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Purpose: Gastrostomy is the commonly used enteral feeding technology. The clinical risks caused by tube dislodgement and
peristomal site infection are the common complications before complete tract maturation after gastrostomy. However, there is currently
no relevant research to promote gastrostomy wound treatment and tract maturation.

Methods: Herein, a nanozyme loaded bioactive hydrogels (MO-HPA) was developed to accelerate tract maturation and inhibit
bacteria. Nano-manganese dioxide (n-MO) and polylysine modified hyaluronic acid (HP) were synthesized and characterized. In situ
hydrogels were prepared by mixing the HP/ alginate solution, and the n-MO solution containing Ca®". The structure, physicochemical
and mechanical properties of MO-HPA were evaluated. Furthermore, the antibacterial activity, and the In vitro and intracellular oxygen
production efficacy were determined. The cell migration, wound healing and tube tract maturation promotion effect were assessed in
cell experiments and in skin defect mouse model, as well as rabbit gastrostomy model.

Results: The n-MO has a uniform particle size with oxygen producing activities. The MO-HPA demonstrated a homogeneous and
porous microstructure. Additionally, the gelation time, swelling ratio, rheological behavior, and mechanical properties of hydrogels
could be tuned by adjusting the HP content. The antibacterial efficiency of the MO-HPA | y group on E. coli and S. aureus increased by
about 40.1% and 55.6% respectively, compared to the MO-HPA s group. Additionally, MO-HPA , hydrogel demonstrated effective
oxygen-producing and cell migration-promoting functions in both in vitro and cellular experiments. The MO-HPA , group signifi-
cantly accelerated wound healing in both of mouse skin defect model and rabbit gastrostomy model. The hydrogel group exhibited
a significant promotion in collagen content and reduction in HIF-1a, which effectively hastened tract maturation.

Conclusion: Therefore, our study provides new and critical insights into a strategy to design bioactive hydrogels with multiple
functions, which can open up a new avenue for accelerated wound healing after gastrostomy.

Keywords: gastrostomy, nano-manganese dioxide, multifunctional hydrogels, antibacterial, accelerated treatment

Introduction

Enteral feeding is the preferred method for the mid- to long-term enteral feeding of patients with a functional gastro-
intestinal system but difficulty swallowing. Enteral administration has the advantages of maintaining the intestinal
microbiota balance and reducing the risk of bacterial translocation and associated bacteremia.! Gastrostomy is the
most commonly used enteral feeding technology and has been used with neurological diseases, such as cerebrovascular
disease, retardation and dementia, and head and neck cancer.” International guidelines recommend gastrostomy for
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patients who require enteral access for more than 4 to 6 weeks, as gastrostomy is considered a safe technique.* However,
some complications, including bleeding, tube dislodgement, peristomal site infection, and peristomal leakage, have been
reported, which bring great pain and danger to the patient.

Among these complications, gastrostomy tube dislodgement and peristomal site infection deserve more attention.
Peristomal site infection is the most common complication following gastrostomy, with a rate of incidence ranging from
4% to 30%,” even reaching 65% as reported in some studies.® Nevertheless, deep tissue infections are difficult to detect
in the early stages. Currently, the main approach to treat peristomal site infection is to periodically administer antibiotics
to reduce the incidence of infection.” Inadvertent tube dislodgement is also a common complication, with an incidence
rate of approximately 4%-13%.% It is estimated that gastrostomy tract formation occurs within the first 2 weeks after
gastronomy, but complete tract maturation may be delayed for up to 1 month after the procedure.” If tube displacement
occurs in the immature tract, the stomach and anterior abdominal wall separate, resulting in clinical risks, such as free
perforation, misplacement of the reset blind tube into the peritoneal cavity and leakage into the peritoneal cavity.’
However, replacement of the tube can be performed blindly at the bedside after the tract is mature. Thus, accelerating
tract maturation is an effective way to reduce the clinical risks caused by tube displacement. Currently in clinical
practice, traditional dressings for post-gastrostomy wounds, such as split gauze, require daily replacement and are
ineffective in preventing infections, therefore, with postoperative wound infection rates reaching as high as
47.05%."""" Hydrogel dressings can increase wound moisture, but their mechanical properties and lack of antimicrobial
action are limiting factors. Incorporating antimicrobial drugs into wound dressings is a common method, but excessive

use of antibiotics can lead to antibiotic resistance, reducing their effectiveness in treating infections.'*'* Until now, there
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was little research on promoting tract maturation or preventing infection with nonantibiotic drugs after gastrostomy.
Thus, exploring the development of new dressing coatings on tubes that can prevent infection and accelerate tract
maturation is of great significance for reducing the complications of gastrostomy.

Oxygen is an important factor in wound treatment. During the healing process, processes such as collagen synthesis
and cell proliferation need sufficient oxygen to provide energy.'*'® It has been reported that collagen synthesis requires
an oxygen tension of approximately 30-40 mmHg, while cell proliferation can vary depending on the cell type but
generally requires similar levels.'® However, local wound hypoxia due to poor oxygen diffusion and permeation caused
by damaged blood vessels and tissue tightness is a major reason for poor wound healing.'”'® Additionally, bacterial
colonization is inevitable in chronic wounds, which attracts leukocytes, leading to elevated levels of pro-inflammatory
cytokines. Consequently, this directly triggers and sustains the inflammatory response, and therefore resulting in an
elevated level of reactive oxygen species (ROS), such as such as H,O, and superoxide (O%), which is detrimental to
wound healing.'*'? Excessive ROS can lead to the over-cross-linking of collagen, resulting in a stiff and non-functional
extracellular matrix. Moreover, the oxidative stress triggered by excessive ROS not only impedes cell migration but also
impair angiogenesis by damaging endothelial cells and disrupting the vascular network.>*' Some methods to topically
apply oxygen to tissue have been proposed, such as using hyperbaric dissolved oxygen or perfluorodecalin.’> However,
these techniques can only improve the oxygen level of the wound but cannot regulate the excessive level of ROS.
Nanozymes, such as iron oxide, manganese oxide, and cerium oxide, are a type of nanometal oxide that has received
widespread attention in recent years. Nanozymes can catalyze the reduction of H,O, to generate oxygen to scavenge
ROS and supply oxygen. Among them, nano-manganese dioxide (n-MO), which possesses good safety and a strong
catalytic ability in acidic environments, is suitable for application in gastric acid environments after gastrostomy.

Due to their excellent biocompatibility and flexibility, hydrogels are widely used in wound healing.?®> Hyaluronic acid
(HA), a disaccharide glycosaminoglycan composed of D-glucuronic acid and N-acetylglucosamine,** is a natural
component of the extracellular matrix (ECM), connective tissue, epithelial tissue, and nerve tissue.”> As an important
component of the ECM, HA is widely used in tissue engineering and wound treatment research and exhibits the potential
to promote cell migration.”*?” Polylysine (PLL) is a synthetic peptide produced by polymerizing lysine monomers that
has good safety and biocompatibility.”® PLL has good cell membrane affinity due to its positive charge and has thus been
used for improving cell adhesion in damaged blood vessels.”” Moreover, PLL possesses broad-spectrum antibacterial
activities against both gram-negative and gram-positive bacteria.’® Additionally, PLL has low drug resistance due to its
ability to interact with microbial membranes.>’ Sodium alginate has unique properties, such as being nontoxic,
biodegradable, biostable, and viscosifying, which have led to it being widely used as a wound dressing material.** In
the presence of cations such as Ca®", sodium alginate crosslinks to form a hydrogel with a three-dimensional network.
Alginate hydrogels (AL) can provide a moist microenvironment, absorb wound exudate, and promote cell proliferation,
which facilitate wound healing.>*** Considering that hydrogels prepared by monomers are limited by due to having few

3536 composite materials have been developed to fabricate multifunctional hydrogels.*” However, the problems

functions,
of insufficient mechanical strength and inconvenient use still exist in some composite hydrogels. In situ hydrogels, with
the advantages of being convenient and suitable for wounds of different sizes and shapes, have been widely studied for
use in wound dressings. Therefore, we designed a novel ternary in situ hydrogel composed of HA, PLL and alginate with
ideal mechanical properties, adhesion characteristics and antibacterial activity to promote tract maturation and prevent
infection after gastrostomy.

Considering the above, n-MO-doped multifunctional in situ hydrogels (MO-HPA hydrogels) were developed to have
antibacterial, ROS scavenging and hypoxia relief activities to promote tract maturation and reduce complications after
gastrostomy. To the best of our knowledge, this is the first time to use multifunctional hydrogels in preventing
gastrostomy infection and promoting tract maturation. Compared to existing wound dressing solutions, such as silver-
impregnated dressings, alginate dressings, and hydrocolloids, which often suffer from limitations such as insufficient
antibacterial efficacy, lack of oxygen-generating capacity, and suboptimal mechanical strength, our MO-HPA hydrogels
offer a significant advancement. PLL modified HA (HP), with cell migration and antibacterial properties was synthesized.
Then, n-MO-doped in situ ternary hydrogels crosslinked by HP and alginate with good mechanical properties and
adhesion properties were developed. The physical and chemical properties of the hydrogels, such as morphology,
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rheology, gel formation, and mechanical properties, were evaluated in vitro. The ROS scavenging and O, supplying
functions of the MO-HPA hydrogels were confirmed by in vitro and cell assays, and their abilities to resist bacteria and
promote cell migration were detected in vitro. Finally, the effects of the in situ hydrogel on healing acceleration and the
promotion of tract maturation were evaluated in a mouse wound model and rabbit gastrostomy model, respectively.

Materials and Methods

Materials

Hyaluronic acid (HA, Mw = 1200 kDa) was obtained from Shandong Haiyu Forida Co., Ltd. (Shandong, China). Sodium
alginate (SA, MW = 480 kDa, M/G = 1) was purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai,
China). Epsilon-polylysine (Mw = 4 kDa) was procured from Zhengzhou Qihuateng Co., Ltd. (Zhengzhou, China).
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydro (EDC), N-hydroxysuccinimide (NHS) and Bovine serum albu-
min (BSA) were obtained from Sigma-Aldrich (St. Louis, Missouri, USA). Potassium permanganate (KMnQO,) was
received from Sinopharm Co., Ltd. (Shanghai, China). Tris(4,7-biphenyl-1,10-0-phenanthroline) ruthenium dichloride
(RDPP) (98%) was procured from Leyuan Biological Co., Ltd. (Hangzhou, China).

Synthesis and Characterization of Nano-MnO,

Nano-MnO, (n-MO) was prepared by the redox method with some modifications (Wang, Song, Zhu, Zhang, and Liu,
2018). Briefly, KMnO, solution (7 mg/mL) was added dropwise to BSA solution (15 mg/mL) and stirred at room
temperature. Next, the mixed solution was dialyzed (MWCO 8-14 kDa) against deionized water (DI water). Finally, the
product (n-MO) was obtained by lyophilization and stored at 4 °C. The ultraviolet absorption spectra of KMnO,4, BSA
and n-MO were acquired with an ultraviolet spectrophotometer (UV-1800PC, MAPADA, Shanghai, China). The
morphology of n-MO was examined using transmission electron microscopy (TEM, JEOL 2100 PLUS, Tokyo, Japan).
The particle size and zeta potential were determined by dynamic light scattering (DLS, 90Plus PALS, Brookhaven,
New York, USA). The ability of n-MO to catalyze H,O, to produce oxygen was determined by Tris (4,7-biphenyl-1,10-
o-phenanthroline) ruthenium (II) dichloride (RDPP). Briefly, a certain amount of RDPP (3 mm) ethanol solution was
added to PBS (pH 4.0 or pH 7.4) without or with different concentrations of H,O,. After the addition of n-MO, the
fluorescence spectra of the samples were acquired by using a fluorescence spectrophotometer (F97XP, Lengguang
Technology, Shanghai, China) with an excitation wavelength of 455 nm and emission wavelength of 615 nm.

Synthesis and Characterization of PLL Modified HA

PLL modified HA (HP) was synthesized as described in a previous study with some modifications. In brief, 1.2 g of HA
was dissolved in 60 mL of PBS (pH 5.5) to obtain a HA solution. Then, 19.1 mg of EDC and 21.7 mg of NHS were
dissolved in DI water (40 mL) and added to the HA solution under stirring. The reaction continued for 1 h at 4 °C.
Afterward, different proportions of PLL (13.3 mg, 26.6 mg, or 66.7 mg) were added to the reaction solution. After
adjusting the pH to 7, the reaction proceeded for another 4 h under room temperature. Subsequently, the solution was
dialyzed against water for 48 h and then lyophilized to obtain HP with different ratios of the starting materials (referred to
as HP, HP»o and HPs5y).

The modified HP materials with different ratios of starting materials were qualitatively confirmed by attenuated total
reflection infrared spectroscopy (ATR, Thermo Scientific™ Nicolet™ iS50, Shanghai, China). The chemical composition
of the optimized HP was analyzed with a 1H nuclear magnetic resonance (1H NMR, AVANCE II 400 MHz, Switzerland)
spectrometer.

Preparation of the Multifunctional MO-HPA Hydrogels

n-MO-doped multicomponent in situ hydrogels (composed of HP and alginate, MO-HPA) were prepared using the
following procedures. Appropriate amounts of SA and HP were dissolved in water to obtain solution A. n-MO was
dispersed in CaCl, solution (1.5%) to obtain solution B. The in situ hydrogels were prepared by mixing solution A and
solution B at a ratio of 5:1. The hydrogels were named MO-HPA, 5, MO-HPA | o and MO-HPA, 5 according to the HP,,
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concentration in solution A (0.5%, 1.0% and 1.5%, respectively). HPA hydrogels without n-MO were prepared by the
same procedure, except that solution B contained only CaCl,.

Characterization of MO-HPA Hydrogels

The internal morphology of the MO-HPA hydrogels was observed by scanning electron microscopy (SEM, JSM 7001F,
Japan) after lyophilization. The gelation times of the hydrogels were measured by the vial tilting method. Briefly,
solutions A and B were injected into the vial simultaneously at room temperature, and the time at which the hydrogel
formed and stopped flowing was recorded.

The swelling behaviors of hydrogels were also evaluated.*® MO-HPA hydrogels (about 3 mg) was weighed (W)
before immersion in 10 mL of PBS (pH 7.4) at 37 °C. The hydrogels were removed from the PBS solution at specified
time intervals and weighed after removing the water on the surface of the hydrogels (W1). The swelling ratio was
calculated using the following formula (1).

(W1 — W)
0

swelling ratio = x 100% (1

Injectability and Self-Healing Properties

Solution A was stained with bromophenol blue and injected into solution B using a 23G needle to investigate the
injectability and formability. Smooth letters “DH” and “UJS” were written by injection, and the letter “J” was lifted to
evaluate the self-healing ability. Hydrogel blocks stained or not with bromophenol blue were cut into separated pieces.
Subsequently, the cut interfaces were joined without external intervention to heal, and the self-healing behaviors of the
hydrogels were observed with a digital camera and images were acquired at the predetermined time under. These studies
were conducted under room temperature.

Cytocompatibility, Cell Migration Capability

The cytocompatibility of the hydrogels was assessed by using the MTT method. 3T6-Swiss albino cells were purchased
from Procell Life Science & Technology Co., Ltd, Wuhan. Briefly, 3T6-Swiss albino fibroblasts cells (mouse fibroblasts)
were seeded in 96-well plates (1x10* cells/well) and cultured in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% bovine fetal serum for 24 h at 37 °C with 5% CO, and 95% relative humidity. Afterward, the
culture medium was replaced with DMEM containing a series of concentrations of sterilized n-MO, MO-HPA, 5, MO-
HPA, o or MO-HPA, 5. After culturing for 24, 48 or 72 h, the culture medium was discarded, and the cells were washed
with PBS. Cell activity was detected by using MTT solution, and the absorbance at 570 nm was recorded by a microplate
reader (BioTek 800 TS, Vermont, USA) to calculate cell viability.

To investigate the cell migration capability bestowed by treatment with the MO-HPA hydrogels, cell scratch tests
were performed. Specifically, 3T6 cells were inoculated in 6-well plates (1x10° cells/well) and cultured for
24 h. Afterward, the cell surface was scratched vertically with a 200 pL pipetting tip and washed with DMEM. Next,
the cells were treated with DMEM as control group, while experimental groups were treated with DMEM medium
containing different concentrations of hydrogels (MO-HPA, 5, MO-HPA, 3, or MO-HPA, 5) for 24 hours. Then, the
scratched area of the cells was photographed by using an inverted fluorescence microscope (Nikon TI-DH, Tokyo, Japan)
to evaluate wound healing efficacy.

In vitro and Intracellular Oxygen Production Efficacy of MO-HPA

The in vitro oxygen production efficacy of the hydrogels with or without n-MO (MO-HPA or HPA) under different pH
conditions was examined by using the fluorescent probe (RDPP). In brief, RDPP ethanol solution (3 mm) was diluted by
PBS (pH 7.4, 4.0 or 1.5) without or with H,O,. After the addition of MO-HPA, , or HPA, o hydrogels, the fluorescence
spectra of the samples were acquired by using a fluorescence spectrophotometer (F97XP, Lengguang Technology,
Shanghai, China) with an excitation wavelength of 455 nm and emission wavelength of 615 nm at set times.
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NIH-3T6 cells were inoculated in 6-well plates (1x10° cells/well) under hypoxic conditions for 24 h. Then, the cells
were treated with 5 uM RDPP (diluted in blank DMEM) for 4 h. After washing with PBS, the cells were incubated with
HPA, o or MO-HPA | for 24 h. Finally, the cells were observed by an inverted fluorescence microscope (ECLIPSE Ti,
Nikon, Tokyo, Japan).

Antibacterial Properties

The antibacterial properties of the MO-HPA hydrogels were evaluated by using Escherichia coli (E. coli, gram-negative
bacterium) and Staphylococcus aureus (S. aureus, gram-positive bacterium). The inhibition of E. coli by the hydrogels
was determined by the spread plate method. In brief, equal proportions of hydrogels with different concentrations were
added to activated E. coli solution. Subsequently, the E. coli was coated in the medium at a concentration of 10% CFU/
mL. After culturing in a constant temperature (37 °C) shaker for 24 h, the inhibition performance of the hydrogel was
determined by observing and counting the number of E. coli bacterial colonies. The antibacterial properties of MO-HPA
against S. aureus were detected following a similar method.

Rheology, Mechanical Properties, and Adhesion Ability

The rheological properties of the hydrogels (MO-HPA, 5, MO-HPA, o and MO-HPA 5), such as the time sweep, strain
sweep, oscillatory frequency sweep and coefficient of shear viscosity, were evaluated by a rheometer (DHR-2, TA-
Instruments, Massachusetts, USA). The mechanical properties of the MO-HPA hydrogels were measured by a universal
material testing machine (MTS, CMT2103, Minnesota, USA). The compression capabilities of the hydrogels cut into
cylinders (10 mm x5 mm) were tested at a speed of 20 mm/min at 100 N. The adhesion properties of the MO-HPA
hydrogels were quantitatively evaluated by a lap shear test. Briefly, hydrogel layers (10 mm % 10 mm) were adhered
between the surface of two fresh porcine skins (30 mm x 30 mm). Subsequently, MTS was used to perform the tensile
test with a 50 N force measuring element at a speed of 10 mm/min at room temperature.

Hemolysis Assay

Rabbit blood was collected in a heparinized tube. After centrifugation, the cell precipitates were collected and washed
several times with PBS (pH 7.4) and then dispersed in PBS to obtain an erythrocyte dispersion. Solutions of MO-HPA | ,
at different concentrations (0.5, 1.0, 2.5, 5.0, 10, 20 mg/mL) were dispersed into 0.5 mL of the erythrocyte dispersion as
the experimental groups. DI water and PBS were used as positive and negative controls, respectively. Each group was
incubated at 37 °C for 2 h, and the cell morphology was observed under a microscope.

In vivo Study

Animals

Balb/c mice (male, 6—8 weeks, 20-30 g) and rabbits (male, 5-6 months, 1.5-2.5 kg) were provided by Jiangsu University
Animal Center (Zhenjiang, China). All animal protocols in this study were approved by the Institutional Animal Care and
Use Committee of Jiangsu University (UJS-IACUC-2022091302), and met the guidelines of the National Research
Council’s Guide for the Care and Use of Laboratory Animals.

Wound Healing of Full-Thickness Skin Defects in Mice

To evaluate the effect of MO-HPA | , on wound healing, a full-thickness skin defect model was established.>® In brief,
after anesthesia, a circle of about 0.5 cmx0.5 cm was marked on the mid-back of Balb/c mice and excised with surgical
scissors to create a full-thickness skin defect wound. Then, all the mice were randomly divided into two groups. One
group of mice were treated with the hydrogels (MO-HPA | ) once a day, and the other group was treated with normal
saline as control group. Wound healing was observed at preset time points. The wound closure was evaluated by Image
J. The wound area measured at day 0 was recorded as Sy, while its wound area measured at days 1,3,5,7, and 14 was
recorded as S;, and the wound healing ratio was calculated by following formula (2).
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S
wound area = S—t x 100% 2)
0

Acceleration of Tract Maturation in a Rabbit Gastrostomy Model

The effect of MO-HPA;, to enhance tract maturation was evaluated in a rabbit gastrostomy model. Due to the
inconvenience of endoscopic technology in animal laboratories, a surgical and suturing method was conducted to
establish a rabbit gastrostomy model. In brief, the rabbits were randomly divided into two groups. A small opening
was created in the rabbit abdominal cavity near the upper edge of the stomach, and then a very small hole was cut in the
stomach. Afterward, a thin tube with a ball head was carefully inserted into the stomach of the rabbit through the
abdominal wall. In the control group, the tube was left untreated, whereas the tube of treatment group was coated with
MO-HPA, . The skin around the incision was then carefully sutured. The rabbits were sacrificed on days 0, 7, and 14
after gastrostomy, and the maturity of the tract was determined anatomically.

Histological Examination and Immunohistochemical Analysis

For histological analysis, rabbits were sacrificed on days 0, 5, and 14. The stomach wound samples around the tube were
retrieved and fixed in 10% formalin for histological analysis, Masson staining and immunohistochemistry (HIF-1a). The
collagen volume fraction and HIF-la positive density of wound tissues were analyzed and calculated using ImageJ
software. In addition, the gastric tissue homogenates on days 7 and 14 were centrifuged, the inflammatory factors (TNF-
o, IL-1B, and IL-6) were determined by ELASA kit.

Statistics
The experimental data are expressed as the mean + standard deviation. Statistical analyses were performed by one-way
ANOVA followed by Tukey’s multiple comparison tests. A value of p less than 0.05 was considered to indicate statistical
significance.

Results and Discussion

Synthesis and Characterization of Nano-MnO,
In the modified redox synthetic method, BSA served as both the biological template and reductant. As shown in
Figure 1a, n-MO had an average hydrodynamic diameter of approximately 40 nm (based on intensity), a PDI of 0.239
and a zeta potential of —38.0+£0.1 mV. It can be seen from the TEM images that the nanoparticles were evenly dispersed
without agglomeration (Figure 1b). The particle size observed from the TEM images was approximately 25 nm, which is
similar with the size distributions based on number and volume (Figure S1). What’s more, the characteristic peaks of
potassium permanganate (at 315 and 545 nm) disappeared, and a broad UV absorption peak at 300400 nm was observed
for n-MO (Figure 1c), which is consistent with literature reports.*’

n-MO is a nanozyme with ROS scavenging and oxygen producing activities. RDPP is a widely used fluorescence
probe for oxygen detection and quantification. Due to dynamic quenching, molecular oxygen causes a significant
decrease in the fluorescence of RDPP. Therefore, molecular oxygen can be detected by measuring the fluorescence
intensity. As shown in Figure S2, in the absence of n-MO, the fluorescence intensity of the RDPP solution remained
nearly constant under both pH 7.4 and 4.0 condition, indicating that no oxygen was generated. As the concentration of
H,0, increases, the fluorescence intensity decreases, indicating the production of more oxygen. Specially, in the groups
containing n-MO, the fluorescence intensity showed a noticeable decrease. In the control group without H,O,, the
fluorescence intensity at pH 4.0 decreased by approximately 21%, indicating that n-MO has some capacity to generate
oxygen under acidic conditions. In the groups with added H,0,, the fluorescence intensity decreased obviously with
increasing H,O, concentration, and the fluorescence intensity under the pH 4.0 group was lower than that under the pH
7.4 group. This suggests that the oxygen production catalytic ability of n-MO is positively correlated with both the H"
concentration and H,O, concentration, which is consistent with the literature reports.40 The results demonstrated that
n-MO, with a nanozyme function, had been synthesized successfully.
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Figure | Characterization of n-MO: (a) DLS analysis of particle size, (b) TEM images of n-MO, (c) UV absorption curves of BSA, KMnQO,, and n-MO, (d) Oxygen production
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synthesis route, (f) IR spectra of HA, PLL, HP o, HP»o, and HPsq, (g) 'H NMR spectra of HA, PLL, and HPy.
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Synthesis and Characterization of PLL Modified HA

The synthesis route of HA-PLL is shown in Figure le. Specifically, HA-PLL (HP) was synthesized by a carbodiimide
coupling reaction between the carboxyl group of HA and the amino group of PLL. The molecular structures of HA, PLL
and HP with different ratios of reactants were confirmed by ATR, as shown in Figure 1f. The peaks at 3321 cm ',
1606 cm™' and 1407 cm™' belonged to the stretching vibration of the carboxyl group of HA. In addition, the peaks at
1158 cm™', 1077 cm ™', 1034 cm™" and 949 cm ™' were characteristic peaks of polysaccharides. The adsorption peaks at
1647 cm ™' and 1566 cm ™' were attributed to vibrations of the peptide group, which were mainly generated by stretching
vibrations of the C=0 group and in-plane deformation vibrations of the N-H group of the amide bonds of PLL,

"and 1566 cm ' were replaced by a peak at 1611 cm™'. The

respectively. In the HP spectrum, the peaks at 1647 cm ™
appearance of a broad band between 3000 and 3400 cm ' was mainly due to the overlap of the carbonyl stretching
vibration peak of PLL, the -NH stretching vibration peak of HA, and the formation of intramolecular or intermolecular

hydrogen bonds. The intensity of the -NH absorption peak at 1564 cm ™'

in the HP spectrum was significantly lower than
that in the PLL spectrum, indicating a decrease in the number of -NH, groups due to their reaction with carboxyl groups.
Compared to the HA spectrum, the intensity of the amide bond (-CONH) at 1320 cm '

indicating the formation of amide bonds during the reaction between PLL and HA. Moreover, the absorption peak of

in the HP spectrum increased,

HP,(, was stronger than those of HP,, and HPso, which suggested that HP,, had the highest degree of crosslinking.
Therefore, the optimal ratio of HA to PLL was 1:20, and HP,, was used for hydrogel preparation.

Furthermore,' H NMR spectroscopy was performed to verify the structure and grafting rate of HP,, (Figure 1g).*'
The characteristic peaks of PLL appeared at 3.8 ppm (a—CH,), 1.95-1.35 ppm (B, y-CH,), and 2.9 ppm (NH-CH,).
Additionally, the peaks from 3.0—4.0 ppm were assigned to the HA backbone. The grafting rate of HP,, was quantified by
comparing the integration of the peak of the vinyl group (6 = 2.9) with that of the HA backbone (6 = 3.20—4.20) and was
determined to be approximately 25%.

Fabrication, Injectability and Morphology of MO-HPA Hydrogels

The scheme of hydrogel preparation is shown in Figure 2a. In situ hydrogels were formed by homogeneously mixing
solution A and solution B, which transformed from a sol state to a gel state (Figure 2b). In the presence of Ca*", sodium
alginate generated calcium alginate and physically crosslinked with HP,o to form hydrogels with a three-dimensional
network structure. Generally, the structures of MO-HPA hydrogels were fabricated by the combination of chemical
crosslinking (carboxyl group of HA and the amino group of PLL) and physical crosslinking (HP with alginate), as well as
jonic crosslinking (alginate with Ca*"). Considering the high viscosity of the polymer solution, its syringe ability was
investigated. Solution A (containing HP and SA) was easily injected into solution B through a narrow 23G needle, and
the mixture rapidly formed a gel (Figure 2a). These results indicated that the hydrogel precursor solutions had
satisfactory syringe ability and formability, which are beneficial for clinical application.

The micromorphology of the lyophilized hydrogels (MO-HPA, 5, MO-HPA, 3, and MO-HPA, 5) was observed by
SEM. According to the SEM images, all of the hydrogels exhibited a uniform dense network with a highly porous
structure, the diameters of which were approximately 50 um (Figure 2c). Moreover, the HP,o concentration played an
important role in the microstructure of the gel. With an increasing concentration of HP,,, the hydrogels became more
homogeneous and denser. Specifically, the order of homogeneity and crosslinking density of the hydrogels is MO-HPA s
> MO-HPA, , > MO-HPA, 5. Notably, there is a close relationship between the micromorphology and adaptability of the
hydrogels. The homogeneous structure of the gels might be attributed to their mechanical properties.** Moreover,
hydrogels with similar microstructures would be beneficial for the diffusion and exchange of nutrients, oxygen, and
other biomolecules, which implies that they could be further applied for cell proliferation and tissue engineering.

Notably, the materials used to synthesize MO-HPA hydrogels are readily available and relatively cost-effective, which
supports the potential for large-scale production. The in situ gelation process is straightforward and can be adapted to
a clinical setting, enabling ease of application. Moving forward, our study would focus on optimizing production
techniques to ensure consistency in properties, such as mechanical strength and gelation time, to meet regulatory
standards for medical use.
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Gelation Time, Swelling Properties, and Self-Healing Properties

The gelation time was determined by the vial tilting method. As shown in Figure 3a, the sol—gel transformation of MO-
HPA with different HP,, concentrations took place in 65 seconds. However, the gelation time of MO-HPA decreased as
the HP,, concentration increased, and MO-HPA, 5 showed the shortest gelation time. The accelerated formation of the
hydrogels may be caused by increased chain entanglement between HP, and alginate. It is worth noting that the gelation
time is influenced by temperature; as the temperature decreases, the time required for gel formation increases.
Considering that parts of tube was positioned on the surface of the skin, the gelation experiment was conducted at
room temperature (around 25°C). The equilibrium swelling ratio is an important parameter to evaluate the crosslinking
degree. As shown in Figure 3b, all of the hydrogels with various HP,, contents reached swelling equilibrium within 300
s. The water content of MO-HPA, o was relatively higher, which may be due to it being more porous than MO-HPA) 5
and having a lower crosslinking density than MO-HPA, s, which are conducive to the permeation of water molecules.
According to the literature, hydrogels with excellent absorbability are beneficial for absorbing excess exudate.*’

The in situ hydrogel molding characteristics were thus further evaluated. As shown in Figure 3c, the letters “UJS”
could be written on the hydrogel without difficulty. Moreover, the letter “J” written on all the MO-HPA hydrogels could
be lifted, indicating the potential mechanical strength of the hydrogels. The macroscopic self-healing ability of the MO-
HPA hydrogels was further detected. As shown in Figure 3d, the two semi-blocks (MO-HPA ;), stained or not with
bromophenol blue, started to close in several minutes and completely merged into an intact hydrogel, which was likely
due to reversible physical crosslinking and ionic crosslinking. This self-healing property ensured that the hydrogels could
reform if they were destroyed accidentally from the daily tube movement or wound contact after gastrostomy. These
results indicated that the multivariate crosslinking system endowed the MO-HPA hydrogels with adaptability, moldability
and self-healing characteristics that could match the complex environments of gastrostomy wounds.

Cytotoxicity Test and Fibroblast Migration

Biocompatibility and biosafety are important prerequisites for the clinical application of hydrogels. MTT and hemolysis
assays were performed to evaluate cell and blood compatibility. 3T6-Swiss albino cells were used as model cells to assess
the cytotoxicity of the n-MO and MO-HPA hydrogels. As shown in Figure 4a, the viabilities of cells treated with various
concentrations of n-MO were almost over 80% after incubation for 24, 48 or 72 h, which indicated that n-MO has good
safety within the concentration range tested. The toxicity of the MO-HPA hydrogels to 3T6-Swiss albino cells was also
assessed at 24, 48 and 72 h. As shown in Figure 4b-d, cell viability remained over 80% during coincubation, exhibiting
the good cytocompatibility of the hydrogels. Moreover, the viability values in some groups were even greater than 100%,
which may be because HA promotes cell proliferation. It was reported hyaluronic acid is a major component of the
extracellular matrix, capable of regulating the secretion of growth factors and cytokines, and influencing cell adhesion,
growth, proliferation, and differentiation.** Alginate can serve as a synthetic extracellular matrix material and promotes
the proliferation of fibroblasts.*> Thus, this phenomenon was consistently observed in multiple experiments and is also
indicative of hyaluronic acid and alginate’s biocompatibility.

Fibroblasts play a crucial role in the replacement of damaged ECM and the promotion of tissue healing. During this
process, the migration and proliferation of fibroblasts to the injury site remodel the surrounding microenvironment and
promote tissue regeneration. A scratch test was performed with 3T6 cells to determine whether the MO-HPA hydrogel
can promote the migration of fibroblasts. As shown in Figure 4e and f), compared to the control group, the cell migration
rates of the three MO-HPA hydrogel groups (MO-HPA, s, MO-HPA, ,, and MO-HPA, 5) were increased by approxi-
mately 12.3%, 17.0% and 23.3%, respectively. The MO-HPA1.5 group displayed the highest cell migration rate (about
41.3%). These results indicated that as the proportion of HP, in the hydrogels increased, the gel’s ability to promote cell
proliferation was also enhanced.

Cellular Oxygen Production
The principle of n-MO catalysis of H,O, to generate oxygen is shown in Figure 5a. Oxygen is crucial for collagen
synthesis, angiogenesis, and tissue regeneration. Local wound hypoxia due to poor oxygen diffusion and permeation
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M

affect the healing process. The n-MO in MO-HPA | j is a nanozyme with oxygen producing activities. The ability of MO-
HPA |y to mimic CAT activity and catalyze the conversion of H,O, to O, was investigated under pH 1.5, 4.0 and 7.4
conditions, simulating fasting, postprandial gastric conditions and physiological conditions, respectively, in vitro experi-
ments. RDPP served as a luminescent indicator for oxygen detection, with molecular oxygen leading to a reduction in
fluorescence intensity of RDPP through a dynamic quenching process. In that case the fluorescence intensity inversely
correlates with the amount of O, produced, with higher reductions in fluorescence indicating greater O, output. As shown
in Figure 5b, the fluorescence intensities of the HPA, ( hydrogels in the groups without n-MO were almost unchanged
under all pH conditions. Notably, the MO-HPA  hydrogel groups with H,O, reduced the fluorescence intensities under
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acidic conditions (pH 1.5 and 4.0) remarkably. These results indicated that, in the presence of H,O,, the MO-HPA,
hydrogel showed a stronger ability to remove H,O, and promote oxygen production, especially in the presence of H',
which is beneficial for applications to gastrostomy wounds in acidic conditions. Well, in the absence of H,0,, the MO-
HPA,  hydrogel had no oxygen production under physiological condition, but a little oxygen production capacity under
acidic conditions, which was due to the ability of n-MO to use H' to produce oxygen.

The catalytic ability of the MO-HPA, o hydrogels was further evaluated in NIH-3T6 cells under hypoxic conditions.
As shown in Figure 5c, the control group and HPA| o hydrogel group had notable and similar fluorescence intensities,
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suggesting that the HPA; , hydrogel without n-MO lacked the ability to regulate the intracellular oxygen content.
However, the fluorescence intensity in the cells treated with MO-HPA ; was significantly decreased, indicating n-MO
in the gel elevated intracellular oxygen content. It is thus suggested that MO-HPA, o was able to regulate the oxygen
balance in hypoxic cells via its CAT-mimicking activity.

Antibacterial Ability

The antibacterial effects of the MO-HPA hydrogels against S. aureus and E. coli were evaluated by spread plate assays.
As shown in Figure 5d, the numbers of bacterial colonies (including S. aureus and E. coli) treated with the MO-HPA
hydrogels were significantly reduced compared with the control group, which indicated that the MO-HPA hydrogels
possessed antibacterial effects against both gram-positive and gram-negative bacteria. Moreover, for E. coli, the
antibacterial efficiency of the MO-HPA;, and MO-HPA; s groups increased by 40.1% and 73.4%, respectively,
compared to the MO-HPA, 5 group. Similarly, for S. aureus, the antibacterial efficiency of the MO-HPA, , and MO-
HPA, 5 groups increased by 55.6% and 57.6%, respectively, compared to the MO-HPA 5 group. These results indicated
that the antibacterial efficiency of the hydrogels was enhanced with increasing HP,, concentration, and MO-HPA s
exhibited the strongest inhibitory effect (Figure 5e). The potential antibacterial mechanism of the MO-HPA hydrogels
was considered to be the inhibition and killing effect of PLL due to its ability to change the bacterial membrane
permeability and the electrostatic interactions between —NH; " and the functional groups on the bacterial membrane
surface.

Rheological and Mechanical Properties

The compressive properties of the MO-HPA hydrogels were further evaluated. As shown in Figure 6a, the strength of the
hydrogels increased with increasing compressive force in the initial stage, indicating that all the MO-HPA hydrogels
possessed appropriate compressive properties. Specifically, the compressive stress of MO-HPA, 5 hydrogel was approxi-
mately 0.011 MPa. With the increase of the concentration of HP,,, the compressive stress of MO-HPA, o hydrogel and
MO-HPA, 5 hydrogel improved to around 0.016 MPa and 0.015 MPa, respectively, indicating an enhancement the
mechanical properties for wound healing application.”® Porcine skin tensile experiments were performed to evaluate the
adhesion properties of the MO-HPA hydrogels. As shown in Figure 6b, the adhesion of the M-HPA, 5. MO-HPA, , and
MO-HPA, 5 hydrogels to fresh porcine skin increased with increasing HP,, concentration to approximately 0.13 Mpa,
0.35 Mpa and 0.48 Mpa, respectively. The potential mechanism was considered to be the presence of the -NH, group in
PLL, which could form hydrogen bonds with the H,O in porcine skin. In general, adhesive hydrogels are favorable for
effective binding to tissue, which is beneficial for biomedical usage.

Dynamic rheological tests, including time sweep, dynamic strain sweep, frequency sweep and stress relaxation tests,
were performed on the MO-HPA hydrogels to evaluate their viscoelastic characteristics. As shown in Figure 6c, the time
oscillation scanning curves showed that the energy storage moduli (G”) of MO-HPA | ; and MO-HPA, 5 were higher than
their loss moduli (G)”. The tan & (G”G’) values of MO-HPA | ; and MO-HPA, 5 were less than 1.0, which indicated that
they act as viscoelastic gels. However, for the MO-HPA, 5 hydrogel, G’ was close to G”, suggesting poor mechanical
properties compared with those of MO-HPA | o and MO-HPA 5. The shear thinning behaviors of the MO-HPA hydrogels
with different HP,o concentrations were further examined. As shown in Figure 6d, the viscosity of all the MO-HPA
hydrogels decreased with increasing shear rate, which demonstrated shear thinning behavior and good injectability. The
frequency sweep curves of all MO-HPA hydrogels showed that both G’ and G” increased with increasing frequency, and
the value of G’ was larger than that of G” in the frequency range of 0.01-10 hz (Figure 6e). These results indicated that
the MO-HPA hydrogels have a stable structure and viscoelasticity, presumably due to physical entanglement in the
chemically crosslinked network.'”*” These rheological characteristics indicated that the MO-HPA hydrogels with tunable
viscoelasticity is beneficial for meeting the demands of clinical applications.

The gel-sol transition point and linear viscoelastic region of the MO-HPA hydrogels were detected by strain sweep
and frequency sweep tests. As shown in Figure 6f, G’ was higher than G” at 70% strain in the sweep curves, indicating
the stable structure of the hydrogel. However, as the shear strain increased, G” gradually exceeded G’, implying a gel-to-
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sol phase transition. Notably, MO-HPA , exhibited a postponed transformation point in the curve, indicating a more
stable network.

Considering that it had the best water absorption performance, the most stable internal structure, and appropriate
mechanical properties, MO-HPA ( was therefore used for subsequent research.

Blood Compatibility Evaluation

The blood compatibility of the hydrogels was further proven by hemolysis experiments. As shown in Figure 7a, the
positive control group was bright red, indicating the rupture of blood cells. However, all the hydrogel groups were almost
colorless and transparent and consistent with the negative control group. This conclusion was also confirmed by UV full-
wavelength scanning of the supernatants from all groups (Figure 7b). Cell morphology is shown in Figure 7c. It was
visually evident that almost all of the red blood cells in the positive group had ruptured, while those of the hydrogel
group maintained an intact morphology. These results indicated that the hydrogels possessed good blood compatibility
and do not carry a risk of hemolysis.
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Healing of Mouse Full-Thickness Skin Defects

A mouse dorsal full-thickness skin defect model was established to preliminarily evaluate the effect of the MO-HPA,
hydrogel on wound healing. The in situ hydrogel formed rapidly on the wounds of the mice after injection.
Representative images of the wound areas treated with normal saline (control group) and MO-HPA, , hydrogels on
Days 0, 1, 3, 5, 7 and 14 are shown in Figure 7d. Both groups showed a continuous reduction in wound area. Notably, the
MO-HPA, , hydrogel-treated groups showed nearly complete wound healing on the 7™ day, while the control group still
exhibited obvious blood clot scabs in the epidermis. Specially, as shown in Figure 7e, on day 7, the wound area ratio of
the control and MO-HPA  treatment groups were approximately 28.2% and 18.9%, respectively (»p<0.01), indicating the
treatment effect of MO-HPA ( group was significantly better than that of control group. These results suggested that the
MO-HPA,  hydrogel had the ability to promote wound treatment.

Acceleration of Tract Maturation in the Rabbit Gastrostomy Model

A rabbit gastrostomy model was established to further investigate the effect of the MO-HPA, o, hydrogels on tract
maturation after gastrostomy. We successfully constructed a rabbit gastrostomy model by adopting surgical methods,
following improvements as reported in the literature.*® This method does not require the use of an endoscope and is
beneficial for completion in the laboratory. Additionally, the gastrostomy rabbits can survive well during the experi-
mental period. As shown in Figure 8a, a mature tract along the tube between the gastric and abdominal walls formed in
the MO-HPA o hydrogel group on approximately the 7" day after gastrostomy. However, the control group only began
to develop a new tract on the tube in proximity to the peristomal site on the 7th day. Tract maturation in the control group
was observed 14 days after gastrostomy, while at this time, a compact connection between the stomach and the
abdominal wall had formed on the peristomal site in the MO-HPA, o hydrogel group.

Blood vessels, collagen, and myogenic fibers play important roles in tissue healing. H&E and Masson staining were
performed to evaluate tissue healing of the peristomal site wounds after gastrostomy. As shown in Figure 8b, the MO-
HPA,  hydrogel group showed much many more glands (yellow arrows) and fibroblasts (black arrows) than the control
group on Day 7, indicating the angiogenic effect of the hydrogel. Likewise, as shown in Figure 8c and e, on day 7, the
collagen content in the control group was approximately 33.2%, whereas the hydrogel group exhibited a collagen content
of about 46.9%, indicating a significant increase in the accumulation of collagen in the dermis (P < 0.001). Additionally,
the expression level of HIF-1a in the MO-HPA| o hydrogel group significantly decreased (P < 0.001), reaching only
30.9% of that in the control group on day 7 (Figure 8d and f). The level of HIF-1a reflects the hypoxia degree of the
wound tissue. The results indicated that the gel downregulated HIF-1o and ameliorate hypoxic conditions. In general,
after treatment with the MO-HPA | , hydrogels, micro-vessels and collagen fibers were visible in the regenerated mature
tract tissue 7 days post gastrostomy, demonstrating excellent injury healing and tissue regeneration effects of the
hydrogel. The levels of inflammatory cytokines, including TNF-a, IL-6 and IL-1p were also evaluated. As shown in
Figure S3, compared to the control group, the levels of TNF-o, IL-6 and IL-1p were significantly decreased on day 7
and day 14 (p < 0.01). The results suggested that treatment with MO-HPA, o effectively reduced the levels of the
inflammatory cytokines TNF-a, IL-1pB, and IL-6 in wound environments.

These results indicated that the MO-HPA,, hydrogels effectively accelerated tract maturation, which may be
conducive to reducing clinical risks, such as free perforation, abdominal infection, and difficulty in reinsertion after
accidental catheter detachment. Current wound dressings, including conventional hydrogels, face challenges in treating
gastrostomy-related wounds due to their inability to effectively address hypoxia or control the oxidative environment at
the wound site. Moreover, most existing hydrogel treatments do not possess the necessary antimicrobial properties to
prevent infection in such highly exposed wounds. The MO-HPA hydrogel, with its unique oxygen-generating capabilities
and ROS modulation, offers an innovative solution that addresses both hypoxia and bacterial contamination, representing
a novel approach in the management of gastrostomy-related wounds.

The multifunctional MO-HPA hydrogels developed in this study exhibit antibacterial, hypoxia-relieving, and pro-
liferative properties, which make them suitable for clinical situations beyond gastrostomy wound management. Given the

increasing prevalence of multidrug-resistant infections, these hydrogels could offer an effective, non-antibiotic approach
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to managing chronic wounds, such as diabetic ulcers, pressure sores, chronic non-healing wounds. These wounds often
remain in a persistent inflammatory state and suffer from poor oxygenation, similar to gastrostomy wounds. The
antimicrobial capabilities of MO-HPA, coupled with its ability to scavenge ROS and hypoxia-relieving, indicate its
potential use in treating these complex wound environments. Future studies could focus on evaluating the efficacy of
MO-HPA hydrogels in such chronic wound models, thereby expanding its clinical relevance and impact.

Additionally, the main components of the hydrogel, such as hyaluronic acid and sodium alginate, are well-known for
their biodegradability, primarily via enzymatic pathways that ensure their breakdown into biocompatible by-
products.*”>* Although the short-term efficacy of MO-HPA hydrogels has been demonstrated in our study, the long-
term implications is critical for clinical translation. In future research, the long-term tissue compatibility, potential
immune responses of the hydrogel will be evaluated to further support its clinical translation and application.

Conclusion

In this study, the injectable, nanozyme-based, multifunctional in situ hydrogels (MO-HPA) with antibacterial properties,
ROS scavenging, and oxygen production capabilities were successfully developed. The hydrogel significantly reduced
inflammatory factors and promoted collagen synthesis and fibroblast migration, which are beneficial for wound healing
and gastrostomy tract maturation. It is worth noting that, at present, there is still a lack of research on promoting
peristomal site wound treatment and tract maturation after gastrostomy. This study is the first to carry out research on
promoting tract maturation after gastrostomy through the use of in situ hydrogels, which has important significance and
application value for reducing the complications of gastrostomy. Furthermore, the hydrogel’s unique properties suggest
that it could be valuable in treating chronic wounds characterized by hypoxia and persistent inflammation, such as
diabetic ulcers and pressure sores, highlighting its potential for broader wound care applications. Additionally, the
potential long-term effects, biodegradability, and manufacturing scalability of the hydrogel will be explored in future
studies to ensure its suitability for prolonged clinical use.
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