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ABSTRACT

Wound healing has always been a focus of clinical study due to its universality, difficult treatment, large
number of patients, and heavy medical burden. A great deal of effort has been devoted to generating var-
ious wound dressings with special features and functions to satisfy specific demands. Here, we present
novel bio-printed textiles based on fish skin decellularized extracellular matrix (dECM) for wound heal-
ing. Thanks to the desirable biocompatibility of the fish-derived dECM, the bio-printed textiles exhibit
excellent performance in terms of cell adherence and proliferation. Since the dECM-based hydrogels
are generated using a bio-printing method, the bio-printed textiles exhibit an adjustable porous structure
with good air permeability throughout the whole textile. Moreover, the high specific surface areas of the
porous structure on the hydrogel skeleton make it possible to load a variety of active molecules to
improve the wound healing effect. According to an in vivo study, we demonstrate that the prepared tex-
tiles loaded with the active drug molecules curcumin (Cur) and basic fibroblast growth factor (bFGF) can
significantly speed up the chronic wound healing process. These remarkable properties indicate the

potential value of fish-skin-dECM textiles in wound healing and biomedical engineering.
© 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The skin is an important organ of the body that can perceive
external stimuli, control body temperature, and prevent tissue
fluid loss [1-3]. Extensive skin wounds can result from trauma,
abrasions, skin ulceration, and burns; they are difficult to heal
and may lead to further serious complications after bacterial infec-
tion. Consequently, wound healing has always been a basic issue of
human health and an important direction of clinical research [4-8].
To achieve rapid wound healing, various biomedical materials
including electrospun fibers, biofilms, porous sponges, and
functional hydrogels have been developed [9-13]. Among them,
hydrogels stand out due to their superior properties, which include
maintaining a wet wound healing environment, reducing the
wound surface temperature, promoting cell proliferation and
migration, and promoting nutrient diffusion and penetration
[14-16]. Many kinds of natural and synthetic polymers, including
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alginates (Alg), chitin, collagen, polylactic acid, and polyglycolic
acid, have been used for fabricating functional hydrogel wound
dressings [17-20]. Despite the many successes that have been
achieved, most of the components of these materials are not easily
available and require multiple chemical reactions or biological
extractions. Furthermore, in order to generate wound dressings,
most materials must be dissolved in toxic solvents and polymer-
ized under extreme conditions, making the toxicity and biocom-
patibility of these materials a matter of concern [21-25].
Therefore, there is still an urgent demand for new polymer materi-
als for fabricating functional wound dressings in the field of
biomedicine.

In this paper, we propose a novel fish skin decellularized extra-
cellular matrix (dECM) hydrogel textile with desirable features for
wound healing, which is made using a bio-printing approach, as
shown in Fig. 1. Materials based on dECM are considered to be
promising due to their good histocompatibility, mechanical prop-
erties, and tissue cell induction function [26-28]. Compared with
that in terrestrial animals, the collagen in fish skin has a unique
biological activity due to its low thermal denaturation
temperature, low thermal shrinkage, and low intermolecular
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Fig. 1. Scheme of the fabrication and wound healing application of the bio-printed
fish-skin-dECM methacrylate textiles. UV: ultraviolet; FSAMA: methacrylic anhy-
dride (MA)-modified fish skin dECM.

cross-linking [29,30]. Thus, fish skin dECM has attracted great
research interest within the field of biomedicine. However, most
existing fish skin dECM hydrogels have simple structures and lack
air permeability, which restricts many of their practical applica-
tions. As a burgeoning and versatile method for synthesizing func-
tional materials, three-dimensional (3D) bio-printing technology
can quickly and efficiently print 3D scaffolds with complex shapes
or even personalized customization; it can also accurately regulate
the porous structure of scaffolds at the micron scale [31-33].
Therefore, it is conceivable that the employment of 3D bio-
printing for generating fish skin dECM textile as a novel functional
wound dressing would provide a unique strategy for wound repair.
Herein, we report on the preparation of a kind of dECM from
fish skin and its modification to obtain a photo-crosslinkable
hydrogel. By employing a simple 3D bio-printing method to spin
hydrogel microfibers and print them into 3D-structured textiles,
we achieved a desirable textile for wound healing. It is worth men-
tioning that Alg was added to the dECM bio-ink due to its fast
cross-linking and excellent rheological properties. With the high
specific surface areas of the porous structure, it was possible to
encapsulate the active pharmaceutical molecules curcumin (Cur)
and basic fibroblast growth factor (bFGF) in the fish skin dECM tex-
tiles, where bFGF promotes the synthesis of elastic fibers and col-
lagen around the wound, and Cur (extracted from turmeric)
exhibits an inhibitory effect on inflammation, bacterial infection,
and oxidant activity. Importantly, it was demonstrated that these
fish skin dECM textiles showed excellent wound repair capabilities
when treating cutaneous wounds in an infectious rat model. These
characteristics indicate that the fish skin dECM textiles are ideal
candidates for wound repair and other related biomedical fields.

2. Materials and methods
2.1. Materials

Fresh tilapia was purchased from Jinxianghe Road Market in
Nanjing, China. Sodium alginate, pepsin, methacrylic anhydride
(MA), sodium dodecyl sulfate (SDS), NaOH, rhodamine B (RhB,
>95%, high performance liquid chromatography (HPLC) grade),
2-hydroxy-2-methylpropiophenone (HMPP), and dimethyl sulfox-
ide (DMSO) were obtained from Sigma-Aldrich, USA. SYTOX green
(SYTO) and propidium iodide (PI) were obtained from Jiangsu KGI
Biotechnology Co., Ltd. (China). Fluorescein isothiocyanate-labeled
bovine serum albumin (FITC-BSA) was purchased from Zhongke
Chenyang Technology Co., Ltd. (China). A Genomic DNA Extraction
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Kit was provided by TaKaRa Bio (Japan). NIH 3T3 cell lines were
provided by the Chinese Academy of Sciences (Shanghai, China).
Sprague-Dawley (SD) male rats between 200 and 220 g were pur-
chased at Jinling Hospital (China). The rat experiments were per-
formed after being reviewed by the Animal Investigation Ethics
Committee of the Drum Tower Hospital (approval No.:
2021AE02018).

2.2. Characterization

The bio-printed process and pictures of the textiles were
recorded in real time using a stereomicroscope (JSZ6S, Jiangnan
Novel Optics, China). The morphology of the bio-printed hydrogel
textiles was characterized using a field-emission scanning electron
microscope (SEM, UltraPlus, Zeiss, Germany). A rheometer (MCR
302, Anton Paar, Austria) was used to measure the rheological
properties of the pre-gel solution. For the nuclear magnetic reso-
nance (NMR) test, samples were dissolved in D,O and measured
with an AVANCE III HD 600 MHz NMR spectrometer (Bruker,
Germany). For the gel permeation chromatography (GPC) test
(Agilent 1260, Agilent Technologies, Germany), samples were fil-
tered through a microporous membrane (0.22 pum). Then, a 50 pL
sample was taken for detection. The flow rate was 2 mL-min’,
and the molecular weight distribution of the sample was deter-
mined by the elution time.

2.3. dECM extraction

The skin of the fish was cleaned and soaked in 0.5 mol-L~!
NaOH solution for 24 h. The bath ratio of the sample/alkaline solu-
tion was 1:40 (w/v), and a magnetic oscillator was used for stirring
during the cleaning process. After that, the sample was decolorized
using 3% H,0, for 8 h. During the decolorization process, the
sample/butanol ratio was 1:30 (w/v). Subsequently, a further
decellularization process was conducted in a 10% (v/v) butanol
solution with 2% SDS for 36 h. The decellularized fish skin was
thoroughly cleaned and then freeze-dried. To extract the dECM,
the freeze-dried residue was immersed in a solution containing
0.5% pepsin and 1 mol-L™! acetic acid for 3 days, with the
sample/solution ratio set to 1:50 (w/v). The dECM solution was
then freeze-dried for further use.

2.4. DNA content

4’ 6-Diamidino-2-phenylindole (DAPI) staining of the nuclei
was conducted to evaluate the presence of residual nuclei on the
surface of the fish skin. To further measure the DNA content,
DNA was extracted from native fish skin and decellularized fish
skin by means of a Genomic DNA Extraction Kit, and the extracted
genomic DNA was quantified using a NanoDrop 8000 spectropho-
tometer (Thermo Fisher Scientific, USA).

2.5. Synthesis of MA-modified fish skin dECM (FSAMA)

A total of 2 g of dECM was placed into a beaker (with a rotor)
with 100 mL of phosphate buffered saline (PBS)/10 mmol-L~! HCI
buffer and stirred at 4 °C until it was completely dissolved. Then,
0.2 mol-L~! Na,HPO, buffer was added until the pH reached 7.5.
To graft the MA group, 5 mL of MA was gradually added in a
drop-wise fashion to the above solution and stirred in an ice bath
for 8 h away from light. When the solution system was stable, the
remaining 150 mL of PBS buffer was added, and the mixture con-
tinued to react for 1-2 h. After the solution became clear again,
the solution in the beaker was poured into a dialysis belt and
immersed in ice water for more than 168 h. The water was chan-
ged three times a day, with the number of times the water was
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changed being increased appropriately in the first 2 days. After
dialysis, the liquid was poured into a container and freeze-dried.

2.6. Fabrication of FSAMA/Alg textiles

First, the printing platform was sterilized by means of ultravio-
let (UV) light for 2 h. Then, a bio-printing platform (Bio-Architect,
Regenovo, China) with longwave (365 nm) UV lamps was used to
print the hydrogel textiles. To test the printability, different shapes
of textiles were designed using 3D Studio Max, and all textiles
were printed at room temperature. The synthesized FSAMA (15%)
was mixed with a certain ratio of Alg (1%, 2%, 3%, or 5%) to form
a pre-printed gel (containing 0.5% HMPP). All the mixed ink was
well dissolved and left overnight before printing.

2.7. Drug-release properties of the textiles

For the drug-distribution and release kinetics analysis, RhB and
FITC-BSA were selected. We dissolved each selected drug in the
formulated ink to generate a hydrogel textile containing
1 mg-mL~" RhB or 1 mg-mL~" FITC-BSA. A fluorescence microscope
was used to observe the effect of drug-distribution release at dif-
ferent time points. For the drug-release kinetics, 5 mg of drug-
loaded hydrogel textile was immersed in 1 mL of PBS solution at
37 °C; in each testing cycle, 100 pL of the release medium was
taken out and the same amount of PBS buffer was added.

A Cur-loaded hydrogel was prepared using a one-step solid dis-
persion method. In brief, Cur was dissolved in ethanol and then
added to the formulated hydrogel solution with a final concentra-
tion of 1 mg-mL~"; next, the solvent was removed by means of a
rotary evaporator. The release process was conducted in PBS solu-
tion with Tween80 (0.5 wt%) at 37 °C. The released amounts of RhB
and Cur were calculated according to the optical density (OD) value
(Olympus, CKX41, Japan) of the released medium. The released
amounts of FITC-BSA were measured by means of fluorescence
intensity (Olympus, CKX41).

2.8. Antibacterial ability test

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
were chosen to study the antibacterial ability of the Cur-loaded
textiles. In brief, the turbidity of each bacterial suspension was
controlled at about 0.5 (McFarland standard). Cur was mixed into
20% (w/v) FSAMA/Alg solution with a final concentration of 2, 3,
or 4 mg-mL~. Cur-loaded hydrogel textiles with a dry weight of
5 mg were put into a 24-well plate with 1 mL of PBS buffer. Next,
100 pL of bacteria resuspension was dropped into each well and
co-cultured for 24 h at 37 °C. Then, the solution was stained with
SYTO9 and PI for 15 min, and 100 pL of the solution was taken
out. Subsequently, the results were recorded using a fluorescence
microscope.

2.9. Biocompatibility test

The 3T3 cells were separated into four groups with a cell
density of 2 x 10° cells per milliliter per well in a 24-well plate
(Thermo Fisher Scientific). After culturing for 72 h, 1.0 pL of
Calcein-AM (Molecular Detector, Beyotime Biotechnology, China)
was dropped into the culture medium to observe the living cells.
For the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) test, the cells were co-cultured with each group for
1, 2, or 3 days. The residual solution was removed before adding
MTT solution. Next, the MTT solution (50 pL) was dropped into
each group and the well-plate was co-cultured for another 4 h at
37 °C. The medium in each well was removed, and 600 pL of the
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DMSO was added to serve as a dissolving unit. The absorbance
was obtained through a micro-plate reader (Olympus, CKX41).

2.10. Wound healing study

To evaluate the function of the hydrogel textiles in wound
repair, a rat full-thickness infection wound model was created.
Twenty-four healthy SD rats were separated into four groups. All
the animals were anesthetized, and the hair on the dorsal surface
was removed. A rat model of full-thickness skin infected defects
was constructed by injecting 200 uL of S. aureus (10® colony-
forming units (CFU) per milliliter) into a 1 cm-round wound. In
the experimental groups, Cur and bFGF were loaded by means of
an encapsulation method, with final respective concentrations of
3.0 and 0.1 mg-mL~'. The four groups were treated with PBS
(Group I), FSAMA/Alg textiles (Group II), Cur-loaded FSAMA/Alg
textiles (Group III), and (Cur + bFGF)-loaded FSAMA/Alg textiles
(Group IV), respectively. After that, all the animals were placed
in separated cages. Optical images of the wounds were captured
after 0, 3, 5, 7, and 9 days. The granulation tissues along with the
surrounding tissues were isolated and stored in cold formaldehyde
for further histology and immunohistochemistry analysis.

2.11. Statistical analysis

SPSSAU 24.0 was adopted to evaluate the statistical signifi-
cance. The processed data was expressed as mean * standard devi-
ation. An independent-sample t-test was used to assess significant
differences between the control group and experimental groups.
p<0.05 was selected as the significance level, where * represents
0.01<p<0.05, and ** represents p<0.01.

3. Results and discussion

In a typical experiment, tilapia fish skin was used as the raw
material for generating the hydrogel textiles. First, the cleaned fish
skin was successively treated with NaOH and SDS to remove
unwanted cells and pigments; then, pepsin was used to extract
dECM from the fish skin. The resultant product was freeze-dried
for further use (Figs. S1(a)-(c) in Appendix A). Subsequently, a
DNA content test was carried out to verify the effective removal
of cells. The cellular residues in the decellularized fish skin were
found to be less than 50 ng double-stranded DNA (dsDNA) per mil-
ligram, which made it possible to avoid immunological issues
(Figs. S1(d)-(f) in Appendix A). To widen the application of the gen-
erated dECM, we modified the fish skin dECM with MA to obtain a
kind of photo-crosslinkable hydrogel, as shown in Fig. S2 in Appen-
dix A. Additional double peaks at 5-6 ppm according to the NMR
spectroscopy results indicated the success of the MA modification
(Figs. S3(a) and (b) in Appendix A). The molecular weight of the
FSAMA indicated that the dECM primarily contained gelatin after
collagen hydrolysis (Figs. S3(c) and (d) in Appendix A). However,
the aqueous solution of the FSAMA generally exhibited a relatively
low viscosity, which did not meet the requirements of bio-printing.
Therefore, we added Alg to optimize the rheological properties of
the FSdAMA. As shown in Fig. S4(a) in Appendix A), it was found that
the mixed pre-gel solution exhibited shear-thinning behavior as
the shear rate increased. During the heating process from 5 to
45 °C, the viscosity of the FSdAMA/Alg pre-gel solution increased
significantly with an increase in the concentration of Alg (Fig.
S4(b) in Appendix A). Moreover, the FSdAMA/Alg pre-gel solution
exhibited a gel form at room temperature, which helped maintain
the morphology and structure of the printed hydrogel textile
(Fig. S4(c) in Appendix A). These findings indicated that the mixed
ink was suitable for bio-printing.
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Fig. 2. (a) Digital image of printing textiles with the FSAMA/Alg pre-gel solution;
(b) optical image of the bio-printed textile; (c-f) scanning electron microscopy
(SEM) images of the FSAMA/Alg hydrogel textile at (c) the surface and (d) its
magnified field, and (e) the cross-section and (f) its magnified field. Scale bars are 5
mm in part (b), 300 pm in parts (c) and (e), and 20 pm in parts (d) and (f).

After that, a modified 3D bio-printer, which included a syringe
and four long-wave UV lamps, was used to generate the hydrogel
textiles. The prepared FSAMA/Alg pre-gel solution was injected
into an aluminum foil-wrapped syringe to prevent premature gela-
tion; next, the mixed pre-gel solution was extruded through the
syringe to fabricate the desired textiles, as shown in Fig. 2(a). By
adjusting the extrusion speed of the pre-gel solution to match
the movement speed of the syringe of the 3D printer, textiles with
uniform morphology and 3D structure were generated after being
irradiated with UV rays during the extrusion process (Figs. 2(b) and
(c)). Moreover, increasing the Alg concentration significantly
increased the ink viscosity, ensuring that the extruded filaments
had a smooth surface to enhance the accuracy of the printing
process.

To increase the accuracy of the printed textile, we chose to use a
mixed gel with a ratio of 15% FSAMA and 5% Alg in the subsequent
experiments (Fig. S5 in Appendix A). In order to print high-quality
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FSdMA/Alg hydrogel textiles, we first studied the printability under
different printing parameters. Obviously, the use of a larger nozzle
diameter resulted in a larger diameter of the printing fiber, D, as
shown in Fig. S6(a) in Appendix A. It was notable that, due to the
expansion effect of the viscoelastic pre-gel solution, the diameter
of the extruded fiber was larger than the nozzle diameter. Studies
have indicated that a larger extrusion force produces a more
obvious mold expansion effect, resulting in an increase in the
printing fiber diameter D with increasing pressure (Fig. S6(b) in
Appendix A). Furthermore, the distance between the fibers and
the cross angle of the fibers could be changed to adjust the
morphology of the pores (Fig. S7 in Appendix A). These printing
settings could be used to effectively control the bio-printed fiber
diameter D and the pore length. Moreover, the slice shape of the
3D model could be changed to obtain textiles with different shapes
(Fig. S8 in Appendix A).

In addition, the microstructures of the FSAMA/Alg hydrogel
textiles were characterized, and it was found that the generated
textiles had a porous, rough surface (Figs. 2(d) and (e)). The bio-
printed FSdAMA/Alg hydrogel textiles also exhibited interconnected
internal pores after being freeze-dried (Fig. 2(f)). These unique
microstructures of the FSAMA/Alg hydrogel textiles provide poten-
tial for drug loading and release.

Due to the porous surfaces and interconnected internal pores,
the hydrogel textiles have huge specific surfaces areas, plenty of
nano-pores, and intricate nanochannels to load many biological
actives. Therefore, it is conceivable that the FSAMA/Alg textiles
could be used as a sustained-release scaffold for containing active
reagents. To evaluate this capability, we first selected RhB and
FITC-BSA for characterizing the textiles’ drug-release performance
with a small-molecule drug and a proteinic drug, respectively.
Drug loading was performed by means of encapsulation. The
fluorescence images showed that both drugs could be completely
and uniformly distributed in the textile and then released over
time, indicating that the drug loading was successful (Figs. 3(a)
and (b)).

Release percentage (%)

Release percentage (%)

Fig. 3. (a) Fluorescence images of the RhB-loaded hydrogel textiles after 0, 3, 8, and 24 h; (b) fluorescence images of the FITC-BSA-loaded hydrogel textiles after 0, 6, 18, and
60 h; (c) release condition of the RhB-loaded textiles in PBS solution, where the lower right curve is that within 6 h (n=4); (d) release condition of the FITC-BSA-loaded
textiles in PBS solution, where the lower right curve is that within 6 h (n=4). Error bar represents standard deviation. Scale bars are 400 um in parts (a) and (b).
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We also investigated the release kinetics of the small-molecule
drug and proteinic drug (Figs. 3(c) and (d)). The standard curves are
recorded in Figs. S9(a) and (b) in Appendix A. It was observed that
the small-molecule drug RhB had a fast release in the first 6 h, fol-
lowed by a sustained release process that lasted up to 12 h.
Equilibrium was then gradually reached in 24 h. For the textiles
loaded with FITC-BSA, it was apparent that the release process
was slower than that of the RhB-loaded textiles, due to the large
molecular weight of the proteinic drug. In addition, the release per-
centage of the RhB textiles was higher than that of the FITC-BSA-
loaded textiles, which was because the small-molecule drug was
more likely to escape through the small internal pores and chan-
nels of the textiles. Therefore, the bio-printed hydrogel textiles
could be loaded with drugs with different molecular weights to
serve various purposes.

Based on these features, we designed a novel antibacterial tex-
tile loading with Cur. We found that Cur exhibits anti-microbial
properties against many microorganisms by inhibiting the forma-
tion of bacterial biofilms and can be used to treat infectious bacte-
rial diseases. We also found that, as a small-molecule drug, the Cur
had a slower release process than the RhB, which could be
attributed to the difference in hydrophilicity (Figs. S9(c) and (d)
in Appendix A). Notably, it was difficult to dissolve Cur in water,
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although it could be well-dispersed in polymeric micelles
(Fig. S10 in Appendix A).

To evaluate the potential impact of the Cur-loaded textiles’
in vitro antibacterial ability, we chose FSAMA/Alg textiles with
different Cur loading concentrations as the bacterial growth
substrate, respectively, and used two different types of bacteria
(E. coli and S. aureus) for the investigation. Fluorescent images of
live and dead bacteria and statistical analyses of the bacteria
viabilities in different groups are provided in Figs. 4(a)-(e). It
was found that, compared with the control group, the groups of
Cur-loaded FSAMA/Alg textiles had a greater quantity of dead bac-
teria, for both kinds of bacteria. In addition, by increasing the con-
centration, the Cur-loaded textiles had a more significant
antibacterial effect on S. aureus. This finding may be attributed to
the difference in biofilm constituents and structure between
E. coli and S. aureus. In particular, when the concentration of Cur
in pre-gel solution was increased to 3 mg-mL~!, up to 90% of the
living S. aureus were killed. As Cur is a biologically active drug,
an increased concentration of Cur would affect the biocompatibil-
ity of materials for biomedical applications. Therefore, the appro-
priate concentration of Cur was set at 3 mg-mL".

Before exploring the practical application value of the generated
drug-loaded textiles in vivo, their biocompatibility was studied.

S
o
wj
[%)
3
IS
3
©
(%)
Control . )
f 120 L E. coli "

'§ S. aureus -
uj 100 | ———

<

> 80

=

8

-

s 90 oI

X I

|5}

S 40t I .
(2]
3
2 20 |
3
% T T

0
2 3 4 0

Concentration of Cur (mg-mL-")

(e)

Fig. 4. (a, b) Live/dead staining of (a) E. coli and (b) S. aureus co-cultured with Cur-loaded FSAMA/Alg textiles: (i) 2 mg-mL~" Cur; (ii) 3 mg-mL~" Cur; and (iii) 4 mg-mL~" Cur.
(c, d) PBS against (c) E. coli and (d) S. aureus. (e) Statistical image of the viability of different groups. n=5 for each group; error bar represents standard deviation. *p <0.05,

**p<0.01. Scale bar is 50 pm.
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From the fluorescence microscope images (Fig. S11(a) in Appendix
A), it was found that the 3T3 cells in all groups showed good mor-
phology after 3 days, indicating the excellent biocompatibility of
the FSAMA and mixed hydrogel. Furthermore, to quantitatively
study the cell viability of cells in different groups, an MTT assay
was conducted (Fig. S11(b) in Appendix A), and the results were
found to be consistent with the fluorescence pictures. These find-
ings demonstrated the feasibility of the in vivo application of the
FSdMA/Alg hydrogel.

Furthermore, we conducted in vivo experiments to evaluate the
potential of the FSAMA/Alg textiles for wound healing (Fig. 5). In
addition to textiles with antibacterial properties, hydrogel textiles
incorporating both Cur and bFGF—the latter of which can promote
the proliferation of multiple cell types—were used in experiments
to improve the wound repair process. The test samples were
divided into four groups: wound washed with PBS only (Group
I); wound treated with FSAMA/AIg textiles (Group II); wound trea-
ted with Cur-loaded FSAMA/Alg textiles (Group III); and wound
treated with (Cur + bFGF)-loaded FSAMA/Alg textiles (Group IV).
The wound closure conditions during the wound healing process
were recorded for a detailed analysis (Figs. 5(a) and (c)). It was
found that, under the action of Cur + bFGF, Group IV showed the
best closure rate, while the wounds in Group I healed relatively
slowly. In order to further explore the wound healing conditions,
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hematoxylin-eosin (H&E) staining was used to observe the regen-
erated granulation tissue (Fig. 5(b)). The granulation tissue thick-
nesses of Groups I, I, IIl, and IV on Day 9 were (1.05+0.16),
(1.50+0.10), (1.64%0.09), and (2.02+0.17) mm, respectively
(Fig. 5(d)). Compared with Group I, the granulation tissue thickness
was improved in the two groups with different types of drug-
loaded functional FSAMA/Alg hydrogel textiles (Groups III and
IV). These results indicate the improved wound healing efficiency
of the drug-loaded groups.

Immunohistochemical (IHC) staining for tumor necrosis factor
alpha (TNF-a), cluster of differentiation 31 (CD31), and interleukin
6 (IL-6) was respectively performed to evaluate inflammation and
angiogenesis (Fig. 6). Wound infection is the main cause of chronic
wounds, so the efficacy of the Cur-loaded textiles in preventing
infection was studied through TNF-o and IL-6. In Group IV, IHC
staining showed little sign of inflammation or infection with a
low level of TNF-a and IL-6 secretion, which indicated lower
immune reaction after being treated with drug-loaded FSdAMA/
Alg textiles. In contrast, large quantities of TNF-o. and IL-6 were
observed in Group I (Fig. 6(a); Fig. S12 in Appendix A). In addition,
in the final stage of wound healing and remodeling, collagen is
deposited as a skin component of the wound bed. The degree of
directional arrangement and collagen deposition of Group IV indi-
cated the good performance of the functionalized FSdMA/Alg
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Fig. 5. (a) Representative images of tissue defects on Day 0, 3, 5, 7, and 9; (b) hematoxylin-eosin staining of isolated tissues after 9 days (dotted line and arrow indicate the
boundaries of granulation tissue and their thickness, respectively; I-IV represent Groups I-IV, respectively); (c) quantification of the wound area on Day 0, 3, 5, 7, and 9;
(d) quantification of the granulated tissue thickness after 9 days. n=3 for each group; error bar represents the standard deviation. *p <0.05, **p <0.01. Scale bars are 5 mm in

part (a) and 500 pm in part (b).
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Fig. 6. (a) Immunohistochemistry staining of TNF-a after 9 days; (b) Masson-stained images of granulation tissues after 9 days; (c) CD31 staining of granulation tissues after
9 days; (d) quantification of collagen density after 9 days; (e) quantification of density of blood vessel. n=3 for each group; error bar represents the standard deviation.
*p<0.05, **p<0.01. i-iv in (a-c) represent Groups I-1V, respectively; scale bars in (a-c) are all 100 pm.

textiles in wound healing (Figs. 6(b) and (d)). Activation of neovas-
cularization promoted the formation of regenerative tissues, which
provide adequate nutrition and oxygen and promote the transport
of cytokines and cell migration. As shown in Figs. 6(c) and (e), it
was also observed that the number of newly formed blood vessels
was significantly greater in Group IV compared with Group I. This
result could be attributed to the presence of bFGF, which can pro-
mote neovascularization. In addition, vascular structures were pre-
sent at a moderate level in Groups Il and IIl. These results
demonstrate the excellent functions of the drug-loaded FSAMA/
Alg hydrogel textiles in angiogenesis.

4. Conclusions

In summary, we proposed a kind of dECM from fish skin and
modified it to obtain a functional FSAMA hydrogel. The fish skin
dECM was extracted using pepsin; it was then acylated with MA
and mixed with Alg to obtain a mixed solution with good printable
properties. By adjusting the printing parameters, such as the slice
shape, pinhole diameter, and air pressure, the shape of the porous
scaffold and the diameter of a single fiber could be controlled. In
addition, by loading the antibacterial drug Cur and the growth fac-
tor bFGF, the textile was endowed with antibacterial properties
and growth-promoting properties, making it better able to inhibit
the growth of bacteria, promote cell proliferation, and accelerate
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wound healing. The FSAMA/Alg hydrogel textiles exhibited satis-
factory therapeutic effects when used to treat SD rats with bacte-
rial infection and injury. Thus, the abovementioned features give
the proposed hydrogel textiles practical value for wound healing
in a clinical setting.
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