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Crustaceans and fish scales in the marine food industry are basically thrown away as waste. This not only
wastes resources but also causes environmental pollution. While reducing pollution and waste, biological
activity and storage of materials are urgent issues to be solved. In this study, by first preparing dry fibers
and then making hydrogels, we prepared a fish scale/sodium alginate/chitosan nanofiber hydrogel (FS-P)
by cross-linking the nanofibers in situ. From fish and other organisms, fish gelatin (FG), collagen and
CaCOs were extracted. Fish scale (FS)/sodium alginate/chitosan nanofibers were cross-linked with
copper sulfide nanoparticles prepared by a one-step green method to obtain FS-P nanofiber hydrogels
under mild conditions without catalyst and additional procedures. These fiber hydrogels not only have
good tissue adhesion and tensile properties, but also have the antibacterial effect of natural antibacterial
and CuS photothermal synergism, which can achieve 51.32% and 49.96% of the antibacterial effect
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1 Introduction

At present, in most marine food production processes, crusta-
ceans, fish scales, and so on' are basically thrown away as
waste.>* This not only wastes resources but even causes envi-
ronmental pollution.*® Materials and valuable applications
beneficial to mankind can be obtained from these marine bio-
logical wastes.®® For example, collagen can be extracted from
fish and other organisms, sodium alginate can be extracted
from sea algae, and chitosan can be extracted from
crustaceans.'*" Recently, there have been extensive studies on
these raw materials because of their excellent biocompatibility
and biodegradability.”® However, on the premise of reducing
waste, there is still a lack of research on one-step green methods
to extract and synthesize hydrogel excipients from marine
waste.

Since fish scales and crustaceans are rich in polysaccharide
macromolecules, collagen, amino acids and calcium carbonate
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have been isolated in various ways."* Amino acid gels, proto-
proteins, sodium alginate and chitosan are used as
hydrogels.>"” More importantly, amino acids and collagen are
highly bioactive, so they have been widely used in the
management of severe wound healing.'*** They stimulate
wound healing by promoting cell proliferation and
differentiation.”>* Calcium carbonate and chitosan speed up
blood clotting and blood vessel formation and maturation.”® At
present, collagen and other proteins used in clinical practice are
mainly derived from readily available terrestrial organisms.*”**
However, the increasing frequency of dangerous infectious
diseases in terrestrial organisms has led us to worry about the
health of animal extracts such as those from sheep, cattle and
horses. Also, because marine waste is often discarded, envi-
ronmental pollution and other problems result. Fish scales, for
example, are considered inedible waste and make up about 3%
of the total weight of fish; the transition of crustaceans prevents
ecological imbalance.* Therefore, there is an urgent need to
obtain new isolates from marine biological waste for medical
research under cost-effective and sustainable conditions.?** In
addition, wound dressings in the field of biodegradable medical
scaffolds can be prepared by microfluidic methods,** electro-
static spinning,* and polymer synthesis,**** and by using
hydrogel and other biomaterials.**** As a flexible body, hydrogel
has special advantages in the field of wound repair and other
medical scaffolds: it keeps the wound moist, protects the wound
from dehydration, absorbs additional secretions, allows gas
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exchange, and is easy to remove without damaging the wound
bed.* It has been widely used in the management of serious
wound healing. However, the preservation environment of
moist hydrogels is relatively special, and generally requires
freeze-drying or low-temperature preservation, and may even
cause deterioration. Ensuring the long-term viability of hydro-
gels is currently a challenge.*****> It is possible to solve this
problem by restricting the precursors of the coated fiber
membrane by electrostatic spinning and crosslinking the fiber
membrane into the hydrogel by two-step crosslinking. A dry
storage environment should be ensured for the hydrogel, as well
as a moist hydrogel environment for the wound.

In this study, fish gelatin, collagen and CaCO; were firstly
extracted from fish. Fish scale (FS)/sodium alginate/chitosan
nanofibers were cross-linked with copper sulfide nano-
particles prepared by a one-step green method to obtain FS-P
nanofiber hydrogels under mild conditions without catalyst
and additional procedures. These fiber hydrogels not only have
good tissue adhesion and tensile properties, but also have the
effect of natural antibacterial and CuS photothermal synergism,
which can achieve 51.32% and 49.96% of the antibacterial effect
against Staphylococcus aureus and Escherichia coli respectively,
avoiding the generation of superbacteria. The hydrogels trans-
formed from nanofibers have good swelling, porosity and
degradation rate. Nanofiber hydrogels are easy to store and have
excellent performance in hemostasis, angiogenesis and tissue
repair. This work realized the efficient utilization of marine
waste and provided a new idea for the preparation of nanofiber
hydrogels from marine waste.

2 Experimental
2.1 Materials

Thioacetamide (CH3;CSNH,), acetic acid, dicyclohexyl carbon
diimide (DCC), N,N-dimethylformamide (DMF) and copper
nitrate (Cu(NOj3),-3H,0) were from Aladdin. Chitosan (CS),
hydrochloric acid, hydrogen peroxide solution (H,0,), phos-
phate buffered salt solution (PBS) and acetic acid were
purchased from Shanghai Merck Chemical Reagent Co., Ltd,
China. Sea bass and raw kelp were purchased from the Qingdao
Shazikou seafood market. In addition, ultra-pure water (18.2
MQ cm) was provided by the manufacturer. Escherichia coli (E.
coli, ATCC-8739), Staphylococcus aureus (S. aureus, ATCC-14458)
and human skin fibroblasts (HSF) were obtained from Qingdao
University Medical College. Other reagents: DMEM (Solarbio),
Phalloidin-iFluor 488 (FITC, AbCAM) and DAPI staining reagent
and Matrigel matrix (Corning).

2.2 Synthesis

2.2.1 Extraction of sodium alginate. The raw kelp was
soaked and treated with low dry dilute hydrochloric acid
(0.01 mol L") at 25 °C. We added sodium carbonate and
reacted it at 55-75 °C for 2 h, then added water and filtered it.
After 2 min, we slowly added diluted hydrochloric acid
(0.02 mol L") to the feed solution, and made it stand for 10 h,
then added diluted hydrochloric acid and made it stand for
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12 h. The collected substrate was dehydrated and broken, and
8% sodium carbonate was added and left for 6 h to obtain
sodium alginate.

2.2.2 Extraction of fish scales. An ultrasound-assisted
extraction method was used to extract collagen and CaCOj;.
Bass scales were rinsed with distilled water (H,O) to remove
surface impurities, dried and cut into strips. Fish scales (FS)
and fish glue (FG) were extracted by thermosonication, 20 mL
water was added, and the fish were processed by ultrasound at
60 °C for 3 h in an ultrasonic cleaner (E15H, 37 kHz, Germany).
Then acetic acid was added for acidification and decalcification,
and dialysed for 36 h. The extracted fish scale solution (FS) was
transferred to a 50 mL tube and freeze-dried for 72 h to obtain
the upper FG solution and the lower FS solution, respectively.

2.2.3 Synthesis of CuS. In simple terms, 350 mg fish gelatin
and 150 mg Cu(NOj3),-3H,0 were dissolved in 50 mL deionized
water and stirred at 1300 rpm for 20 min. 4 mL of 0.15 mol L ™!
CH;CSNH, solution was added, and the pH was adjusted to 3.5.
This solution was immersed in water at 74 °C for 1 h to obtain
CusS.

2.2.4 Preparation of FS-P nanofibers and FS-P hydrogels.
To prepare the fibers, firstly 2 g chitosan (CS) and 0.5 g sodium
alginate (SA) were dissolved in 11 g acetic acid, denoted as
solution 1, and the FS solution was stirred using a magnetic
mixer for 5 h, denoted as solution 2. Then the FS-P fiber
membrane was prepared with electrostatic spinning equip-
ment. The voltage was 15 kV and the flow rate of the solution
was 1.5 mL h™'. The distance between the needle and the
receiver was about 14.2 cm. The whole spinning process was
carried out at 23 °C and 36% humidity. The FS-P fiber
membrane was first placed in 30 mL DMF, and 1 g DCC was
added; then it was cleaned with ethanol, and finally placed in
mixed fish gelatin-CuS for 12 h, dried at 70 °C in a vacuum oven,
and kept at 4 °C.

2.3 Porosity and swelling rate

We tested different types of hydrogels for porosity. Freeze-dried
hydrogels (W,) and vials filled with anhydrous ethanol were
weighed (W,). The freeze-dried hydrogel was placed in vials and
ultrasonically degassed to fill the hydrogel with ethanol. Then,
the vial was filled with ethanol and the weight recorded (W,).
Immediately after removing the hydrogel dressing from the vial,
the remaining ethanol and the vial was weighed (W3). The
formula® is porosity (%) = (W, — W5 — Wy)/(W1 — W3) X 100%.
We also tested different types of hydrogels for their swelling
property. The dried hydrogel was initially weighed (W,) and
immersed in deionized water at room temperature until equi-
librium was reached and water absorption was measured. After
removing surface moisture with filter paper, the weight of the
expanded sample was measured (W,). The formula is swelling
rate (%) = [(W, — Wo)/W,] x 100%.

2.4 Photothermal performance

In order to better demonstrate the photothermal properties of
hydrogels, images of different hydrogels were recorded with
irradiation at different times in our simple thermal imaging
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system; the hydrogels were irradiated using a 980 nm laser (1 W
ecm™?) for 8 min. The temperature of the membrane was
recorded by infrared thermography every 30 s.

2.5 Antimicrobial activity test

The disk agar culture method was used for the antibacterial test.
First, in a sterile environment, about 1 x 108 cells of E. coli and
S. aureus suspensions were inoculated into a ready-to-use
nutritional agar medium (9 cm x 9 cm), and the experimental
materials were placed in the center of the agar medium coated
with bacteria, and cultured for 20 h at a constant temperature of
32 °C. The antimicrobial effect was measured from the diameter
of the inhibition of the bacteriostatic zone.

2.6 Biocompatibility of the FS-P hydrogels

In biomedical applications, the detection of biocompatibility is
very necessary. Therefore, fibroblasts were seeded onto the
hydrogels and their cellular responses were detected. First, the
cells were co-cultured with hydrogels prepared in 24 well plates
to determine whether the materials exhibited any cytotoxicity. A
24 hole plate cover was opened and placed in a glass drying
tank. It was used in the experiment after being disinfected with
alcohol and UV. All samples were washed with PBS and serum-
free cell culture medium. Human dermal fibroblasts were
inoculated into a 24 well plate with a density of 5000 cells per
well. After 3 days of culture, they were taken out and fixed in 4%
paraformaldehyde for 20 min. Then the cell membrane was
permeated with 0.1% Triton X-100 solution for 5 min, and then
washed with PBS three times. After 1% BSA solution was sealed
for 1 h, PBS was washed three times. Finally, the cells were
stained with 4,6-diamidino-2-phenylindole (DAPI) and fluores-
cein isothiocyanate phaloidin (Abcam, Shanghai, China).

2.7 Animal experiments

All experimental animal protocols were strictly carried out
following the guidelines of the Animal Laboratory Supervision
and Administration Committee of the Ministry of Health of the
Chinese Government and associated guidelines of the Labora-
tory Animals Welfare Ethics Committee, and approved by the
Qingdao University Laboratory Animal Welfare Ethics
Committee (No. 20220123SD6620220321058).

2.7.1 Establishment of the animal models. All SD male rats
were purchased from Beijing Sibefu Experimental Animal Co.,
Ltd, with a weight of about 0.21 kg. First, 1% pentobarbital
sodium solutions were prepared, then the rats were injected
intraperitoneally at a dose of 0.15 mL per 100 g. Next, hair
removal cream was used to remove hair on the back of the rats.
After washing, alcohol (75%) was used to disinfect the rats. After
the establishment of the model, yellow fluid appeared in the
rats' wound, which proved that the modeling was successful.
The wound recovery was recorded.

2.7.2 Body surface animal experiments. In order to test the
efficacy, 30 SD rats were randomly divided into 5 groups, with 6
rats in each group. Fiber scaffolds with appropriate shapes were
cut according to the shape of skin scald wounds. Wound
surfaces in each group were covered with gauze and fixed with
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a silk suture. The wound healing of burned rats was observed by
taking photos on day 0, 3, 7 and 12 after stent covering or
natural healing treatment.

2.7.3 Morphological analysis of the healing tissue. Histo-
logical staining is performed to analyze the tissue morphology
of wound regeneration at different stages.** Hematoxylin—-eosin
(HE) was used to observe inflammation; Masson's trichromatic
staining was used to study collagen in regenerated tissues. In
brief, regenerated wound tissue collected on days 1, 3, 7, and 14
was immobilized overnight with 4% paraformaldehyde, then
the tissue was embedded in paraffin and transected to a thick-
ness of 40 um. Hematoxylin—eosin staining and Masson's
tricolor staining kit were used for tissue sections, which were
analyzed, photographed and illuminated using a microscope
(IX53, Olympus, Japan).

2.8 Characterization

The synthesized CuS and the composition of FS were studied by
X-ray diffraction (XRD, Rigaku). Then, the synthesis of PS-P
hydrogel was verified by FTIR spectroscopy using a Bruker
second-generation D2 instrument with 30 mA and 30 keV
operating current and voltage, respectively, and an FT-IR
instrument (PerkinElmer, Spectrum 2000) with wavenumber
in the range of 4000-400 cm™ ' and operating frequency of 75.5
MHz. A scanning electron microscope (SEM, Micrion FEI PHI-
LIPS) was used to observe the morphology. The network
elements were analyzed by energy dispersive spectroscopy
(EDS). The rheological test was performed using an Anton Pa
MCR92 rheometer. The photothermal effect was studied using
a self-made thermal imaging system consisting of an infrared
thermal imager (Kalibrierschein 3825/2015, JENOPTIK) and an
optical digital camera.

3 Results and discussion
3.1 Synthesis of FS-P nanofiber hydrogels

The nanofiber hydrogels were obtained from a marine
ecosystem (Scheme 1). Fish scales come from sea bass which is
the main cultured marine fish species in China. Fish scales of
sea bass are generally regarded as inedible waste. Therefore, sea
bass scales were selected as representative scales for collagen
extraction. Fig. S1T shows the flow chart of extracting collagen
and CaCOj; solution from fish scales. They undergo a series of
treatments to get the upper and lower fluids, which are used to
make the raw material for the nanofibers. Fig. 1A shows the
preparation process of the fiber hydrogel. First, CuS nano-
particles (Fig. S2 and S3At) were prepared in one step in fish
glue, in which Cu(NO;),, CH;CSNH, and fish gelatin were
stored at 78 °C for 56 min. The prepared copper sulfide nano-
particles have a diameter of about 10 nm and have good dis-
persibility. Compared with copper sulfide in previous studies
requiring multi-step or high-pressure conditions, the proposed
one-step green method has more advantages, especially in
saving time and increasing yield. Fig. 1B shows the XRD curve of
FS, and it could be seen that the vibration was obvious at 10.32°,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Fish scale/sodium alginate/chitosan nanofiber hydrogels based on a marine ecosystem.

17.96° and 24.46°, which proved that the FS contains CaCO;
and other forms of Ca.

Secondly, FS-P nanofibers were prepared by electrostatic
spinning. The FTIR spectra obtained showed that the fibers
were composed of FS, sodium alginate and chitosan (Fig. 1C).
The vibration peak of COO from FS and sodium alginate could
be seen at 1400 cm ', and the vibration peak of NH; from
chitosan could be seen at 1590 ecm ™. Then the FS-P nanofibers
were immersed in the synthetic FG-CuS to prepare the FS-P
hydrogel. As shown in Fig. S3B,} CuS was used for FS-P nano-
fibers and produced cross-linking, where Ca** and sodium
alginate generated the cross-linking. As shown in the FS-P
hydrogel curve in the FTIR spectrum, the CONH bond was
generated at 1690 c¢m™ ', indicating further cross-linking
between SA, collagen and chitosan. Moreover, there was
a weak amide peak at 2980 cm ', indicating that there were
some proteins, which verified the successful extraction of
collagen above. Considering that these proteins were derived
from fish gelatin (FG) during the synthesis of CusS, this result
also proved the existence of CuS from another angle. More
notably, it could be seen from Fig. 1D that the fiber diameter
distribution was uniform with pore size distribution, while FS-P
hydrogel soaked in FG-CuS also had uniform pore size distri-
bution after freeze-drying, which endowed the fiber hydrogel
with water absorption and retention characteristics. However,
the FS-P prepared without spinning did not have such a struc-
ture (Fig. S47).

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.2 Morphology and properties of the hydrogels

The FS-P hydrogel was obtained by regulating the cross-linked
FS-P fiber through CusS, because we accidentally found that it
was not only related to the concentration of CuS, but also to the
diameter of the fiber. Three fibers of uniform diameter and
concentration were set up for the study. Fig. 1A shows the SEM
image and DES surface scan image of FS-P-2. It can be seen that
there are many pore sizes, and it is obvious that the O element
comes from macromolecules such as collagen, chitosan and
sodium alginate. Ca element is derived from CaCO; in fish
scales, while Cu and S elements are derived from FG-CuS. CuS
was successfully extracted and synthesized from fish scale
solution, and CusS was introduced into the hydrogel. As shown
in Fig. S5,7 the pore size distribution of fiber hydrogels obtained
for FS-P-1 and FS-P-3 fiber membranes was poor. In order to
study the causes, rheological shear tests were carried out
(Fig. 2B), and FS-P-2 hydrogels showed stable moduli compared
with FS-P-1 and FS-P-3 hydrogels, which may be one of the
reasons for the difference in SEM morphology. Porosity statis-
tics were conducted (Fig. 2C) and it was found that the porosity
of FS-P-2 hydrogel was greater than that of FS-P-1 and FS-P-3
hydrogels, which resulted in the difference in swelling
capacity. Fig. 2D shows the swelling rate statistics over time, FS-
P-2 hydrogel has the highest swelling rate. However, consid-
ering that medical excipients should have good compressive
and cutting resistance, compression cutting and adhesion tests
were carried out. Fig. S6T shows that it can remain intact after
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heavy compression and knife cutting. Medical excipients must
have a certain adhesion to satisfy the filling of geometric tissue.
Natural macromolecule CS and collagen have good adhesion to
the FS-P fiber hydrogel due to their active groups such as amino,
carboxyl and hydroxyl groups (Fig. S71), especially to the skin of
animal tissues. Fig. S8 shows the shear stretch curve of
hydrogel adhesion to pig skin. It can be seen that hydrogels can
withstand stresses of 0.23 MPa. Finally, FS-P-1, FS-P-2 and FS-P-
3 hydrogels all degraded about 40% within 14 days. In conclu-
sion, marine waste-based FS-P-2 nanofiber hydrogels have great
advantages as tissue repair materials for medical purposes.

3.3 Photothermal test and in vitro antibacterial activity test

CuS has good photothermal conversion performance, so the
antibacterial properties of CS, and CaCO; of FS-P are combined
with the photothermal antibacterial properties of CuS. So we
first verified the photothermal effect. Fig. 3A shows the infrared
thermal imaging image of FS-P hydrogel irradiated at 980 nm. It
can be seen that the temperature of FS-P hydrogel gradually

164 | Nanoscale Adv., 2023, 5, 160-170

(A) Synthesis schematic diagram of FS-P hydrogel. (B) X-ray diffraction (XRD) pattern. (C) FT-IR spectra. (D) SEM images of FS-P nanofibers

rises with time. However, with the increase of time, the heating
rate gradually slows down and does not continue to rise after
a certain temperature is reached, while about 55 °C is enough to
kill bacteria and other pathogens without harming its own
tissues and cells (Fig. 3B). The bactericidal effect of the fiber
hydrogel on Gram-negative bacteria and Gram-positive bacteria
was tested before the tissue repair effect was verified. In the
following experiment, under irradiation, in vitro antibacterial
experiments were carried out. Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) were selected and evaluated in
vitro by the disk agar culture method. Firstly, there was no
obvious antibacterial ring in the CS group, but when the
membrane was uncovered, there was no Staphylococcus aureus
under the membrane (Fig. S9f). The most probable reason is
that CS itself has good antibacterial activity, and there is no
antibacterial ring because the CS can't spread out. The FS-P
group had no obvious antibacterial effect, because the diffu-
sivity of fibers led to a poor diffusion effect and no large anti-
bacterial ring, which prevented good inhibition of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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colonization and growth of surrounding bacteria. However, the
FS-P hydrogel group soaked in FG-CuS produced larger bacte-
riostatic zones for S. aureus and E. coli compared with the FS-P
group, because the FS-P hydrogels released calcium ions which
could make it spread around to kill bacterial pathogens
(Fig. 3C). Statistical analysis (Fig. 3D) showed that the antibac-
terial effect of the FS-P hydrogel group against S. aureus and E.
coli could reach 51.32% and 49.96%. Further SEM images of E.
coli and S. aureus (Fig. 3E and F) confirm that the initial E. coli
show a rod-like structure, smooth surface and complete
morphology without cell breakage. After treatment with FS-P
hydrogel, the bacterial cell membrane was wrinkled and con-
stricted on the surface of the cell membrane without fullness
(Fig. 3E). S. aureus presented similar results to E. coli (Fig. 4F).
All these results can confirm that the photothermal antibacte-
rial properties of CuS and the interaction between chitosan and

© 2023 The Author(s). Published by the Royal Society of Chemistry

calcium carbonate in fish scales and microbial cell membranes
lead to the leakage of bacterial proteins and other cellular
components, resulting in antimicrobial effects. That is suffi-
cient to play an antibacterial role in the early stage of tissue
repair and provide the first layer of guarantee for tissue repair.

3.4 Biocompatibility

For in vivo application, nanofilm hydrogels were not required to
be cytotoxic, so human fibroblasts were transplanted onto the
FS-P nanofiber membrane and FS-P hydrogels to evaluate their
cellular responses. As a positive control, polystyrene tissue
culture plates (TCP) were used to culture fibroblasts on the
same day as controls. The adhesion and morphology of human
fibroblasts were detected by an actin cytoskeleton and nuclear
double-labeled fluorescence staining. Fig. 4A shows that the
three fiber membranes and the cells on TCP have similar

Nanoscale Adv., 2023, 5, 160-170 | 165
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fusiform morphology. It can be seen that the cell morphologies
of the FS-P nanofiber membrane and the FS-P hydrogel group
and the control group are basically the same. Quantitative
statistics of CCK-8 (Fig. 4B) showed that there was no significant
difference between the fiber membrane and TCP, and the cells
could still survive, and the OD value of the FS-P hydrogel group

A

Control

FS-P

FS-P
Hydrogel

Fig. 4

was significantly higher than that of the control group, with
a significant difference (**P < 0.01). All in all, this indicates that
the FS-P nanofiber membrane and FS-P hydrogel have almost
no cytotoxic effect, and FS-P hydrogel can also promote cell
proliferation, which may be because the microscopic microen-
vironment of the hydrogel (Fig. 1E) provides a better migration
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direct contact between different materials and cells (n = 6, ***p < 0.001, **p < 0.01, *p < 0.05).
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and proliferation effect, and has a certain promoting effect on
cell growth. The applicability of FS-P hydrogel as a waste
material to explore its biomedical applications was emphasized.

3.5 Animal experiment

In the traditional electrostatic spinning method to prepare the
fiber membrane, the nanofibers produced are basically
secondary bonding in the wound; the adhesion between the
fiber membrane and the wound is relatively poor, and cannot
match the geometry of the wound structure. Fig. S101 shows
that the traditional fiber membrane and nanofiber hydrogels
covered the skin. Adhesion between the fiber membrane and
the skin was weak; however, FS-P nanofiber hydrogels had
a good adhesion effect, and better adhesion may have an impact
on repair. Therefore, based on FS-P nanofibers and FS-P nano-
fiber hydrogels, the effects of spinning methods and different
adhesion of fiber hydrogels on tissue repair were further
compared.

Over the next few days, we evaluated wound recovery in 30
male rats. Each group ate and drank normally during the
experiment, and were normally and actively responsive to sound
stimuli. No symptoms of diarrhea, allergy or abnormal body
temperature were observed (Fig. S111). An infected wound was

© 2023 The Author(s). Published by the Royal Society of Chemistry

established on the back as shown in Fig. 4A. With the aim of
better fixing the FS-P fiber hydrogel on the wound, a rubber pad
was sewn on the infected site of rats. The wound surface was
photographed on the 1st, 3rd, 7th, and 12th days and then the
effects of different subsequent treatment methods on the
recovery were respectively observed and recorded on the 1st,
3rd, 7th, and 12th days. As shown in Fig. 5B, the wound recovery
rate of the control group and the gauze group was slower,
wound suppuration occurred on the 3rd day, and the wound did
not heal after 12 days, with a large scab. The FS group and the
FS-P group had significantly less pus on the 3rd day, because of
the weak antibacterial effect (Fig. 5C). On the 12th day, the scab
of the FS group and FS-P group was smaller than that of the first
two groups, because FS and FS-P groups had good biocompat-
ibility, and could also protect the wound, isolate contamination
and avoid wound infection. On the 12th day, the skin structure
of the SD rats in the FS-P hydrogel group was clear and the
epidermis was completely covered, which was due to the ability
of FS-P hydrogel to promote cell growth and effectively accel-
erate wound healing. Fig. 5C shows the area simulation of the
infection window in rats. It can be seen that the area of the FS-P
hydrogel group changed fastest, which vividly demonstrates the
repair ability of the hydrogel. It can even be seen from Fig. 5D
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Fig. 6 HE (A) and Masson (B) staining images of wound treated in different ways; the bar represents 200 um.

that the FS-P hydrogel group had the highest repair rate,
reaching 99.36%. This may be due not only to the antibacterial
ability of CuS with CS and CaCO; but also to the growth-
promoting ability of FS-P hydrogel. While repairing wound
tissue, it can effectively reduce bacterial infection and accelerate
wound healing. The advantages of FS-P nanofiber hydrogel
extracted from marine waste as scaffold materials for biomed-
ical applications were verified.

3.6 Histological analysis

There are complex processes in tissue repair. To further study
the relation between infection and recovery in tissue repair,
histopathological examinations were performed on the 1st, 3rd,
7th, and 12th days for tissues treated in different ways. It can be
seen from Fig. 6A that there were more lymphocytes in the
control and gauze groups on the 3rd day of infection, while in
the FS group they were relatively less, indicating that the FS
group could protect the wound from bacterial infection due to
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the coverage of the fiber membrane. On the 7th day, there were
fewer lymphocytes in the FS-P group than in the first three
groups, due to the antibacterial effects of CS and FS themselves,
which can dissolve bacteria and thus reduce bacteria at the
wound site. On the 12th day, the blood vessels in the FS-P
hydrogel group were significantly more than those in the FS-P
group, because the photothermal effect of CuS not only
enhanced the antibacterial effect (Fig. S127), but also promoted
the growth of FS-P hydrogel, which was conducive to cell
attachment. This proves that the use of fiber hydrogel can
further improve the effectiveness of antibacterial activity and
repair.

Masson staining was used to observe collagen deposition in
wound tissue (Fig. 6B). It can be seen that on the 3rd day, in the
control group, a few collagen fibers appeared; the same was true
for the gauze group and FS group. On the 7th day, collagen
fibers and blood vessels in the FS-P group and the FS-P hydrogel
group began to increase compared with the first three groups
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(Fig. S13At). On the 14th day, the gauze group and FS group
blue collagen fiber and granulation tissue number was lower,
the FS-P hydrogel group collagen fibers were more dense, first
forming a complete layer of epithelial tissue, indicating that
tissue repair was completed (Fig. S13Bt). These experimental
results indicated that antibacterial therapy alone in the early
stage was not sufficient for wound repair. But also in reduced
inflammation, at the same time promoted wound healing. The
results confirmed the significance of FS-P hydrogel in wound
repair.

4 Conclusion

In this study, collagen and other molecular substances were
extracted from fish. CuS nanoparticles prepared by a one-step
green method were combined with FS-P nanofibers. Under
mild conditions, the FS-P nanofiber hydrogels were obtained by
in situ cross-linking of nanofibers without catalyst and addi-
tional steps. This fiber hydrogel not only has good tissue
adhesion and tensile properties, but also has the effect of
natural antibacterial and CuS photothermal synergism, the
antibacterial effect of the FS-P hydrogel group against S. aureus
and E. coli could reach 51.32% and 49.96%, respectively. The FS-
P nanofiber hydrogel has 87.56% voidage and 52.68% degrad-
ability after 14 days. It also has multiple functions of promoting
cell proliferation, angiogenesis and tissue repair. The compre-
hensive strategy of using this marine bio-based raw material
and using fibers as a precursor to prepare a gel provides new
insights into the FS-P scaffold for wound dressing.
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