption peak at 281.50 nm for PDA/ECM-G 427 

and AC@PDA/ECM-G hydrogels was observed, mainly due to the absorption of PDA 428 

nanoparticles. Furthermore, the detected absorption peak at 346.76 nm for 429 

AC@PDA/ECM-G hydrogel was attributed to the characteristic absorption of AC, 430 

confirming that successful loading of AC in prepared bioactive AC@PDA/ECM-G 431 

hydrogel. The mechanical properties of the obtained bioactive hydrogels were carried 432 

out, shown in Figures 3B and 3C. The prepared ECM-G, PDA/ECM-G, and 433 

AC@PDA/ECM-G hydrogels are shape re-coverable after compression in the air. The 434 

structure of traditional decellularized ECM collapses rapidly after contact with water 435 

due to the collapse of pore struts, and then the wound moistness is further influenced 436 

[51]. The secondary cyclic compressive stress-strain curves displayed that the 437 

bioactive hydrogels had good elasticity, and the compressive strength was not 438 

significantly changed after the shaper re-covering. However, there was a slight 439 

decrease in the compressive strength for PDA/ECM-G and AC@PDA/ECM-G 440 

hydrogels in comparison to that of ECM-G hydrogel due to the addition of 441 

nanoparticles. The FT-IR was further used to investigate the obtained hydrogels as 442 

shown in Figure 3D. The peaks at 3075 and 1654 cm-1 contributed to N-H stretching 443 

and amide I, respectively, for GelMA hydrogel. For the FT-IR spectrum of ECM-444 

based hydrogels (ECM-G, PDA/ECM-G, and AC@PDA/ECM-G), the typical amide 445 

bands at 3086, 1655, and 1552 cm-1 could be observed, indicating stretching vibration 446 
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of N-H (Amide B), C=O stretching (Amide I), and N-H deformation (Amide II), 447 

confirming the existence of collagen proteins in prepared bioactive hydrogels [52]. In 448 

addition, the peak at 1067 cm-1 ascribed to olefin moiety from AC was observed in 449 

the FT-IR spectrum of AC@PDA/ECM-G hydrogels [53]. EDC, in conjunction with 450 

NHS, has the high coupling efficiency to create stable amine-reactive intermediates 451 

between ECM and GelMA, and the formed interpenetrating networks in bioactive 452 

hydrogels could improve their mechanical properties and moist retention ability [54, 453 

55].    454 

The hydrogels as wound dressings should have the properties of absorbing 455 

wound exudate and providing a moist environment to promote wound healing and 456 

avoid wound infection [56]. Next, the water absorption and water retention of the 457 

bioactive hydrogels were investigated. Compared to ECM-G hydrogel (15.52 ± 6.98 458 

g/g), PDA/ECM-G (34.29 ± 4.93 g/g) and AC@PDA/ECM-G (41.22 ± 10.18 g/g) 459 

hydrogels displayed higher values on water absorption capacity (Figure 3E). The 460 

network of hydrogels enlarges in the presence of PDA or AC@PDA nanoparticles, 461 

and the water absorption capacity is greatly improved. The nanoparticles embedded in 462 

the hydrogels led to the expansion of the network, and the hydration degree was 463 

further significantly increased due to the surface charge of the colloidal nanoparticles 464 

[57]. All obtained hydrogels reached the equilibrium of water absorption within 465 

around 2 h, then retained the large volumes of water to provide a moist environment 466 

for wounds [56]. The moist retention ability of the obtained bioactive hydrogels was 467 

further investigated by measuring weight changes of swollen hydrogels at 37 °C after 468 
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48 h. ECM-G, PDA/ECM-G, and AC@PDA/ECM-G hydrogels had similar moist 469 

retention capacities, and the moist retention ratio of all hydrogels was above 80 %, 470 

indicating that the bioactive hydrogels can be effective as wound dressings (Figure 471 

3F). The hydroxyl radical scavenging rate is an important index to evaluate the 472 

oxidation resistance, and the scavenging ability of the prepared hydrogels was 473 

investigated (Figure 3G). AC@PDA/ECM-G presented the highest scavenging ability 474 

with a scavenging rate of 41.50 ± 3.02 %, in comparison to ECM-G hydrogel (5.22 ± 475 

0.66 %) and PDA/ECM-G hydrogel (11.44 ± 1.05 %). AC had profound free radical 476 

scavenging activity. The addition of AC in hydrogels could significantly improve the 477 

antioxidant capacities, which had a positive effect on promoting wound healing [58].  478 

 479 

Figure 3. A) UV-Vis spectra of the prepared hydrogels. B) Compressive strength and C) 480 

secondary cyclic compressive stress-strain curves of prepared hydrogels. D) FT-IR spectra of 481 
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prepared hydrogels. E) Water absorption ration of ECM-G, PDA/ECM-G, and AC@PDA/ECM-G 482 

hydrogels. 
*
p < 0.05, 

**
p < 0.01, 

***
p < 0.001. F) Moisture retention and G) hydrogen hydroxyl 483 

radicals scavenging ability of the prepared hydrogels. The storage modulus (G’) and loss modulus 484 

(G’’) of hydrogels were evaluated over (H) temperature and (I) frequency. J) In vitro degradation 485 

degree of the prepared hydrogels. K) SEM images of ECM-G, PDA/ECM-G, and 486 

AC@PDA/ECM-G hydrogels at different magnifications.  487 

 488 

Next, the rheological properties of hydrogels were further investigated, and the 489 

storage moduli (G’) and loss moduli (G’’) of hydrogels were tested in terms of 490 

temperature and frequency (Figures 3H and 3I). The results show that G’ of all 491 

obtained hydrogels is greater than G’’, exhibiting the typical viscous flow 492 

characteristics of hydrogel [39, 59, 60]. There was a slight increase in both G’ and G’’ 493 

with the increase of temperature from -4 °C to 60 °C. With the addition of PDA 494 

nanoparticles, both G’ and G’’ of the hydrogels were decreased mainly due to the fact 495 

that the microstructure of the hydrogels could be changed by adding nanoparticles. 496 

Both G’ and G’’ of PDA/ECM-G and AC@PDA/ECM-G hydrogels remain constant 497 

in a wide range of angular frequencies. Also, G’ of ECM-G hydrogel was greater than 498 

that of PDA/ECM-G and AC@PDA/ECM-G hydrogels and increased with increasing 499 

angular frequency at first and greatly decreased at high angular frequency. However, 500 

G’ of PDA/ECM-G and AC@PDA/ECM-G hydrogels significantly increased at high 501 

angular frequency, mainly due to the electrostatic force between nanoparticles and 502 

hydrogels.  503 



26 

 

The wound dressings for the chronic wound, bleeding, and deep fissured wounds 504 

on the skin surface require degradability necessarily. However, the short-term 505 

degradation of wound dressings will lead to the risk of infection after wound exposure 506 

[61]. The in vitro degradation of ECM-G, PDA/ECM-G and AC@PDA/ECM-G 507 

hydrogels in SBF were investigated, with results shown in Figure 3J. The 508 

degradation degree of ECM-G, PDA/ECM-G and AC@PDA/ECM-G hydrogels in 509 

SBF at day 7 were 43.24 ± 4.38 %, 39.13 ± 3.64 % and 32.57 ± 3.45 %, respectively. 510 

The AC@PDA/ECM-G hydrogels exhibited the lowest degradation possibly due to 511 

the formation of additional hydrogel bonding between the hydroxyl groups of AC, and 512 

the functional groups presented in gelatin backbone, leading to increase the 513 

crosslinking density and degradation stability of the hydrogel [62].  514 

 The addition of PDA nanoparticles slightly slowed down the degradation of the 515 

bioactive hydrogels, and AC@PDA/ECM-G hydrogel displayed the slowest 516 

degradation degree. Furthermore, the microstructure of the cross-section of the freeze-517 

dried prepared hydrogels was observed by SEM, as shown in Figure 3K. PDA and 518 

AC@PDA nanoparticles could be observed in SEM images of PDA/ECM-G and 519 

AC@PDA/ECM-G hydrogels, respectively. Compared to pure decellularized ECM 520 

microstructure (Figure 1E), ECM-G, PDA/ECM-G and AC@PDA/ECM-G hydrogels 521 

displayed a tighter pore structure due to the formed interpenetrating networks. All 522 

obtained bioactive hydrogels showed a relatively homogeneous and interconnected 523 

pore structure, indicating their good structural stability and uniform physical structure, 524 

which could provide enough space for cell growth and proliferation [42].  525 
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 526 

 527 

Figure 4. Representative fluorescent microscopy images of prepared ECM-G, PDA/ECM-G, and 528 

AC@PDA/ECM-G hydrogels cultured with HSF cells for (A) 3 days and (B) 5 days, and GelMA 529 

hydrogels were used as a comparison. Cells without adding samples as a blank group, the 530 

hydrogels were stained using Calcein-AM/PI, Scale bar: 50 μm. (C) Cytocompatibility of the 531 

prepared hydrogels was evaluated using CCK-8 assay by culturing with HSF cells for 1, 3, and 5 532 

days with the control group, *p < 0.05, and **p < 0.01. (D) The HSF cells scratch test results for 533 

24 h. All the red dotted lines indicate the width of the scratch gap. Scale bar: 200 μm.  534 

 535 

3.4 Cytocompatibility Evaluation  536 

The cytocompatibility of bioactive hydrogels as wound dressings is an important 537 
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index for wound healing. The cytocompatibility of the prepared hydrogels was studied 538 

using fluorescent analysis and CCK-8 (Figure 4A-C). HSF cells were seeded on the 539 

ECM-G, PDA/ECM-G, and AC@PDA/ECM-G hydrogels and GelMA hydrogel were 540 

used as a comparison, the growths of HSF cells on days 3 and 5 were stained using 541 

Calcein acetoxymethylester/propidium iodide (Calcein-AM/PI) and observed using a 542 

fluorescent microscope. In the Calcein-AM/PI stained images, live cells were stained 543 

green by Calcein-AM, while dead or dying cells were stained red by PI [63]. There 544 

were no noticeable morphological abnormalities and no significant differences in the 545 

green and red fluorescent images between groups, and plenty of HSF cells were 546 

observed for each group on day 3. HSF cells were seeded on the prepared hydrogels 547 

and cultured for 1, 3, and 5 days and treated using CCK-8 solution, O.D value at 450 548 

nm was recorded, which indicated the presence of metabolically active cells (Figure 549 

4C). According to CCK-8 results, the O.D values of all obtained hydrogels increased 550 

over days, confirming their good biocompatibility. AC@PDA/ECM-G hydrogel 551 

displayed the highest O.D values on days 3 and 5. The efficiency of wound healing 552 

greatly depends upon the migration ability of wound dressing [64]. Furthermore, the 553 

pro-migration ability of the prepared bioactive hydrogels was investigated using a 554 

scratch assay (Figure 4D). Compared to the control group, all prepared hydrogels 555 

significantly enhanced HSF cell migration 24 h after scratching. The cell migration 556 

ability of AC@PDA/ECM-G hydrogel was higher than that of other groups after 24 h, 557 

indicating that the obtained AC@PDA/ECM-G hydrogel could enhance cell migration 558 

and accelerate the closure of cell scratches.  559 
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 560 

 561 

Figure 5. (A) Schematic diagram of SD rat models, the prepared hydrogels were used as wound 562 

dressing for wound healing. (B) Photographs of skin wounds on days 0, 5, 10 and 15 after the 563 

treatment using GelMA, ECM-G, PDA/ECM-G, and AC@PDA/ECM-G hydrogels, respectively, 564 

and gauze treatment was used as a blank group, and the corresponding wound healing trajectories 565 

were recorded. C) Wound area, (D) wound size, and (E) wound healing time were recorded after 566 

the treatment.  567 

3.5 In vivo Wound Healing Evaluation  568 

The in vitro results demonstrated that the prepared bioactive hydrogels based on 569 

decellularized ECM, GelMA, and AC@PDA nanoparticles are the potential as wound 570 

dressings for wound healing. Next, the performance of the obtained bioactive 571 

hydrogels as wound dressings was assessed using Sprague-Dawley (SD) rat model 572 
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with the circular full-thickness excision wound (15 mm diameter) on the dorsal skin. 573 

After the skin model was formed, subsequent treatments consisting of gauze (blank 574 

group), GelMA, ECM-G, PDA/ECM-G, and AC@PDA/ECM-G hydrogels were 575 

assessed via observation and tissue collection on days 5, 10, and 15 (Figure 5A). 576 

Macroscopically, all prepared hydrogels treated groups (GelMA, ECM-G, 577 

PDA/ECM-G, and AC@PDA/ECM-G hydrogels) displayed faster wound healing 578 

compared to the blank group (Figure 5B). On day 5, there was no significant healing 579 

effect observed for gauze, and GelMA hydrogel treated groups. However, ECM-G, 580 

PDA/ECM-G, and AC@PDA/ECM-G hydrogels treated groups displayed shrunk 581 

wounds with visible edges, and scabs were not also observed. On day 10, the wounds 582 

of all treated groups shrunk significantly, especially the AC@PDA/ECM-G hydrogel 583 

treated group displayed the fasted healing effect. On day 15, there was still a large 584 

wound area for gauze treated group, and wounds treated by GelMA, ECM-G, and 585 

PDA/ECM-G hydrogels were basically healed with black scars still left. However, the 586 

AC@PDA/ECM-G treated wound was completely healing without a scar. The 587 

AC@PDA/ECM-G hydrogel treated group had a lower wound area of 13.53 μm2 at 588 

day 10 in comparison to that of the GelMA treated group (40.72 μm2), ECM-G treated 589 

group (21.88 μm2), and PDA/ECM-G treated group (23.57 μm2), and wound area of 590 

AC@PDA/ECM-G hydrogel treated group was greatly decreased to 0.27 μm2, which 591 

was considered completely healed (Figure 5C). In addition, all prepared bioactive 592 

hydrogel treated groups (ECM-G, PDA/ECM-G, and AC@PDA/ECM-G) displayed 593 

smaller wound size than that of gauze and GelMA treated groups on days 5, 10, and 594 



31 

 

15 (Figure 5D). Also, all prepared bioactive hydrogels treated groups had a quicker 595 

wound healing rate than gauze and GelMA treated groups (Figure 5E), affirming that 596 

the bioactive hydrogels as wound dressings could effectively accelerate wound 597 

healing.  598 

 599 
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Figure 6. (A) H&E and (B) Masson’s staining images of wound tissue on days 0, 5, 10 and 15 600 

after the treatment using GelMA, ECM-G, PDA/ECM-G, and AC@PDA/ECM-G hydrogels, 601 

respectively, and gauze treatment was used as blank group. 602 

 603 

3.6 In vivo Histological Analysis 604 

The wound healing progression using bioactive hydrogels as wound dressings 605 

was assessed using histopathological evaluation. Results from histological analysis by 606 

H&E staining (Figure 6A) and Masson’s staining (Figure 6B) were consistent with 607 

the wound healing rate (Figure 5). Wound healing is a common physiological process 608 

which process usually includes the hemostasis stage, inflammation stage, proliferation 609 

stage, and remodeling stage (Figure 5A) [65]. H&E and Masson’s staining results 610 

displayed that the epidermal layers had not completely shaped after 15 days in the 611 

blank group and GelMA hydrogel treated group. According to the epithelium cell 612 

layer score (Figure 7A), ECM-based hydrogels (ECM-G, PDA/ECM-G, and 613 

AC@PDA/ECM-G) treated groups showed higher scores than the blank group and 614 

GelMA treated group on days 5, 10, and 15. The AC@PDA/ECM-G hydrogel treated 615 

group displayed the highest score on days 5 and 15, confirming that the epidermal 616 

layer was completely shaped. In addition, fibroblasts were observed in all groups, and 617 

the number of fibroblasts increased from day 5 to 15 (Figure 7B). Notably, the 618 

inflammatory cells were still infiltrated in the around tissue in the blank group on day 619 

15. On day 5, a large number of inflammatory cells, such as lymphocytes and 620 

macrophages, migrated into the wound area for each group, which caused an 621 
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inflammatory response [66]. Apparently, more inflammatory cells were observed in 622 

the blank group and GelMA hydrogel treated group than in ECM-based hydrogels 623 

treated groups. The inflammatory cell score of each group was decreased from day 5 624 

to 15, and ECM-based hydrogels treated groups displayed lower scores than other 625 

groups (Figure 7C). In addition, the blood capillaries were apparently observed on 626 

day 10, and the number of newly formed capillaries greatly increased from day 10 to 627 

day 15 (Figure 7D). The AC@PDA/ECM-G hydrogel treated group displayed the 628 

highest newly formed capillary number among all groups on days 5, 10, and 15. The 629 

scabs were obviously observed from the H&E staining images in the blank group, and 630 

GelMA hydrogel treated group on day 10. Instead, the epidermis, including the intact 631 

epidermis and nonintact epidermis, for ECM-based hydrogels treated groups were 632 

formed. The dermis formed in AC@PDA/ECM-G hydrogel treated group was thicker 633 

than other groups (Figure 7E). The regenerated epidermis and dermis tissues are the 634 

hallmarks of the fully healed wound in the middle and later stages of the wound 635 

healing process [67].  636 

 637 
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 638 

Figure 7. (A) Epithelium cell layer score, (B) fibroblast score, (C) inflammatory cell score, and (D) 639 

newly formed capillary number in each group after the treatment using gauze (blank group), 640 

GelMA, ECM-G, PDA/ECM-G, and AC@PDA/ECM-G hydrogels on day 5, 10 and 15. (E) The 641 

thickness of the dermis (μm) and (F) the number of hair follicles in each group on day 15. *p < 642 

0.05, **p < 0.01, and ***p < 0.001. (G) Illustration of the mechanism of scarless wound healing 643 

using the fabricated bioactive AC@PDA/ECM-G hydrogel as a wound dressing.  644 

 645 

The absence of secondary appendages in the regenerated tissues, such as hair 646 

follicles, causes the formation of scars, and also further causes mechanical and 647 

functional losses of the healed skin [43, 68, 69]. The number of hair follicles for each 648 

group was obtained from the whole sections on day 15, shown in Figure 7F. The 649 
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number of regenerated hair follicles in AC@PDA/ECM-G hydrogel treated group was 650 

greatly higher than that of other groups, implying that AC@PDA/ECM-G hydrogel 651 

could prevent the scarring propensity of skin, thus promoting full-thickness scarless 652 

wound healing efficiently. The proposed model of the wound healing mechanism of 653 

AC@PDA/ECM-G hydrogel is shown in Figure 7G. AC can remove ROS and 654 

prevent peroxidation damage at the wound site due to its high antioxidant activity via 655 

the upregulation of cellular antioxidant machinery thanks to its multiple phenolic 656 

hydroxyl groups [70, 71]. Moreover, the released asiaticoside from the 657 

AC@PDA/ECM-G can induce the proliferation and migration of fibroblast and 658 

keratinocytes via up-regulation of mitogen-activated protein kinase (MAPK) and 659 

transforming growth factor-beta 1 (TGF-β1) [72]. Furthermore, the active role of 660 

asiaticoside in promoting angiogenesis, new hair follicles, and new collagen synthesis, 661 

may effectively accelerate scarless skin regeneration [73].  662 

 663 

 664 

4. Conclusion  665 

This study presents a new method for the synthesis of AC@PDA nanoparticles 666 

and their incorporation into decellularized ECM and GelMA hydrogels to create 667 

bioactive composite hydrogels for use as wound dressings. The hydrogel was made 668 

using ECM, GelMA, and AC@PDA nanoparticles. The prepared hydrogels showed 669 

good mechanical properties, water absorption and retention, radical scavenging rate, 670 

rheological properties, and biodegradability. The in vitro results showed that the 671 
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prepared bioactive hydrogels were cytocompatible and enhanced cell migration, and 672 

the in vivo results demonstrated that the AC@PDA/ECM-G hydrogel had the best 673 

wound healing effect among the tested materials. The results suggest that the prepared 674 

bioactive hydrogels have great potential for use as wound dressings to promote wound 675 

healing and avoid infection. These results indicate that the AC@PDA/ECM-G 676 

hydrogel has the potential to be used as a wound dressing material. 677 
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