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Hydrogels are emerging as the most promising dressings due to their excellent biocompatibility, extracellular
matrix mimicking structure, and drug loading ability. However, existing hydrogel dressings exhibit limited
breathability, poor environmental adaptability, potential drug resistance, and limited drug options, which
extremely restrict their therapeutic effect and working scenarios. Here, the current research introduces the first
paradigm of hydrogel textile dressings based on novel gelatin glycerin hydrogel (glyhydrogel) fibers fabricated
by the Hofmeister effect based wet spinning. Benefiting from the unique knitted structure, the textile dressing
features excellent breathability (1800 times that of the commercially available 3 M dressing) and stretchability
(535.51 + 38.66%). Furthermore, the glyhydrogel textile dressing can also withstand the extreme temperature of
—80 °C, showing the potential for application in subzero environments. Moreover, the introduction of glycerin
endows the textile dressing with remarkable antibacterial property and expands the selection of loaded drugs (e.
g., clindamycin). The prepared glyhydrogel textile dressing shows an excellent infected wound healing effect
with a complete rat skin closure within 14 days. All these functions have not been achievable by traditional
hydrogel dressings and provide a new approach for the development of hydrogel dressings.

1. Introduction

Skin is considered as the largest organ and the main external defense
system of the human body, which protects the human body from mi-
crobial infection and external environmental damage, and also plays an
important role in regulating body temperature and sensing external

inflammation and infections, etc., the healing process of injured skin
does not proceed in an orderly manner, which results in a long healing
time [6]. Wound dressings provide a physical barrier between the
wound and the external environment to prevent further injury and
infection, while also directing the reorganization of skin cells and sub-
sequent infiltration and integration of host tissues, which is an effective

stimuli [1-5]. However, owing to various factors including means to promote skin tissue repair [7]. An ideal wound dressing should
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meet the following requirements, including antibacterial, biocompati-
bility, favorable breathability, suitable mechanical properties, and
providing appropriate physiological conditions to promote cell growth
[8]. Varieties of dressings have been developed to promote wound
repair, including traditional gauze, bandages, as well as newly devel-
oped rubbers, films, nanofibers, foams, and hydrogels [9,10]. Among
these wound dressings, hydrogels have become the most competitive
candidate due to drug delivering capabilities, high porosity, and extra-
cellular matrix mimicking properties [11-14]. However, hydrogels are
sensitive to the external environment and susceptible to changing the
material properties due to the evaporation and freezing of water in dry
and subzero environments, losing their functionalities which limits their
application [15-17]. Moreover, most of the currently developed
hydrogel dressings are used in the form of films with poor breathability,
which restrict the penetration of oxygen toward the wound and even
lead to inflammation after wearing for a long time [18,19]. High
porosity and breathability are the advantages of textile dressings, which
provide a suitable environment for wound healing [20-23]. Compared
with other forms of dressings, textiles possess excellent stretchability
and cushioning against pressure, which can better withstand the
deformation and high tension of the skin [24]. Consequently, the com-
bination of hydrogel and textile dressing can pave the path to overcome
the previous shortcomings.

At present, Staphylococcus aureus (S. aureus) usually colonizes the
skin surface and upper respiratory mucosa, causing a large proportion of
skin wound infection [25], and the conventional treatment strategy is
based on the usage of broad-spectrum antibiotics. Clinically, owing to
the widespread use of broad-spectrum antibiotics, a large number of
drug-resistant strains and mutant strains have emerged [26,27]. In
addition, most of the loaded drugs in hydrogel dressing are
water-soluble antibiotics. However, a single type of drug use can further
exacerbate antibiotics side effects.

In this article, we developed a new type of wound dressing, glycerin
hydrogel (glyhydrogel) textile, to address all the aforementioned chal-
lenges. This hydrogel textile combined the advantages of emerging
hydrogel dressings and traditional gauze textile dressings. The unique
knitted structures endowed the hydrogel textile dressing with remark-
able breathability and stretchability [28]. Furthermore, glycerin, a
widely used biocompatible icing inhibitor, was introduced into hydrogel
textile dressings to inhibit the formation of ice crystals and resist the
subzero temperature via forming strong hydrogen bonds with water
molecules [29]. Furthermore, glycerin also endowed the hydrogel
textile dressing with intrinsically bacteriostatic capacity and expanded
the range of loaded antibiotics, especially lipid-soluble components.
These features significantly enriched the medication strategy and
improved the antibacterial property of the developed dressings with a
great potential to alleviate serious drug resistance. Here, we set up an
efficient way to fabricate the novel glyhydrogel textile dressings based
on gelatin and demonstrated their excellent breathability, antifreezing
property, favorable biological functions, and strong wound healing
capability in an infected model.

2. Materials and method
2.1. Materials

Gelatin (type A, from porcine skin, 300 Bloom) and glycerin
(>99.0%) were purchased from Sigma-Aldrich. (NH4)2SO4 (>99.5%)
was purchased from Titan (Shanghai), Inc. Glutaraldehyde (50% in
H,0) was supplied by Macklin. Ca(NO3)2-4H50 (>99.0%) was provided
by Sinopharm Chemical Co. Ltd. Deionized water was used in the ex-
periments. 3 M Tegaderm™ Hydrocolloid Thin Dressing (90022 T) was
purchased from Minnesota Mining and Manufacturing Co. (Taiwan).
Staphylococcus aureus was donated by the School of Pharmacy of Fudan
University. Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine
plasma (FBS), phosphate buffered saline (PBS), and penicillin-
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streptomycin were all purchased from Gibco (Thermo Fisher Scienti-
fic, Inc.). The CCK-8 reagent was supplied by Beyotime (Shanghai,
China). A Live/dead staining kit was obtained from Invitrogen Corpo-
ration (CA, USA). The L929 fibroblast cells were purchased from the
National Collection of Authenticated Cell Cultures (Shanghai, China).
All the reagents were used as received.

2.2. Fabrication of gelatin hydrogel fibers

A certain amount of gelatin powder (30 g) and Ca(NOs3)2-4H20 (5 g)
were dissolved in deionized water (100 g) and stirred at 50 °C until the
mixture became a homogeneous solution. The obtained gelatin solution
were filled in a 20 mL syringe and extruded through a steel needle (18G)
into a coagulating bath (ammonium sulfate aqueous solutions) at room
temperature (25 °C), wherein the mass ratio between ammonium sulfate
and water was 1:5. The flow rate of the solution was set at 80 mL/h
utilizing a syringe pump (MP-2003, Leien Medical Equipment Co., Ltd,
China) and the obtained fibers were continuously collected on a cylin-
drical winding bobbin at a line speed of 38 cm/min. After spinning, the
collected fibers were subsequently immersed in the same concentration
of ammonium sulfate aqueous solutions for 12 h to displace the solvent.

For gelatin hydrogel fibers not treated with ammonium sulfate and
glutaraldehyde, they were fabricated by squeezing a certain amount of
gelatin solution through a steel needle (18G) into a watch glass and
placed in the refrigerator for 30 min for gelation.

2.3. Fabrication of crosslinked gelatin hydrogel and glyhydrogel fibers

The prepared gelatin hydrogel fibers were put into a glutaraldehyde-
containing ammonium sulfate aqueous solution at room temperature for
12 h to synthesize the crosslinked gelatin hydrogel fibers. After rinsing
with deionized water 3 times, the crosslinked gelatin hydrogels were
then soaked in a mixed solution made of glycerin and ammonium sulfate
aqueous solution to prepare crosslinked gelatin glyhydrogel fibers,
wherein the mass ratio among glycerin, ammonium sulfate, and water
was set at 11:1:10. For comparison, the crosslinked gelatin hydrogel
fibers were also prepared in the same process using solely ammonium
sulfate aqueous solution without glycerin.

To facilitate further discussion, the gelatin hydrogel fibers and gly-
hydrogel fibers were defined as F-NyWyG and F-N;Wy, respectively,
where F-NoW represented gelatin hydrogel fibers neither treated with
ammonium sulfate nor crosslinked with glutaraldehyde. “F”, “N”, “W”
and “G” represented fiber, ammonium sulfate, glutaraldehyde, and
glycerin respectively, “x” corresponded to the concentration of
(NH4)2S04 solution used in crosslinking reaction and solvent displace-
ment, while “y” represented the concentration of glutaraldehyde used in
crosslinking reaction. The mass fraction of glycerin in the mixed soaking
solution was 50%. The various formula of reaction solutions for pre-
paring crosslinked gelatin hydrogel fibers were summarized in Table 1.

2.4. Fabrication of gelatin glyhydrogel film dressing

A certain amount of gelatin powder (30 g) and Ca(NO3),-4H50 (5 g)
were dissolved in deionized water (100 g) and stirred at 50 °C until the
mixture became a homogeneous solution. The obtained gelatin solution
(5 mL) was squeezed into a watch glass and placed in the refrigerator for
30 min for gelation, and then the gelled gelatin hydrogel film was put
into a glutaraldehyde-containing ammonium sulfate aqueous solution at

Table 1

Formulas of reaction solution for preparing crosslinked hydrogel fibers.
Sample code Fiber (NHy4)»S04 Glutaraldehyde H,0
F-N1oWo.2 1.00 g 6.67 g 0.13g 66.67 g
F-N1oWos6 1.00 g 6.67 g 0.40 g 66.67 g
F-NjoW; 1.00 g 6.67 g 0.67 g 66.67 g
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room temperature for 12 h to synthesize the crosslinked gelatin hydro-
gel. After 3 times rinsing with deionized water, the crosslinked gelatin
hydrogel films were then soaked in a mixed solution made of glycerin
and ammonium sulfate aqueous solution to prepare crosslinked gelatin
glyhydrogel film, wherein the mass ratio among glycerin, ammonium
sulfate, and water was set at 11:1:10.

2.5. Fabrication of glyhydrogel textile dressing

The prepared hydrogel fibers were knitted into a wound dressing
using knitting needles (diameter 2.5 mm), followed by the crosslinking
process with the same procedure as that of preparing crosslinked gelatin
glyhydrogel fibers.

To facilitate further discussion, the gelatin glyhydrogel films dress-
ings and glyhydrogel textile dressings were defined as D-GF and D-GT
respectively, where “D”, “G”, “F” and “T” represented dressings, gly-
hydrogels, films, and textiles respectively. The various formula of re-
action solutions for preparing D-GF and D-GT were summarized in
Table 2.

2.6. Characterizations

The chemical structures were evaluated by using attenuated total
reflection Fourier transform infrared (ATR-FTIR). The tensile tests and
cyclic tensile tests were performed on the MTS E42 machine. The air
permeability of the prepared dressings was assessed according to GB/
T5453:1997 by an air permeability tester under different pressures. A
differential scanning calorimeter (DSC) was employed for the DSC tests.
The stability of hydrogel fibers with different crosslinking densities were
evaluated in a 37 °C water bath. The experimental details are available
in Supporting Information.

2.7. Cytocompatibility of the hydrogel and glyhydrogel fibers

The cytotoxicity of two kinds of gel fibers was evaluated by direct
contact between 1929 cells and gels, and cell proliferation in gel sus-
pension was accessed by the CCK-8 method. The experimental details
are available in Supporting Information.

For the cell proliferation tests, hydrogel and glyhydrogel fibers were
soaked in a complete medium (0.1 g/mL) to prepare the suspension. The
3 x 10%/mL cell suspensions were prepared in advance. The experi-
mental details are available in Supporting Information.

2.8. Drug loading and release experiments

The loading and release profile of clindamycin from glyhydrogel fi-
bers were studied in vitro. The experimental details are available in
Supporting Information.

2.9. Invitro antibacterial studies on hydrogel and glyhydrogel fibers

Staphylococcus aureus (S. aureus. ATCC 29213) was selected to
assess the antibacterial ability of hydrogel fibers, glyhydrogel fibers, and
clindamycin-loaded glyhydrogel fibers. The experimental details are
available in Supporting Information.

Table 2
Formulas of the reaction solution used for preparing crosslinked gelatin glyhy-
drogel film and glyhydrogel textile dressings.

Samples Hydrogel (NH4)2S04 Glutaraldehyde H>0
D-GF 580¢g 20.00 g 1.20¢g 200.00 g
D-GT 1.00 g 6.67 g 0.40 g 66.67 g
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2.10. In vivo biocompatibility evaluation

All animals involved in this study were housed in an SPF room and
were adapted to the new environment for one week before the experi-
ment. During the studies, the temperature of the animal room was
controlled at 24 °C, 12 h light, and dark daily cycle, and all animals ate
freely. All procedures were performed following the guidelines issued by
the Animal Care and Use Committee of Shanghai Shengchang Biotech-
nology Co., Ltd (ethical code:2021-09-KQ-PJ-008).

2.11. In vivo toxicity test

6-week-old SD rats were implanted subcutaneously with various
dressings to observe inflammatory cells. The experimental details are
available in Supporting Information.

2.12. Infected full-thickness skin wound healing assessment

Infectious full-thickness wounds were used for the evaluation of the
performance of hydrogels in wound healing. The experimental details
are available in Supporting Information.

2.13. Histological analysis

On days 3, 7, and 14, the regenerated skin tissues were harvested at
different times. All samples were immersed in 4% PFA and fixed over-
night, dehydrated in gradient alcohol, embedded in paraffin, and
sectioned (6 pm in thickness). Some sections were stained with H&E,
Masson trichrome to observe collagen fiber, and immunofluorescence
staining to evaluate blood vessel regeneration. The harvested sections
were incubated with CD31 and a-SMA primary antibodies overnight.
The nuclei were stained with DAPI, and the samples were observed
under a fluorescence microscope (Leica, Germany).

3. Results and discussion
3.1. Preparation and characterization of hydrogel and glyhydrogel fibers

Gelatin is a natural polymer with excellent biocompatibility, which
has been widely used as the raw material for hydrogels [30-32]. How-
ever, the natural gelation of gelatin aqueous solutions is a time- and
temperature-dependent process that lacks controllability and is difficult
to match with the fast-spinning processes. Although the addition of
photo-crosslinking components can partially address the problem, it
mostly compromises the biocompatibility of the gel. Consequently, up to
now, no effective method has been reported in the continuous prepa-
ration of pure gelatin-based hydrogel fibers. By exploiting the Hof-
meister effect, the effect of inorganic salts on the solubility of proteins in
water, we achieved the continuous spinning of pure gelatin-based
hydrogel fibers by adding two inorganic salts (Ca(NOs3), and
(NH4)2S04) to tailor the interaction between gelatin and water mole-
cules (Fig. 1a). The spinning solutions were prepared by dissolving a
certain amount of gelatin and Ca(NOgs), powders in water. The incor-
poration of Ca(NOs), (chaotropes) increased the hydrated water content
of gelatin molecules and inhibited the formation of hydrogen bonds
between gelatin chains, thus delaying the gelation of gelatin aqueous
solution at room temperature and resulting in smooth extrusion of the
gelatin aqueous solution [33]. Subsequently, the spinning solutions
were squeezed into the (NH4)2SO4 (kosmotropes) aqueous solution
through a syringe pump. The strong interaction between (NH4)2SO4 and
water reduced the hydration water content of the gelatin molecules,
contributing to the hydrophobic folding of the gelatin molecular chain
and accelerating the formation of hydrogen bond between carbonyl and
amine groups. This procedure resulted in rapid gelation of the gelatin
aqueous solution and continuous spinning of gelatin hydrogel fibers.
Compared with gelatin hydrogel fibers without incorporating
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Fig. 1. Fabrication and characterization of crosslinked glyhydrogel fibers. (a) Schematic of the wet spinning process and molecular evolution of glyhydrogel fibers.
Figure I-IV showed the structural evolution during the fabrication stages including (I) spinning solution, (II) hydrogel fiber, (III) crosslinked hydrogel fiber and (IV)
crosslinked glyhydrogel fiber. Scale bar: 10 mm. (b) FTIR spectra of the prepared hydrogel and glyhydrogel fibers. (c) Typical tensile stress-strain curves of gly-
hydrogel fibers. (d) Cyclic tensile stress—strain curves of glyhydrogel fiber. (e-f) Photographs of (e) hydrogel and (f) glyhydrogel fibers stretched at 20 °C (I, II) and
—80 °C (111, IV), respectively. Hydrogel fiber was frozen and easily broken while glyhydrogel fiber maintained stretchability at —80 °C after 24 h. Scale bars: 10 mm.

(g) The DSC thermograms of the hydrogel and glyhydrogel fibers.

(NH4)2SO4 (named F-NoWj), the enhanced intensity of C-H bond
bending vibrations and CH3 symmetrical deformation vibrations at
1453 cm™! in Fourier transform infrared spectroscopy (FTIR) of
hydrogel fibers incorporating (NH4)2SO4 (named F-N;1oWy) indicated
the formation of strong hydrophobic interaction (Fig. 1b) [34,35].
However, the obtained hydrogel fibers are temperature-sensitive and
would rapidly re-transform from gel to solution above the gelation
temperature (30 °C) or in an aqueous environment [36]. Crosslinking is
an effective strategy to improve the stability of gelatin hydrogels.
Through the Schiff reaction between the glutaraldehyde and the amine
groups, covalent crosslinks containing imine bonds were introduced into
the polymer network (F-N;oWg g, Table 1). As can be discerned from
Fig. 1b, the crosslinking bonds increased the intensity of the amide I
band at 1630 cm’l, resulting from C=N stretching vibrations [37]. In
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order to optimize the crosslinking formula, hydrogel fibers with
different crosslink densities were immersed in the water bath (37 °C) to
assess their stability. The hydrogel fibers with medium (named
F-N10Woy.6) and high (named F-N;oW;) degree of crosslinking remained
stable after 7 days, whereas the lightly crosslinked glyhydrogel fibers
(named F-N3oWy.2) gradually dissolved after 12 h and completely dis-
appeared after 24 h (Fig. S1). Considering the potential toxicity of high
concentration of glutaraldehyde, F-N1oW ¢ were selected for further
studies. The subsequent solvent displacement converted the crosslinked
hydrogel fibers into crosslinked glyhydrogel fibers (named
F-N10Wy.6G). The mass fraction of glycerin in F-N;¢Wy ¢G reached more
than 41.0% + 1.5% and the strong hydrogen bond formed between
glycerin, water, and polymer network enhanced the intensity of the
hydroxyl group stretching vibrations at 3280 cm™! (Fig. 1b) [38]. The
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obtained fibers featured excellent mechanical properties, with tensile
strength, Young’s modulus, and maximum elongation of 2.17 + 0.22
MPa, 0.36 + 0.03 MPa, and 297.42 + 14.84%, respectively (Fig. 1c).
Moreover, the stress-strain curves of the cyclic tensile test of glyhydrogel
fibers showed negligible hysteresis (Fig. 1d), indicating the remarkable
elasticity of glyhydrogel fibers.

As mentioned above, hydrogel fibers, as a form of hydrogels, have
extremely stringent requirements on the working environment. At sub-
zero temperature, free water in hydrogel fibers freezes, resulting in the
reduction of transparency of the material and loss of elasticity. As shown
in Fig. le, after storing in —80 °C for 24 h, hydrogel fibers became
opaque and readily broke when being stretched while glyhydrogel fibers
maintained their stretchability (Fig. 1f), which can be assigned to the
formation of strong hydrogen bonds between glycerin and water,
reducing the interaction between water molecules [39,40]. In addition,
differential scanning calorimetry (DSC) was employed to evaluate the
antifreezing performance of hydrogel and glyhydrogel fibers (Fig. 1g).
The sharp peak approximately centered at —24 °C on the DSC curve of
hydrogel fiber corresponded to the freezing of water and the introduc-
tion of inorganic salts lowered the freezing point of the water [40].
However, there was no crystallization peak on the DSC thermogram of
glyhydrogel fibers from —100 °C to 20 °C, demonstrating the excellent
low-temperature resistance. These results showed the application po-
tential of the prepared glyhydrogel fibers in subzero environments, and
the dressings knitted by such fibers can adapt to extremely cold weather.

3.2. Biocompatibility and biodegradation of hydrogel and glyhydrogel
fibers

Biocompatibility is a critical requirement for the application of ma-
terials in the biomedical field. In this study, L929 fibroblasts were
inoculated on the surface of hydrogel and glyhydrogel fibers, and
cultured for 3 days for live and dead cell staining. As presented in
Fig. S2a, a large number of cells were attached to the surface of the
hydrogel and glyhydrogel fibers, indicating that fibroblasts grew well
after direct contact with both fibers without obvious cytotoxicity.

To further evaluate the cytocompatibility of glyhydrogel fibers,
1929 cells were co-cultured with gel extract, and a CCK-8 assay was
carried out on day 1, 3, 5, and 7. As shown in Fig. S2d, the number of
cells in hydrogel and glyhydrogel groups was significantly higher on day
3 than on day 1, and gradually increased with time. The CCK-8 results
showed that the cells grew well in the gel extract. In addition, after 3 and
7 days of cell culture, staining results of living and dead cells showed
that more than 95% cells expressed green fluorescence (Fig. S2b), and
the survival rate of cells in the glyhydrogel group was higher than that in
the hydrogel group (Fig. S2¢). The above experimental results indicated
that both gel fibers had excellent biocompatibility and wide application
prospect in wound dressing.

We further implanted glyhydrogel fibers subcutaneously in rats to
evaluate their biodegradation and biocompatibility. In vivo test was
divided into three parts, including skin local inflammatory cell detec-
tion, blood biochemical detection, and histological detection of different
organs, as presented in Fig. S3a. The sections showed that the glyhy-
drogel fibers were wrapped by fibrous tissue under the skin, and there
were no obvious abnormalities in the surrounding tissue structure and
no skin bleeding or ulceration (Fig. S3b). In all blood biochemical in-
dexes, such as blood urea nitrogen (BUN), alkaline phosphatase (ALP),
alanine transaminase (ALT), and uric acids (UA), the implanted glyhy-
drogel fibers showed no significant changes compared with the blank
control group, and all indexes were within the normal ranges (Fig. S3c).
Finally, no pathological changes were observed by comparing biopsies
of the heart, liver, spleen, lung, and kidney (Fig. S3d). The results
showed that the glyhydrogel fibers implanted subcutaneously had no
obvious toxic and side effects on the blood and organs of rats, confirming
their excellent biocompatibility.
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3.3. Drug release and antibacterial property of hydrogel and glyhydrogel
fibers

To mitigate the threat of antibiotic resistance to global health, sci-
entists are working to develop non-antibiotic antimicrobials, of which
glycerin has been reported to have antimicrobial effects in vitro [41]. As
another limitation, the previously reported hydrogel dressings are only
capable to dissolve water-soluble antibiotics.

Herein, we introduced glycerin to the dressing matrix not only
endow it with intrinsically antibacterial property, but also enable the
loading of lipid-soluble antibiotics. Regarding the antibacterial mecha-
nism of glycerin, we believe that the following factors are involved in
this process. Most organisms need to live in a water environment. The
introduction of glycerin reduces the water content available for the
bacterial cells. As a result, bacteria will dehydrate, dormant and die.
Moreover, the glycerin permeates cells while preventing water from
flowing out of the cells, which results in the increased osmotic pressure
and the weakened membrane and cellular lysis, thus exhibit a bacte-
riostatic effect [42]. The antibacterial effect of this glycerin and anti-
biotics is considered to be a dual antibacterial effect. In clinical
application, choosing appropriate methods according to different sce-
narios will help solve the problem of antibiotic abuse and drug resis-
tance. Lipid-soluble drugs can fuse with the phospholipid bilayer of cell
membranes, making them more readily absorbed and metabolized.
Clindamycin (DA) is a common lipid-soluble antibiotic that is effective
to treat infections caused by S. aureus. Damage repair requires long-term
action of drugs at the site of injury. By loading and sustained release of
clindamycin, glyhydrogel dressings would exhibit long-term anti--
infection effects and promote wound healing. The release profile of
clindamycin from the glyhydrogel fibers was evaluated in phosphate
buffered saline (PBS) at pH 7.4. The release behavior of clindamycin in
the first 8 h was almost linear (Fig. 2a, Table S1). Furthermore, the
glyhydrogel fiber (F-N19Wj ¢G) continuously released clindamycin for
more than 24 h, which was highly desirable for long-term bacterial in-
hibition effect during the healing process of skin wounds. At 1, 2, 4, 8
and 24 h, clindamycin was released 20.97 + 0.54%, 29.30 + 0.71%,
39.76 + 0.51%, 51.96 + 0.59% and 64.82 + 0.42%, respectively. In a
pH 7.4 solution, clindamycin was slowly released from the fibers and
dissolved in PBS. Therefore, in chronically infected wounds, dressing
came into contact with the tissue exudates and released the clindamycin
into the fluid to diffuse around the wound to provide sustained bacte-
riostatic action.

Skin is the most superficial tissue of the human body, thereby, it is
easy for S. aureus to colonize wounds [43]. Therefore, in this study, we
applied clindamycin to improve the antibacterial performance of wound
dressings. In this experiment, we firstly extracted the suspension
released by glyhydrogel fibers. Afterward, we used suspension to culture
bacteria for 24 h to observe whether there was colony formation. The
experiment was divided into the normal medium group, hydrogel fiber
group (F-N19Wpe), glyhydrogel fiber group (F-N19WoeG), and
DA-loaded glyhydrogel fiber group (F-N1oWgG-DA). As shown in
Fig. 2b, the bacteria treated with a normal medium grew well on the
agar plate with a round shape colony and a golden yellow color. In the
F-N19Woe group, a small amount of S. aureus colonies could be
observed. However, no colony was formed on the agar plate in the
F-N19Wo.6G and F-N1oWq ¢G-DA groups. The results of the bacterial
cloning experiment were consistent with the data of bacterial Live/dead
staining, and the bacterial survival rates were determined to be 99.51 +
0.23%, 29.26 + 5.41%, 1.22 + 0.26%, and 0.35 + 0.18%, respectively
(Fig. 2d and e). In another experiment, to quantitatively evaluate the
antibacterial range of fibers, the agar diffusion method was employed to
detect the antibacterial ring size. As shown in Fig. 2¢, antibacterial rings
appeared in both fibers, and the range of antibacterial rings in the
F-N19Wq.6G-DA (15.73 + 0.87 mm) was significantly larger than that in
the F-N1oWo.6G (8.3 + 0.43 mm) with a significant statistical difference
(P < 0.05). The above results confirmed that the glyhydrogel fibers were
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Fig. 2. Drug release and antibacterial study of the hydrogel and glyhydrogel fibers. (a) The Clindamycin release from glyhydrogel fiber was measured by collecting
the released buffer over a period of 1-24 h. (b) Representative photographs of S. aureus colony growth on the agar plates for 24 h. (c) Photographs of antibacterial
zones of S. aureus around glyhydrogel fibers and clindamycin loaded glyhydrogel fibers, statistical diagram of antibacterial area (n = 3). (d) The fluorescent mi-
croscopy images of the stained samples. S. aureus was incubated with different gel extracts for 48 h, and the bacteria were stained by Live/dead regent. Scale bars: 10

pm. e) The bacterial survival ratio of each groups. ***P < 0.001.

a promising candidate for preparing the dressings with intrinsically
antibacterial property, which can be applied to infected wounds by
themselves. The development of this non-antibiotic bacteriostatic ma-
terial will help solve the problems of antibiotic abuse and drug resis-
tance in clinical practice. And the loaded clindamycin significantly
enhanced the antibacterial property of glyhydrogel textile dressings,
which was expected to be applied to large-area infected and refractory
infected wounds. The powerful antibacterial effect can significantly
shorten the medication time, reduce the pain and economic burden of
patients, and can be extended to other fields to improve the therapeutic
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effect. Such as the preparation of oral ulcer patches and artificial flexible
skin.

3.4. Mechanical properties and air permeability of dressings

An ideal wound dressing must possess certain mechanical properties
to ensure it will not rupture when suffering from bump or tear [44].
Since the excellent mechanical properties of the prepared glyhydrogel
fibers, they can be readily knitted into textiles for use as dressings
(Fig. 3a), which were further demonstrated to withstand different
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deformations including stretching, bending, and twisting (Fig. 3b-d).
For the convenience of discussion, the glyhydrogel textile, glyhydrogel
film, and commercially available 3 M dressing were named as D-GT,
D-GF, and D-3M, respectively (Table 2). The cyclic tensile curve at 100%
strain of D-3M showed an obvious hysteresis loop (Fig. 3e), while D-GF
showed favorable elasticity in the cyclic tensile test (Fig. 3f), which
attributed to the 3D network with multiple non-covalent interactions
inside the glyhydrogel. The D-GT knitted by glyhydrogel fibers com-
bined the advantages of hydrogel and textiles, featuring negligible
hysteresis after 10 cycles according to the stress—strain curves (Fig. 3g),
indicating the best elasticity among three different kinds of dressings.
Moreover, benefiting from the dispersion of stress by the knitted struc-
ture [45], D-GT showed the ability to stretch surpass 5 times its original
length, which was 4 times higher than D-GF dressing while having a
similar tensile strength (Fig. 3h, Table S2). These mechanical properties
provided the withstanding deformation during practical applications. In
addition, the D-GT featured low Young’s modulus (0.03 + 0.01 MPa),
which was similar to soft tissues in the human body (0.001-0.1 MPa)
[46,47], resulting in a better adapt to the human skin [48].
Breathability, another crucial characteristic of wound dressing, was
measured according to GB/T5453:1997. As can be discerned from
Fig. 3i, the air permeability of D-3M (0.61 + 0.03 mm/s) was almost the
same as D-GF (0.60 + 0.07 mm/s) under the pressure of 100 Pa. How-
ever, under the same conditions, the air permeability of D-GT reached
up to 1107.78 + 12.30 mm/s, which was more than 1800 times that of
the other two dressings (Table S3). This excellent breathability was
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attributed to the highly porous knitted structures [49], which allowed
sufficient oxygen concentration in the wound, thereby hindering the
anaerobic bacteria growth and reproduction, keeping the wound dry,
and constructing a niche conducive to tissue regeneration. We also
measured the air permeability of the dressing under different pressures.
The results showed that the gas content transmitting through dressing
per unit time increased with the pressure, reaching up to 3605.22 +
8.26 mm/s under the pressure of 500 Pa (Table S3), which featured the
highest level of breathability among the reported hydrogel dressings and
even comparable to gauze (Fig. 3j) [50-55].

3.5. Wound healing effects of dressings in vivo

In the case of living in cold or plateau areas, repeated wound
infection often occurs due to the extreme environment and poor cold
resistance of conventional wound dressings. The design of sustainable
effective and biocompatible antifreezing wound dressings for refractory
wounds in patients in extreme regions remains a clinical challenge.
Wound healing is a complex physiological process, generally divided
into four stages, and each stage has a specific physiological process. It
includes hemostasis, inflammation limitation, cell proliferation, and
remodeling [56]. Certain environmental stimuli alter the normal wound
healing process, causing a delay in wound healing and resulting in
chronic wounds that do not heal for more than 6 weeks. The wound
dressing developed in this study not only had antibacterial ability, but
was also beneficial to promote wound healing. The addition of glycerin
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increased the frost resistance, making them suitable for application in
even cold areas.

To assess the therapeutic effect of D-GT in vivo, we established a full-
thickness skin wound model with S. aureus infection. The wound was
covered with a dressing after infection, and the healing process was
shown in Fig. 4a. The experiment was divided into five groups, including
the untreated control group, D-3M, D-GF, D-GT, and DA-loaded glyhy-
drogel textile dressings (D-GT-DA). For the control group, after 3 days of
infection, dark red inflammatory exudate and pseudo-membrane were
observed around the wound margin, and the wound did not shrink. After
covering dressing for 3 days, wound healing was significantly improved
in all dressing groups compared to the control group (Fig. 4b and ¢) and
there was no obvious inflammatory cells exudate around the wound.
From day 3 to day 7, the infected wound healing of the control group
was poor, while the wound healing rate of the D-GT-DA was over 70%,
which was remarkably higher in comparison to the other groups (Fig. 4d

a

Ak ;\_f\““'
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and e). By day 14, the D-GT-DA had almost completely healed (wound
closure was 98.85 + 0.49%), while the wound of D-3M, D-GF, and D-GT
did not heal completely. These experimental results proved that the
drug-loaded dressings had the strongest killing effect on bacteria in the
skin wound, while the dressing without drug loading also had the
function of promoting wound healing, which may benefit from the
strong moisturizing and physical protection of glycerin.

After skin samples were collected, H&E and Masson staining were
performed to assess skin tissue healing at different time points. Rat
normal skin consists of epidermis, dermis and subcutaneous tissue, and
includes hair follicles, sebaceous glands and sweat glands (Fig. S4). As
shown in Fig. S5a, there was infiltration of inflammatory cells on the
skin surface and a lack of epidermal layer in the control and the D-3M
group. However, there were no obvious inflammatory cells on the skin
surface of glyhydrogel dressing group, indicating that glyhydrogel itself
has certain bacteriostatic properties. Compared with normal skin
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structure, the wounds of all rats on day 3 lacked glandular and hair
follicle structures, and the new epidermal layer lacked papillae struc-
ture. On day 7 (Fig. S5b), new tissue was formed on the surface of the
wound covered with dressing in all four groups, and an epiderm-like
structure was formed in the D-GT-DA, while the control surface was
only covered by connective tissue. As shown in H&E staining, a few
gland-like structures were observed subcutaneously in the D-GT group.
However, only in the D-GT-DA group, a more mature sweat gland
structure had been formed, and the morphology was similar to the
normal skin structure. It showed that the wound healing rate of the D-GT
and D-GT-DA groups was significantly faster than the other three groups,

a Day 14 .
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and the D-GT-DA group had the best healing effect. These results indi-
cated that preventing infection early, dressing wounds timely and
blocking environmental stimulus factors were the keys to promote skin
healing.

Moreover, according to the healing results on day 14, no skin ap-
pendages and hair follicles were generated in the new tissue of the
control and D-3M groups. In the D-GF and D-GT groups, a small number
of immature gland-like structures formed in the wound area, indicating
incomplete wound healing. Compared with the normal skin structure of
rats, the newly formed wound area in the D-GT-DA group was basically
close to the normal skin structure, and had functions such as hair growth
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Fig. 5. Histological evaluation of skin wound healing process. (a) The H&E and Masson staining images of wounds in five groups on day 14 after dressing treatment.
The enlarged image showed new skin structures such as the epidermis and hair follicles. Scale bars: 700 pm (left column) and 100 pm (right column). (b) Immu-
nofluorescence staining of regenerated skin tissue labeled with CD31 and a-SMA. (c-d) Semi-quantitative analysis of CD31 and a-SMA proteins. Scale bars: 100 pm

(merge regions) and 50 pm (enlarged regions). *P < 0.05, **P < 0.01.
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and perspiration. As shown in Fig. 5a, a large number of blood vessels
and hair follicles were formed, and their number and maturity were
significantly better than those of the other four groups, indicating that
the D-GT-DA group dressing had the strongest healing effect. By
comparing D-GT and D-GF dressings, it can be concluded that the
breathability of dressings was a crucial factor affecting skin wound
healing. These results suggested that in addition to early inhibition of
bacterial reproduction, wound dressing, and hemostasis, skin moisturi-
zation, and ventilation are also critical during wound healing.

Subsequently, we further performed immunofluorescence staining
and semi-quantitative analysis of vascular-associated protein (CD31)
and a-smooth muscle actin (a-SMA) to assess the angiogenesis of wound
samples on day 14 (Fig. 5b—d). CD31, a transmembrane protein, plays an
important role in regulating angiogenesis. On day 14, we observed that
the expressions of CD31 in the four groups covered with dressings were
notably higher than that in the control group. In addition, the expres-
sions of CD31 in the D-GT-DA were the highest, indicating that glyhy-
drogel textile dressings with antibacterial, moisturizing, and ventilation
functions had the best capability to promote tissue regeneration, and
were the most suitable group for dressing infectious wounds. a-SMA is a
marker of smooth muscle cell differentiation and one of the main ele-
ments constituting the cytoskeleton. In Fig. 5b, the control group, D-3M
and D-GF groups showed a small amount of red positive areas. The red
positive staining in D-GT and D-GT-DA groups was significantly higher
than the other three groups. Among them, the red fluorescence intensity
of the D-GT-DA group was the highest, which indicated that the angio-
genic response of the D-GT-DA group was activated earlier in the wound
healing process. In this study, glycerin was introduced into the dressing
design to prepare a porous braided structure, which enabled the dressing
to have both continuous moisturizing and breathable effects, and does
not freeze in a cold environment. Therefore, it was expected to be pre-
pared as a medical dressing and applied to infectious wounds even in
cold regions.

4. Conclusion

In this work, we create a glyhydrogel textile as a new type of wound
dressing featuring excellent breathability, antibacterium, antifreezing,
and stretchability, which are hard to achieve in existing dressings.
Accordingly, the glyhydrogel textile exhibits outstanding performance
in treating infected wound and would be favorable for a wide range of
applications including tissue protection, regenerative medicine, and
wearable medical devices. The key element in this new dressing is
hydrogel fibers, whose fabrication method remains a challenge. Here,
we establish a mild while efficient wet spinning process based on the
salting-out effect to continuously produce pure gelatin fiber without
chemical modification at room temperature, which represents a new
green strategy to enable a series of advanced fabrication including
spinning, 3D printing, and microfluidic of biomacromolecule-based
materials. Furthermore, the strategy of imparting the intrinsically anti-
bacterial and the capacity of loading lipid-soluble components to ma-
terials by introducing glycerin is facile, efficient, universal, and can
inspire a series of novel biomedical materials and treatments.
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