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Open abdomen (OA) therapy is crucial for managing severe abdominal infections, intra-abdominal
hypertension, and trauma but often faces complications like infections and enteric fistulas. To address
this, a novel multilayer drug-loaded hydrogel dressing was designed to promote wound healing. The
dressing comprises a bottom layer of a carboxymethy!l chitosan/aldehyde-modified hyaluronic acid (CC/
HA-CHO) hydrogel loaded with Ag nanoparticles (AgNPs) for rapid gelation and broad-spectrum
antibacterial action; a middle polyacrylamide (PAAmM) gel layer loaded with interleukin-4 (IL-4) to polarize
macrophages toward the M2 phenotype for tissue repair; and a top polydimethylsiloxane (PDMS)
antifouling layer treated with oxygen plasma for enhanced adhesion and hydrophilicity. Characterization
via FTIR, SEM, swelling tests, and drug release assays confirmed the hydrogel's structure, stability, and
sequential release of AgNPs and IL-4. In vivo experimental results show that the percentage of wound

closure in the drug-loaded hydrogel group reached approximately 30% on day 7, while that in the
Received 8th December 2025 trol ly about 10%. Thus, the drug-loaded hydrogel can significantly accelerat d
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healing of open abdominal wounds. This multifunctional hydrogel combines antibacterial, anti-
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1. Introduction

Open abdomen (OA) therapy refers to the method of actively
opening the abdominal cavity or leaving the abdominal incision
unclosed after surgery, with temporary abdominal closure
materials applied postoperatively to manage the wound. OA
therapy helps reduce intra-abdominal pressure, control intra-
abdominal infection, and promptly manage visceral organ
injuries. It has become an essential therapeutic approach for
severe abdominal trauma, severe intra-abdominal infections,
and abdominal hypertension."® Despite its significant treat-
ment effectiveness, early-stage OA therapy often leads to
complications such as infection and enteroatmospheric fistulas
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inflammatory, and tissue-regenerative properties,

offering a promising strategy for OA wound

due to exposure of visceral organs, particularly the intestines.
Therefore, to prevent enteroatmospheric fistulas, reduce
bleeding, and prevent wound infection, temporary abdominal
closure materials are commonly used in clinical practice.

Traditional wound protection materials for the open
abdomen include gauze packing, polypropylene mesh, decel-
lularized matrix, and fibrin glue, which have limitations such as
poor infection control, susceptibility to wound contamination,
and potential intestinal erosion and necrosis.**® An ideal wound
dressing should possess: (1) excellent tissue compatibility
without toxicity; (2) good moisture retention to maintain
a moist wound environment and absorb wound exudate; (3)
sufficient physical and mechanical strength to ensure dressing
integrity and prevent bacterial invasion due to material
breakage; (4) appropriate surface microstructure and
biochemical characteristics to promote cell adhesion, prolifer-
ation, and differentiation.” Hydrogels, due to their excellent
permeability, unique three-dimensional structure, and superior
drug-loading capacity, are considered ideal biomaterials and
have been extensively researched in recent years.?

Previous studies have shown that sandwich-structured
hydrogels can achieve sequential release of multiple drugs
through “time-spaced” delivery, demonstrating excellent ther-
apeutic effects in infected wounds® (Table S1). Therefore, we
designed a multilayer drug-loaded hydrogel dressing to
promote healing of open abdomen wounds. From bottom to
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top, it consists of carboxymethyl chitosan (CC)/aldehyde hya-
luronic acid (HA-CHO) hydrogel, polyacrylamide (PAAm) gel,
and polydimethylsiloxane (PDMS) anti-fouling layer.'**>

CC, an important derivative of chitosan, exhibits high solu-
bility and is often combined with other polymers to produce
hydrogels with good biocompatibility and moisture-retaining
properties.”® HA is a major component of the extracellular
matrix (ECM) and exhibits biodegradability, biocompatibility,
non-toxicity, and viscoelasticity.* It promotes wound healing by
enhancing granulation tissue formation, re-epithelialization,
and angiogenesis through the stimulation of fibroblast prolif-
eration and angiogenesis.'> However, HA degrades easily under
external tension, which may allow external bacteria to invade
and cause wound infection. Studies have shown that aldehyde-
modified HA can improve the self-healing ability of hydrogels.*®
Previous literature has reported that hydrogels formed by
crosslinking CC with HA-CHO exhibit rapid gelation, good self-
healing properties, and high drug loading capacity.'*'” PDMS
has excellent antifouling properties* and covering the hydrogel
surface with it can prevent microorganisms from the external
environment from contaminating the wound and the hydrogel.
It has been documented that the synthesis of PAAm gel on the
plasma-treated PDMS surface is feasible.™

Additionally, we loaded different functional drugs in the
base and intermediate layers according to wound healing
characteristics to precisely regulate wound healing. Silver
nanoparticles (AgNPs) possess broad-spectrum and highly
effective antibacterial activity, capable of effectively killing
various pathogens such as Escherichia coli, Klebsiella pneumo-
niae, and Staphylococcus aureus even at very low concentra-
tions.' Macrophages play a crucial protective role in wound cell
proliferation and tissue recovery.? Increasing evidence suggests
that macrophages play critical roles in every stage of normal
healing, and disruption of their function may lead to prolonged
inflammation and pathological healing.** Specifically, under
infection conditions, macrophages polarize to the M1 type,
secreting pro-inflammatory factors to combat bacterial infec-
tions;** during the tissue repair phase, macrophages polarize to
the M2 type, secreting anti-inflammatory factors, transforming
growth factor-beta (TGF-B), and chemokines to promote wound
healing.”® Research indicates that IL-4 can stimulate macro-
phage polarization towards the M2 type.** The functional
differences of macrophages in infected wounds highlight the
need for different drugs at various stages of wound healing to
achieve effective wound healing. We loaded AgNPs in the base
layer hydrogel for early-stage wound healing to exert antibac-
terial effects; IL-4 active protein was loaded in the intermediate
layer to stimulate macrophage polarization towards the M2 type
during tissue repair, thereby promoting wound healing (Fig. 1).

2. Materials and methods
2.1 Materials

Sodium hyaluronate (HA, M,,: 150-250 kDa, Shanghai YUANYE
Bio-Technology Co., Ltd), sodium periodate (ACS reagent
=99.8%, Sigma-Aldrich, USA), ethylene glycol (Anhydrous
=99.8%, Sigma-Aldrich, USA), carboxymethyl chitosan (CC,
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degree of carboxylation =80%, Mw: 20 kDa Shanghai YUANYE
Bio-Technology Co., Ltd), silver nanoparticle dispersion (AgNPs,
Aladdin), acrylamide (AAm, Sigma-Aldrich, USA), N,N'-methyl-
enebisacrylamide (MBAA, Aladdin), 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959,
Aladdin), interleukin-4 (IL-4) active protein (Beijing Yun Clone
Biotechnology Co., Ltd), polydimethylsiloxane (PDMS, Syl-
gard184, Dow Corning, USA), polytetrafluoroethylene mold
(2.5cm x 5cm x 1 cm).

2.2 Synthesis of drug-loaded hydrogel dressings

2.2.1 Synthesis of CC/HA-CHO hydrogel loaded with
AgNPs. Synthesis of HA-CHO: firstly, dissolve 1 g HA in 100 mL
of distilled water to prepare a 1wt% solution. Add 5 mL of
0.5 mol per L sodium periodate solution and stir evenly. Allow
the reaction to proceed in darkness at room temperature for 2
hours. Then, add 1 mL of ethylene glycol solution to terminate
the reaction for 1 hour, neutralizing any unreacted sodium
periodate. Transfer the reaction mixture into a dialysis
membrane, change the dialysis solution every 8 hours for 3
days. Freeze-dry the dialyzed solution for 24 hours to obtain
solid aldehyde-modified hyaluronic acid (HA-CHO). Dissolve
the freeze-dried HA-CHO in distilled water to prepare a 60 mg
per mL HA-CHO solution.’

Synthesis of CC: dissolve CC powder in distilled water to
prepare a 24 mg per mL CC solution. Mix the 60 mg per mL HA-
CHO solution and the 24 mg per mL CC solution in equal
volumes. The cross-linking reaction between amino and alde-
hyde groups forms the CC/HA-CHO hydrogel.>* To prepare CC/
HA-CHO hydrogel loaded with AgNPs, pre-mix a dispersion of
40 pg per mL AgNPs in the HA-CHO solution.

2.2.2 Synthesis of PAAm hydrogel loaded with IL-4 active
protein. The synthesis of PAAm hydrogel follows the method by
Nakajima et al. Dissolve 2 g of AAm, 4 mg of cross-linker MBAA,
and 50 mg of photoinitiator Irgacure 2959 in 10 mL of distilled
water. Mix thoroughly and irradiate under a 365 nm UV lamp for
approximately 1 minute to form the PAAm hydrogel.>® Pre-mix
a solution of 10 ng per mL IL-4 active protein in the precursor
solution of PAAm to obtain IL-4 loaded PAAm hydrogel.

2.2.3 Preparation of PDMS anti-fouling coating. Following
the method of Tian et al., prepare the PDMS anti-fouling coating
and treat the PDMS-hydrogel interface with oxygen plasma to
improve hydrophilicity and adhesion.'” Specific steps include
mixing the main agent and curing agent of Sylgard184 at a ratio
of 10: 1, pouring into a polytetrafluoroethylene mold (2.5 cm x
5 cm x 1 cm), and heating at 65 °C for 1 hour. Due to its
hydrophobic nature and weak adhesion, modify PDMS surface
through plasma treatment. Place the cured PDMS into
a vacuum plasma treatment device (PR8OL) for surface treat-
ment for 300 seconds (power: 300 w, gas: 150 sccm nitrogen + 50
sccm oxygen, vacuum degree: 30 PA). Exposure of PDMS to
vacuum plasma converts surface methyl (-CHj) groups to
hydroxyl (-Si-OH) groups, enhancing surface hydrophilicity and
facilitating grafting or polymerization with other materials.>”

2.2.4 Assembly of drug-loaded hydrogel dressings. Firstly,
synthesize PDMS anti-fouling layer in a polytetrafluoroethylene

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the multilayer drug-loaded hydrogel synthesis process and the resulting product images.

mold (2.5 cm x 5 cm x 1 cm) and treat with plasma. Due to
rapid recovery of hydrophobicity after treatment,” quickly
synthesize IL-4 loaded PAAm on the surface of PDMS. Finally,
pour AgNPs loaded CC/HA-CHO onto the surface of PAAm. After
complete gelation of CC/HA-CHO (approximately 60 seconds),
extrude the composite hydrogel from the mold. The multilayer
drug-loaded hydrogel was used and stored as the final product
in its hydrated hydrogel state (stored short-term in PBS solution
at 4 °C) without undergoing final drying or freeze-drying.

2.3 Characterization of hydrogel dressings

2.3.1 PDMS surface properties testing. PDMS was overlaid
with hydrogel to form a contact area of 0.5 cm x 0.5 cm. Using
a universal mechanical tester equipped with a 1 kN load cell
(Wance ETM103A, Shenzhen, China), the hydrogel was sub-
jected to tensile testing at a rate of 5 mm min " to measure the
adhesive strength of PDMS before and after plasma treatment.
Each hydrogel sample underwent at least 5 repeated mechanical
experiments. The adhesive strength of PDMS (kPa) was calcu-

F
lated using the formula P = 5 Additionally, contact angle

measurements were performed on PDMS before and after
plasma treatment to confirm changes in hydrophilicity.

© 2026 The Author(s). Published by the Royal Society of Chemistry

2.3.2 Contact angle measurement. Measurements were
conducted using a commercial contact angle measurement
system (First Ten Angstroms, FTA135) to assist with image
capture. For each measurement, a single 10 pL droplet of
deionized water was deposited on a previously untested area of
the sample surface, followed by a 20-second delay to allow the
wetting to stabilize before measurement. The experiment
included an untreated group and an oxygen plasma-treated
group. All samples were stored under a relative humidity of
47%. At least five measurements were performed for each
group, and all measurements within the same group were
completed within a five-minute period.”” Contact angles are
reported as mean =+ SD.

2.3.3 Fourier transform infrared spectroscopy (FTIR)
analysis of hydrogel. Firstly, freeze-dry PAAm hydrogel, CC/HA-
CHO hydrogel, and HA-CHO for 24 hours. Grind the freeze-
dried materials into powder and place them on dried KBr
discs. Analyze using a spectrometer (Nicolet-6700, Thermo®,
USA) in the range of 4000-500 cm ™" with a resolution of 4 cm ™,
alongside AAm, MBAA, CC, and HA powder.

2.3.4 Swelling behavior of CC/HA-CHO hydrogel and PAAm
hydrogel. The swelling ratio of freeze-dried CC/HA-CHO
hydrogel and PAAm hydrogel was measured using gravimetric

RSC Adv, 2026, 16, 12639-12650 | 12641
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Fig.2 Characterization of multilayer drug-loaded hydrogel. (A) Contact angle changes before (A, i) and after (A, ii) plasma treatment; (B) a t-test
showed a significant difference in the contact angle before and after plasma treatment, ****p < 0.0001. Data are presented as mean + SD (n =5);
(C) variation of the contact angle with time; (D) schematic diagram of the universal testing machine; (E) a t-test showed a significant difference in
the adhesion force between PDMS and hydrogel after plasma treatment, ***p < 0.001. Data are presented as mean + SD (n = 5); (F) micro-
structure of PAAmM, CC/HA-CHO, and cross-sectional microstructure of both PAAm layer and CC/HA-CHO layer hydrogel observed by SEM; (G)
a t-test showed a significant difference in the microstructural pore size across different layers of the hydrogel, ***p < 0.001; (H, i) swelling ratio of
PAAmM hydrogel over 48 hours; (H, ii) swelling ratio of CC/HA-CHO hydrogel over 48 hours; (I, i) FTIR analysis of CC/HA-CHO and constituent
components; (I, i) FTIR analysis of PAAm and constituent components.

method. Immersing the prepared hydrogel in PBS (pH = 7.4) SR (%) M, — My « 100%
0) = ———— 0

after freeze-drying. At specified time points, remove the swollen My
hydrogel, blot excess surface water with filter paper, and weigh.

. . where SR is the swelling ratio (%), M; is the mass of the swollen
The swelling ratio (SR) was calculated as:

hydrogel at a given time point (or at equilibrium), and My is the

12642 | RSC Adv,, 2026, 16, 12639-12650 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Drug release experiment from multilayer drug-loaded hydrogel. (A, i) Cumulative release of AGNPs over 48 hours; (A, ii) cumulative release
of IL-4 over 8 days; (A, iii) comparative release profiles of AGQNPs versus IL-4; (B) in vitro detection of M2 macrophage surface marker CD206 by
flow cytometry; (C) one-way ANOVA analysis of CD206-positive rates at different time points; (D) gPCR analysis of M2 macrophage tran-
scriptional markers (IL-10 and TGF-B) at different time points.**p < 0.01, ***p < 0.001, ****p < 0.0001. Experiments were repeated in triplicate (n

=3).

mass of the dry hydrogel after drying to constant weight. All
experiments were conducted in triplicate.

2.3.5 Microstructure of CC/HA-CHO hydrogel and PAAm
hydrogel. After assembly, freeze-dry CC/HA-CHO hydrogel and
PAAm hydrogel, then observe their microstructure including
surface morphology and cross-section using scanning electron
microscopy (SEM, $-4800, Hitachi®, Japan).

2.4 Drug release experiments

2.4.1 Drug release kinetics. Multilayer drug-loaded hydro-
gels were placed in modified syringes. PBS (pH = 7.4) was added
to allow only the surface of AgNPs-loaded CC/HA-CHO hydrogel
to contact the PBS, simulating the situation where only one
surface of the dressing contacts the wound bed.® The concen-
tration of IL-4 in the extraction fluid was measured using ELISA,

© 2026 The Author(s). Published by the Royal Society of Chemistry

while the concentration of AgNPs was measured using UV-
visible spectrophotometry (absorption peak at 400 nm,
METASH®, China) over 14 days with daily replacement of fresh
dispersion. We quantified release kinetics using model-
independent descriptors, including burst release, T50 by
linear interpolation, and mean dissolution/release time (MDT)
by statistical moment analysis. Model-independent approaches
are accepted for dissolution/release profile evaluation.*®

2.4.2 Macrophage polarization regulation. Extraction fluid
collected on days 3, 5, and 7 was used to culture RAW264.7
macrophages. Flow cytometry was used to detect surface marker
CD206 of M2-type macrophages, and qPCR was used to detect
transcription markers IL-10 and TGF-B to identify changes in
macrophage polarization.

RSC Adv, 2026, 16, 12639-12650 | 12643
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In vitro antibacterial and biocompatibility studies. (A) Antibacterial performance against S. aureus, E. coli, and P. aeruginosa in the control,

blank hydrogel, and drug-loaded hydrogel groups; (B) one-way ANOVA analysis of the antibacterial activity in each group (n = 3); (C) fluorescent
live/dead staining images of L929 cells cultured with different hydrogels; green fluorescence indicates live cells and red fluorescence indicates
dead cells; (D) L929 cell viability after treatment with each hydrogel group (n = 6). ***p < 0.001.

2.5 Antibacterial assay in vitro

We obtained PBS extracts from blank hydrogel and drug-loaded
hydrogel respectively, with pure PBS serving as the control
group. According to the McFarland standard, bacterial
suspensions of Staphylococcus aureus (S. aureus), Escherichia coli
(E. coli), and Pseudomonas aeruginosa (P. aeruginosa) were
prepared to a turbidity of 0.5. Then, 200 pL of each bacterial
suspension was added to 5 mL of liquid LB medium. Each
bacterial culture was mixed with an equal volume (1 : 1 ratio) of
the corresponding PBS solution from each group, followed by
shaking incubation at 37 °C for 6 hours. Finally, 100 pL of the
diluted bacterial solution was spread onto LB agar plates and
incubated at 37 °C for 24 hours, after which photographs were
taken and colony-forming units (CFU) were counted.’

2.6 Cytocompatibility assay

The CCK-8 assay was employed to evaluate the in vitro
biocompatibility of the multilayer drug-loaded hydrogel with

12644 | RSC Adv, 2026, 16, 12639-12650

L929 cells. DMEM medium extracts were obtained from the
blank hydrogel and the drug-loaded hydrogel, respectively, with
plain DMEM medium serving as the control. These DMEM
media were then supplemented with 10% fetal bovine serum to
prepare complete culture media. L929 cells were seeded in a 96-
well plate at a density of 3 x 10° cells per well and cultured for
24 hours. After removing the culture medium, the cells were
washed three times with PBS, and 10 pL of CCK-8 reagent (Cell
Counting Kit-8, Beyotime Biotechnology Co. Ltd, Beijing, China)
was added to each well, followed by incubation for 1 hour.
Absorbance was measured at 450 nm using a microplate reader
(Bio Tek, USA). The same procedure was performed to assess
cell viability on the second and third days of culture (z = 6). The
cell viability was calculated as:

Asample - Amedium

Cell viability (%) = x 100

control — Amedium

where, Agample and Aconerol Tepresent the absorbance of cells
treated with the hydrogel extract and untreated cells,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Multi-layer drug-loaded hydrogel animal study. (A) Schematic
diagram of the animal experiment. (B) Images of abdominal wound
healing in rats under different interventions. (C) One-way ANOVA
analysis of the percentage of abdominal wound healing area under
different interventions. (D) Comparison of granulation tissue regen-
eration and inflammatory cell infiltration among groups by HE staining.
(E) One-way ANOVA analysis of granulation tissue thickness under
different interventions. (F) Comparison of collagen fiber regeneration
by Masson staining. (G) One-way ANOVA analysis of collagen fiber
content under different interventions. *, p < 0.05; **, p < 0.01; *** p <
0.001; **** p < 0.0001. The black triangular areas in the images
indicate the hydrogel regions. The sample size per group was 6 (n = 6).

respectively, while Apeqium denotes the absorbance of the
culture medium without cells.>**°

Furthermore, live/dead cell staining was performed to assess
cell viability. Specifically, DMEM extracts of blank hydrogel and
drug-loaded hydrogel were prepared, with plain DMEM used as
the control. Each extract was supplemented with 10% fetal
bovine serum to obtain complete culture media. L929 cells were
seeded in a 96-well plate at a density of 3 x 10> cells per well. At
24, 48, and 72 hours, the cells were stained using a diluted live/
dead staining reagent (Calcein AM/PI/Hoechst Cell Viability
Assay Kit, Beyotime Biotechnology Co. Ltd, Beijing, China). For
each well, 100 pL of diluted Calcein AM and 100 uL of diluted
propidium iodide (PI) were added, followed by incubation for 10
minutes. Fluorescent images were acquired using an inverted
fluorescence microscope (Leica, Germany).>°

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.7 Construction of rat open abdomen wound model

2.7.1 Animal preparation. Eighteen SPF-grade male SD rats
weighing 210-250 g were randomly divided into three groups:
no hydrogel group (control group), blank hydrogel group, and
drug-loaded hydrogel group. Rats were housed individually
under controlled conditions (23 + 2 °C, 50 + 10% relative
humidity, 12-hour light/dark cycle) with free access to food and
water. Before surgery, rats were fasted for 12 hours with free
access to water. Animal experiments were conducted following
the guidelines for the care and use of laboratory animals
(Ministry of Science and Technology of China [2006] No. 398
document) and approved by the Ethics Committee of Nanjing
Medical University.

2.7.2 Experimental procedure. Rats were anesthetized
deeply with 3% pentobarbital sodium at a dose of 60 mg kg™
and shaved in the abdominal area. A 1.5 x 1.5 cm square was
marked and the abdominal skin was incised along the mark.
After entering the abdominal cavity, the abdominal wall was
excised to create a 1.5 cm X 1.5 cm abdominal defect. In the
control group, the skin was sutured directly with polypropylene
mesh. In the blank hydrogel and drug-loaded hydrogel groups,
hydrogel dressings were placed on the wound bed before
suturing the skin with polypropylene mesh. After modeling, rats
were intramuscularly injected with procaine penicillin for the
first 3 days. Rats were closely monitored, including body weight,
activity, food and water intake, and clinical signs related to
wound infection, and no unexpected adverse events were
observed. On days 1, 3, 5, and 7, wound healing was observed
and photographed with a scale. After 7 days of model estab-
lishment, fresh granulation tissue will be collected from two
animals in each group for flow cytometry analysis, and wound
healing tissue will be fixed from four animals in each group for
histological analysis. HE staining will be used to detect patho-
logical changes in wound healing tissue, and Masson staining
will be used to detect collagen changes in wound healing tissue.
Infiltrating macrophages will be isolated, and flow cytometry
will be used to detect the surface marker CD206 for macrophage
polarization. qPCR will be used to detect transcriptional
markers IL-10 and TGF-B for macrophage polarization. Immu-
nofluorescence staining will be used to observe the content and
distribution of macrophage markers CD206 in granulation
tissue.*

2.8 Statistical analysis

Statistical analysis was performed using OriginPro 2024b and
Graphpad Prism 10 software. The ¢-test or one-way ANOVA
analysis was used to compare differences between groups, and p
< 0.05 was considered statistically significant. Results are pre-
sented as mean + SD.

3. Results and discussion

3.1 Hydrogel characterization

PDMS itself is hydrophobic,* so we first evaluated the hydro-
philicity of PDMS after plasma treatment. Before treatment, the
contact angle was 109.34 £ 3.74° (mean + SD, n = 5), which
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Fig. 6 Analysis of macrophage polarization in animal experiments. (A) Immunofluorescence staining images of CD206, a surface marker of M2
macrophages, under different intervention modes; (B) one-way ANOVA analysis of fluorescence intensity among groups. (C) gPCR analysis of M2
macrophage polarization transcriptional markers IL-10 and TGF-B expression levels in each group; (D) flow cytometry detection of M2
macrophage polarization surface marker CD206; (E) one-way ANOVA analysis of CD206-positive rates under different intervention modes. *, p <
0.05; ** p < 0.01; *** p < 0.001. Experiments were repeated three times (n = 3).

decreased to 26.18 + 2.39° (mean + SD, n = 5) after treatment
(Fig. 24A), with statistically significant differences (Fig. 2B),
indicating a transformation from hydrophobic to hydrophilic
due to plasma treatment, the most commonly used method for
PDMS surface modification.*® However, a significant challenge
post plasma treatment is the recovery of hydrophobicity
(Fig. 2C), primarily due to uncured PDMS oligomers migrating
to the surface and highly mobile polymer chains with Si-OH
bonds rearranging towards the bulk at room temperature.?
Moreover, the low glass transition temperature of PDMS
(approximately —120 °C) exacerbates these effects.>® Previous
studies have shown that PAAm can graft polymerize effectively
onto modified PDMS surfaces under UV irradiation and main-
tain stability for up to one month under dry room conditions.**
To address the issue of hydrophobic recovery in PDMS, UV lamp
irradiation was used to graft PAAm onto the modified PDMS
surface in this study. Previous research indicates that the
adhesive strength between modified PDMS and hydrogels

12646 | RSC Adv, 2026, 16, 12639-12650

increases over time.'? Therefore, we used a universal mechan-
ical tester to measure the adhesive strength between PDMS and
hydrogels before and after plasma treatment (Fig. 2D). The
adhesive strength of PDMS to hydrogels significantly increased
after plasma treatment compared to untreated PDMS (Fig. 2E)
(p < 0.001).

One of the most critical parameters affecting drug release
behavior is the surface structure of the drug carrier.*® We
observed the microstructure of the hydrogels using scanning
electron microscopy (SEM), revealing a porous structure. The
PAAm hydrogel exhibited a dense pore structure with thick
walls, whereas the CC/HA-CHO hydrogel had a loose pore
structure with thinner walls (Fig. 2F and G). This highly cross-
linked microporous structure not only accommodates various
cells but also facilitates the release of various drugs and other
nano-trace elements effectively.®

The hydrogel exhibited rapid water absorption within the
first 12 hours, followed by a slower swelling rate after 18 hours

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 2H). The swelling ratio of PAAm was approximately 750%,
while CC/HA-CHO exhibited a high swelling ratio of up to
3300%. It is well known that the swelling ratio of hydrogels is
closely related to pore size and hydrophilicity.***” CC/HA-CHO
hydrogel has larger pores, providing more space for water
absorption (Fig. 2G). Additionally, HA-CHO introduces ~-COOH
groups in the gel, which converts to COO- in alkaline environ-
ments, increasing repulsive forces between like charges. Thus,
CC/HA-CHO hydrogel rapidly swells in alkaline solutions at pH
= 7.4, beneficial for absorbing wound exudate and maintaining
a moist wound environment.*®

We confirmed the chemical structure of the PAAm hydrogel
using FTIR (Fig. 2I). Characteristic absorption peaks corre-
sponding to -NH, appeared at 3412 cm ™" and 3194 cm ™', while
peaks corresponding to -C=0 appeared at 1670 cm™ ', con-
firming the successful preparation of PAAm hydrogel.***
Furthermore, we analyzed the FTIR spectra of CC/HA-CHO,
where absorption peaks at 3450 cm™' were attributed to
hydroxyl and amino stretching vibrations.** Peaks correspond-
ing to asymmetric and symmetric carboxylate stretching vibra-
tions appeared at 1628 cm ™' and 1422 cm ™, respectively.*> The
appearance of absorption peaks at 1615 cm " is primarily due to
the introduction of aldehyde groups in the structure of HA, and
the decrease in peaks at 1615 cm ™' and 3450 cm™ " after mixing
CC and HA-CHO confirms the Schiff base crosslinking reaction
between amino and aldehyde groups.*

3.2 Investigation of drug release patterns in drug-loaded
hydrogels

We quantified the concentrations of AgNPs and IL-4 in extrac-
tion fluids using UV-visible spectrophotometry and ELISA,
respectively (Fig. 3A). AgNPs began releasing from the second
hour, reaching equilibrium concentration by the second day. IL-
4 release started from the first day and reached equilibrium
concentration by the eighth day, showing a delayed release
compared to AgNPs, likely due to barrier effects.” For AgNPs, the
burst release at 2 h was 21.68%, T50 was 4.96 h, the MDT was
6.20 h. For IL-4, burst release was 24.95% at 1 day, T50 was 2.99
days, the MDT was 2.71 days. These results quantitatively
support the intended sequential release behavior. The larger
pore size and faster release rate of CC/HA-CHO hydrogel might
contribute to this delay. Early release of AgNPs can achieve early
antimicrobial effects.

Furthermore, IL-4 exhibited a longer release duration than
AgNPs. Previous studies have shown that incorporating various
insoluble nanoparticles such as ZnO, CuO, Ag, Au into hydrogel
matrices can improve mechanical properties, antimicrobial
performance, and stability, as well as regulate drug release
rates, prolonging drug release times.**** Therefore, the pro-
longed release of IL-4 may be attributed to the presence of
AgNPs in the hydrogel base layer, which is beneficial for tissue
wound repair. Thus, the multi-layered drug-loaded hydrogel can
achieve sequential drug release, showing great potential as
a wound dressing for wound repair.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.3 Regulation of macrophage polarization

We cultured RAW264.7 macrophages in extraction fluids
collected at different time points (days 3, 5, and 7). We first
examined the expression level of the M2 macrophage surface
marker CD206 using flow cytometry. The results showed that
CD206 expression progressively increased on days 3, 5, and 7
(Fig. 3B). Furthermore, one-way ANOVA analysis revealed
significant differences in CD206 expression levels (Fig. 3C).
Therefore, the multilayer drug-loaded hydrogel promotes
macrophage polarization towards the M2 phenotype by
releasing IL-4. Additionally, we detected M2-type macrophage
transcription markers IL-10 and TGF-f using qPCR.** The
expression levels of IL-10 and TGF-B gradually increased on days
3, 5, and 7, further validating the ability of the multilayer drug-
loaded hydrogel to promote M2 polarization in macrophages
(Fig. 3D).

3.4 Antibacterial property of drug-loaded hydrogel

The antibacterial performance of the multilayer drug-loaded
hydrogel was evaluated. Due to the incorporation of AgNPs
within the CC/HA-CHO hydrogel layer, this drug-loaded hydro-
gel demonstrated strong antibacterial activity against S. aureus,
E. coli, and P. aeruginosa (Fig. 4A and B). These results suggest
that this drug-loaded hydrogel can effectively exert antibacterial
effects during wound healing.

3.5 Biocompatibility of drug-loaded hydrogel

The multilayer drug-loaded hydrogel was expected to exhibit
favorable biocompatibility, which was evaluated using the L929
cells. Live/dead staining results showed that nearly no dead
cells were observed on days 1, 2, and 3, while the number of
cells increased over time in all groups (Fig. 4C). Furthermore,
CCK-8 assays indicated no statistically significant differences in
cell viability between the control group and the hydrogel groups
on days 1, 2, and 3 (Fig. 4D). Therefore, this multilayer drug-
loaded hydrogel demonstrates excellent biocompatibility.

3.6 Drug-loaded hydrogel promotes wound healing

We divided the experimental animals into three groups: control
group, blank hydrogel group, and drug-loaded hydrogel group.
The healing progress of abdominal wounds was compared
among the three groups on days 1, 3, 5, and 7 (Fig. 5A). The
drug-loaded hydrogel group exhibited significantly faster
wound healing, characterized by the gradual formation of a dry,
yellow-brown thin scab. In contrast, the other two groups
showed slower healing (Fig. 5B and C). On day 7, tissue
surrounding the abdominal wall defects was collected and fixed
overnight in 10% neutral formalin. Histopathological changes
were evaluated using HE and Masson staining.

The HE staining results from the drug-loaded hydrogel
group demonstrated superior wound closure and a more
uniform distribution of fibrous tissue, indicating enhanced
tissue reconstruction. Furthermore, there was a marked
reduction in inflammatory cell infiltration, suggesting
suppression of the local inflammatory response. Additionally,
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angiogenesis was significantly enhanced, improving the wound
healing environment (Fig. 5D and E). The Masson staining
results showed that the drug-loaded hydrogel group exhibited
the best healing outcomes, effectively promoting tissue recon-
struction through enhanced collagen deposition and angio-
genesis (Fig. 5F and G).

Macrophages were isolated from the abdominal wall defect
tissues, and surface markers of macrophage polarization, such
as CD206, were assessed using qPCR, flow cytometry and
immunofluorescence staining. The drug-loaded hydrogel group
exhibited the strongest CD206 immunofluorescence staining,
suggesting the greatest M2 macrophage polarization (Fig. 6A
and B). Transcriptional markers of macrophage polarization,
including IL-10 and TGF-B, were also detected using qPCR. The
results demonstrated significantly elevated expression of IL-10
and TGF-B in the drug-loaded hydrogel group, with statistical
significance confirmed by one-way ANOVA analysis (Fig. 6C).
Flow cytometry analysis revealed that the drug-loaded hydrogel
group exhibited the highest CD206" cell ratio, demonstrating
the strongest M2 macrophage polarization (Fig. 6D and E).
These findings suggest that the drug-loaded hydrogel promotes
macrophage polarization towards the M2 phenotype at the
wound site. Therefore, this animal study demonstrates that
drug-loaded hydrogels can alleviate inflammation at open
abdominal wound sites and significantly accelerate wound
healing.

However, in this section, we did not include a comparative
study between the multilayer drug-loaded hydrogel and stan-
dard commercial OA wound dressings such as negative-
pressure wound therapy (NPWT) foam and standard biologic
mesh.*® Therefore, this indeed constitutes a major limitation of
our current study. In future research, we will supplement
a detailed comparison plan against NPWT-based temporary
abdominal closure. Previous studies have also reported
a double-layered bioadhesive patch (hydrogel + tough antibac-
terial polyurethane film) designed for rapid hemostasis and
suture-free sealing of acute bleeding wounds, which provides
a relevant benchmark for high-strength sealing materials.*
However, it addresses a clinical scenario different from
temporary abdominal closure in OA cases. In summary, the
multilayer drug-loaded hydrogel in our study serves as
a complement to standard commercial OA wound dressings,
aiming to provide dual anti-inflammatory and pro-healing
therapy for OA wounds.

In addition, hematological blood parameters (e.g., complete
blood count with differential) were not performed in this
animal experiment. In future studies, we will include these
parameters to further strengthen the assessment of systemic
inflammatory status and overall safety.

4. Conclusion

In this study, we designed and fabricated a multilayer drug-
loaded hydrogel dressing for the protection of open abdom-
inal wounds. By integrating the antibacterial of CC/HA-CHO
hydrogels, the controlled drug-release characteristics of PAAm
hydrogels, and the excellent antifouling capability of PDMS, we
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developed a functional structure with distinct layers. In the
drug-loading strategy, AgNPs were employed for early-stage
antibacterial and anti-infective effects, while IL-4 facilitated
macrophage polarization towards the M2 phenotype during the
tissue repair phase, providing robust regenerative support for
the wound.

The multilayer structure and multifunctional design of the
dressing address the critical requirements of open abdominal
wounds, including a moist environment, antibacterial activity,
and biocompatibility. Moreover, its capability for gradual and
targeted drug release offers a novel approach for precise control
over wound healing. Material characterization and in vitro
experiments demonstrated the hydrogel dressing's strong
adhesive strength, mechanical stability, and effective drug
release performance.

Based on these initial findings, the multilayer drug-loaded
hydrogel dressing shows significant potential for application
in open abdominal therapy, offering an innovative solution for
managing severe abdominal trauma and complex infected
wounds. However, further animal studies and clinical research
are necessary to validate its safety and efficacy in practical
applications, providing valuable guidance for advancing this
field.
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