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Background: Diabetic chronic wounds are characterized by persistent infection, excessive oxidative stress, impaired angiogenesis,
and prolonged inflammation, resulting in delayed healing. Current wound dressings lack the ability to simultaneously regulate these
pathological processes.

Methods: A multifunctional composite hydrogel was developed by incorporating benzalkonium chloride (BAC)-loaded selenium-
doped mesoporous silica nanoparticles (Se-MSNs) into a PF127 matrix. In this system, BAC provides antibacterial activity, Se-MSNs
enable redox regulation and immunomodulation, and PF127 serves as a delivery platform for localized retention and sustained release.
The physicochemical properties, antibacterial activity, antioxidant capacity, pro-angiogenic effects, and anti-inflammatory performance
were evaluated in vitro, followed by therapeutic assessment in a diabetic mouse wound model.

Results: The composite hydrogel exhibited effective antibacterial activity against Staphylococcus aureus and Escherichia coli,
reduced intracellular reactive oxygen species, promoted endothelial cell migration and tube formation, and modulated inflammatory
cytokine expression in vitro. In vivo, the hydrogel significantly accelerated wound closure, enhanced collagen deposition and
angiogenesis, and alleviated excessive inflammation in diabetic wounds.

Conclusion: The therapeutic effects of the composite hydrogel are attributed to the restoration of redox homeostasis and the
coordinated regulation of inflammation resolution and vascular regeneration. This study presents a multifunctional biomaterial strategy
for improving the healing of diabetic chronic wounds.

Keywords: selenium-doped mesoporous silica, thermosensitive hydrogel, benzalkonium chloride, diabetic wound, antibacterial, pro-

angiogenesis

Introduction

Diabetic chronic wounds represent one of the most challenging complications of diabetes, often arising from persistent
inflammation, impaired angiogenesis, elevated oxidative stress, and recurrent infections.' > These factors collectively
extend the inflammatory phase and hinder the progression toward tissue regeneration, frequently resulting in wounds that
are slow to heal or prone to recurrence.* Despite the development of various pharmacological therapies, their clinical
use is often limited by high costs, variable therapeutic outcomes, and logistical challenges.®® As a result, conventional
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approaches—such as repeated debridement, skin grafting, infection management, and standard dressing care—remain the
primary treatment strategies, yet they often fall short in effectively resolving chronic, non-healing wounds.’

Bacterial infection is a prominent factor leading to the worsening and delayed healing of diabetic wounds.'®'?
Traditional antibiotic therapy generally fails due to bacterial resistance and biofilm protection.'> !> Benzalkonium
chloride (BAC), a quaternary ammonium cationic surfactant, demonstrates broad-spectrum antibacterial activity by
breaking bacterial membranes and reducing biofilm formation, while also being appropriate for large-scale production
and cost-effective.'*'® However, direct application of BAC is limited by high toxicity, fast release, and local discomfort.
Loading BAC into nanocarriers can enable sustained release and lower toxicity, balancing safety and antibacterial
efficacy.!” "’

In recent years, nanotechnology-based smart biomaterials have presented new potential for chronic wound
therapy.”?! Among these, mesoporous silica nanoparticles (MSNs) have been widely employed in drug administration
and tissue healing due to their huge surface area, variable pore size, simple functionalization, and outstanding
biocompatibility.” >* However, traditional MSNs function solely as passive carriers, lacking inherent bioactivity and
the ability to actively alter the wound microenvironment. To solve this constraint, researchers have integrated functional
elements into their structure to bestow bioresponsive capabilities. Selenium (Se), an essential trace element, has a key
role in maintaining cellular redox homeostasis, scavenging reactive oxygen species (ROS), and modulating immunolo-
gical responses.”>*® Incorporating selenium into the mesoporous silica network endows the material with prolonged
antioxidant and anti-inflammatory activity, presenting a unique method to alleviate oxidative stress in chronic

wounds.”’® In addition to effective carrier design, local retention and drug delivery efficiency are significant factors
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of therapeutic success. Thermosensitive hydrogels, with their injectability and reversible sol—gel transition, have emerged
as suitable platforms for wound-targeted drug delivery.29 Pluronic F127 (PF127), an FDA-approved thermosensitive
block copolymer, remains fluid at low temperature but rapidly gels at body temperature, enabling in situ gelation and
prolonged release of medicines at the wound site.*”

In recent years, multifunctional smart hydrogel dressings have attracted widespread attention as a novel platform for
wound repair. Several studies have developed composite hydrogels that simultaneously possess antibacterial, antioxidant,
anti-inflammatory, and tissue-regenerative properties, such as plant-derived antibacterial-prioritized designs®' and func-
tional bioactive hydrogel systems.*> These works provide important inspiration for the multi-functional synergistic
strategy employed in the present study; however, most of these systems still exhibit limitations in the coordinated
regulation of inflammation and angiogenesis. Therefore, in this work, we integrated antibacterial (BAC), antioxidant and
immunomodulatory (Se-MSNs), and controlled-release (PF127) functionalities into a single composite platform, aiming
to achieve more comprehensive regulation of the wound microenvironment.

Our previous study reported a rosuvastatin-loaded periodic mesoporous organosilica (PMO) —gold nanostar-based
hydrogel that promoted diabetic wound healing mainly through modulation of inflammatory responses and cytoskeletal
remodeling via the cGMP-PKG and RhoA—-MLCK-MLC pathways.>® In this work, we engineered a thermoresponsive
composite hydrogel (BAC@Se-MSNs/PF127) designed to coordinate antibacterial, antioxidant, and immune-modulating
functions for comprehensive regulation of the diabetic wound milieu. Within this system, selenium-modified mesoporous
silica nanoparticles (Se-MSNs) act as the functional backbone, offering sustained redox protection and immunoregulatory
support. BAC is incorporated to deliver potent, broad-spectrum antimicrobial activity, while PF127 provides tempera-
ture-dependent injectability and controlled drug release. The formulation remains in a flowable state at low temperatures,
enabling uniform coverage of complex wound geometries, and undergoes rapid gelation at physiological temperatures to
maintain prolonged local retention and therapeutic action. This multifunctional platform introduces a versatile material
strategy and conceptual basis for advancing nano-polymer composite therapies in chronic diabetic wound management.

Materials and Methods

Materials and Reagents

Selenium powder, sodium borohydride (NaBH,), tetraethyl orthosilicate (TEOS), 3-aminopropyltriethoxysilane, and
3-chloropropyltriethoxysilane were obtained from Aladdin. Fetal bovine serum (FBS) was purchased from Hyclone,
and DMEM, RPMI-1640, and trypsin were sourced from Gibco. All aqueous solutions were prepared using double-
distilled water (DDW).

Male BALB/c mice (8 weeks old) were supplied by the Animal Center of Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology. This animal experiment was approved by the Animal Management and
Use Committee of Tongji Hospital, Huazhong University of Science and Technology (approval number: T1-202505014,
Wuhan, China).

Synthesis of Se-MSNs and BAC Loading

Se-MSNs were synthesized following a sol-gel route. The diselenide-functionalized silane precursor bis[3-(triethoxysi-
lyl)propyl]diselenide (BTESePD) was generated according to a previously described method[11]. A mixture of TEOS
and BTESePD was dissolved in anhydrous ethanol and gradually transferred into a CTAT/triethanolamine solution under
continuous stirring at 80 °C for 4 h. The molar ratio and synthesis conditions were selected based on previously reported
protocols with slight modifications to ensure structural stability and reproducibility. The resulting solid was isolated by
centrifugation, washed with ethanol, and collected as a light-yellow powder.

To remove the CTAT template, the powder was dispersed in methanol containing ammonium nitrate (2% w/v) and
refluxed for 3 h at 80°C. After cooling, the suspension was centrifuged and rinsed with ethanol. The extraction was
repeated twice, and the purified nanoparticles were stored in ethanol. For drug loading, Se-MSNs were sonicated in
deionized water for 10 min and then incubated with BAC solution under light-protected stirring for 24 h. BAC-loaded
Se-MSNs were collected by centrifugation, washed repeatedly to eliminate free BAC, and vacuum-dried. Due to the
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focus of this study on the overall biological performance of the composite hydrogel, the drug loading capacity and
encapsulation efficiency of BAC were not quantitatively determined, and loading was primarily confirmed by UV-vis
spectroscopy and zeta potential analysis.

Characterization of BAC@Se-MSNs

Nanoparticle morphology and dimension were evaluated using transmission electron microscopy (TEM, JEOL).
Elemental mapping (Si, O, Se, N, Cl) was conducted with TEM-EDS. Surface charge was assessed using a Zetasizer
Nano ZS (Malvern). UV—vis spectra (200400 nm, Shimadzu) were recorded to verify the presence of BAC on Se-
MSNs.

Preparation and Characterization of BAC@Se-MSNs/PF127 Thermosensitive

Composite Hydrogel

BAC@Se-MSNs were added to the PF127 solution at a final concentration of XX mg/mL unless otherwise specified. The
mixture remained flowable at low temperature and transformed into a semi-solid gel at 37 °C. Chemical interactions
among PF127, Se-MSNs, and the hybrid hydrogel were examined via FTIR (Thermo Nicolet). SEM imaging was carried
out to assess microstructural organization and pore morphology. For release studies, a defined amount of hydrogel was
immersed in PBS (pH 7.4) at 37°C. Samples were taken at set intervals, and BAC content in the supernatant was
quantified by UV-vis spectroscopy. Rheological behaviors (frequency and strain sweeps) were measured using
a Discovery HR-3 rheometer (TA Instruments). As PF127 is a physically crosslinked thermosensitive hydrogel, its
structural disintegration in aqueous environments mainly occurs through gradual dissolution rather than chemical
degradation.

Cell Culture
HUVECs, NIH-3T3 fibroblasts, and RAW264.7 macrophages were purchased from ATCC. All cell lines were maintained
in DMEM supplemented with 10% FBS and 1% penicillin—streptomycin under 5% CO, at 37 °C.

Cell Viability and Survival Assays
Cells were treated with different concentrations of the tested materials. Viability on days 1, 3, and 5 was quantified using
the CCK-8 kit (Dojindo). After adding 10 pL reagent per well and incubating for 2 h, absorbance was measured at
450 nm.

Live/dead status was visualized after 48 h exposure using Calcein-AM/PI staining (Invitrogen) and observed via
fluorescence microscopy.

Evaluation of Antioxidant Activity
Oxidative stress in HUVECs was induced using H,O,, followed by treatment with various concentrations of BAC@Se-
MSNs/PF127. Cell viability was assessed with CCK-8.DPPH assays (Solarbio) were used to evaluate free radical
scavenging activities by incubating hydrogel samples with DPPH solution in the dark for 30 min and measuring
absorbance at 517 nm.

Intracellular ROS levels were determined using DCFH-DA (Beyotime). After staining and incubation for 30 min,
fluorescence intensity was analyzed by microscopy and a microplate reader.

Inflammatory Cytokine Expression Analysis

Supernatants were collected, and levels of IL-6, TNF-a, and IL-10 were quantified with ELISA kits (Servicebio).
Absorbance was detected at 450 nm, and cytokine concentrations were interpolated from standard curves and normalized
for comparison.
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Scratch Wound Healing Assay

HUVEC monolayers in 6-well plates were scratched using a sterile pipette tip. Cells were then incubated with various
extraction solutions, with or without NIR exposure. Images were captured at 0, 12, and 24 h, and migration efficiency
was calculated as:

So — S,
Scratch Healing(%) = % x 100%
0

Where S, represents the initial scratch area and S represents the scratch area at the given time.

Tube Formation Assay

Matrigel-coated 96-well plates (50 pL/well) were polymerized at 37°C for 30 min. HUVECs (2 x 10* cells/well) were
seeded with different treatment media (Control, PF127, BAC@PF127, Se-MSNs@PF127, BAC@Se-MSNs/PF127,
1.0 mg/mL). Tube-like structures were imaged, and network parameters (nodes, tube length) were quantified using
ImagelJ’s Angiogenesis Analyzer.

In vitro Antibacterial Evaluation
Plate counting assays were conducted using E. coli (ATCC 25922) and S. aureus (ATCC 29213). Bacterial suspensions
(1x10° CFU/mL) were plated, and treatment samples were placed centrally. After 6 h incubation, bacterial solutions were
serially diluted, re-plated, and cultured for 24 h at 37°C for CFU assessment.

SYTO9/PI staining was used to visualize live/dead bacteria (green/red). Growth kinetics were measured by incubating
~10° CFU/mL suspensions in a microplate reader at 37°C with shaking; ODggo was recorded every 2 h for 24 h to
generate growth curves.

Establishment of Diabetic Mouse Model and Wound Analysis
Male C57BL/6 mice (8 weeks, 20-25 g) were acclimated for one week. Diabetes was induced by intraperitoneal
Streptozotocin (STZ) injection (50 mg/kg in 0.1 M citrate buffer, pH 4.5) for five consecutive days. Mice displaying
fasting glucose >16.7 mmol/L twice were considered diabetic.

Under anesthesia, dorsal hair was removed, and a circular full-thickness wound (10 mm) was created. Animals were
randomized into five groups (n=5): Control, PF127, BAC/PF127, Se-MSNs/PF127, and BAC@Se-MSNs/PF127.
Dressings were replaced daily. Wounds were photographed on days 0, 3, 5, 7, 10, and 14.

Ao — A4
Wound healing rate(%) = =2 y L% 100%
0

where A, represents the initial wound area and A, represents the wound area at a specific time. This animal experiment
was approved by the Animal Management and Use Committee of Tongji Hospital, Huazhong University of Science and
Technology (approval number: T1-202505014, Wuhan, China).

Histological and Immunohistochemical Analysis
Animals were euthanized at predetermined time points. Wound tissues were fixed in 4% paraformaldehyde, embedded in
paraffin, and sectioned (5 pm).

H&E staining assessed tissue morphology, while Masson’s trichrome evaluated collagen production. IHC was
performed for CD31 and Ki67 (DAB visualization).

Immunofluorescence staining for CD68, CD206, and iNOS was carried out, and five random regions per section were
quantified using Image].

RNA Sequencing and Transcriptome Analysis
Wound samples (day 7, n = 3 per group) were snap-frozen in liquid nitrogen. RNA extraction was performed using
TRIzol, and RNA quantity/quality was checked via Nanodrop and Agilent Bioanalyzer. Libraries were constructed and
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sequenced on an Illumina HiSeq X10 platform. Bioinformatic analysis was carried out using NovoMagic (Novogene)
and Majorbio.

Statistical Analysis

All experiments were replicated at least three times. Data are expressed as mean + SD. Statistical comparisons were
conducted using Student’s t-test or one-way ANOVA followed by Tukey’s test (GraphPad Prism 9). P < 0.05 was
considered statistically significant.

Results and Discussion
Synthesis and Characterization of BAC@Se-MSNs Nanocomposites

To obtain a nanosystem capable of simultaneously providing antibacterial and antioxidant functions, selenium-modified
mesoporous silica nanoparticles (Se-MSNs) were fabricated via a sol-gel process and subsequently loaded with
benzalkonium chloride (BAC). The preparation workflow is summarized in Figure 1A. TEM imaging verified that the as-
prepared Se-MSNs possessed a well-defined spherical morphology with uniform dispersion and an average size near 50
nm, together with evident mesoporous surfaces (Figure 1B and C). Elemental mapping by EDS demonstrated evenly
distributed Si, O, and Se signals, while the appearance of N and Cl indicated successful BAC incorporation (Figures 1B
and S1). In this system, selenium is incorporated into the silica framework through organosilane precursors, likely
existing in the form of Se—Se or related covalent bonds rather than as discrete selenium nanoparticles. Although the Se
signal intensity appears relatively low, it is uniformly distributed within the silica framework, indicating successful
incorporation at a trace yet functional level.

Zeta potential analysis further confirmed the surface modification: pristine Se-MSNs exhibited a mildly positive
potential (7.9 mV), which markedly increased to 32.9 mV after BAC loading (Figure 1D), reflecting the cationic nature of
BAC and its strong surface association. UV-vis spectroscopy of the BAC@Se-MSNs/PF127 mixture showed
a characteristic absorption feature around ~280 nm, although the peak appeared relatively broad due to the composite
nature of the system (Figure 1E). This may be attributed to the overlapping absorption and scattering effects from the
polymer matrix and silica framework.

In addition, the reduced absorbance intensity of BAC in the supernatant after loading suggests that a substantial
proportion of BAC was successfully incorporated into the Se-MSNs, indicating a relatively high loading efficiency.

Preparation and Characterization of BAC@Se-MSNs/PF127 Thermosensitive
Hydrogel

To enhance localized retention and achieve controlled drug release, BAC@Se-MSNs were dispersed into Pluronic F127,
forming a thermosensitive hydrogel system (Figure 2A). The formulation remained in a low-viscosity state at 4°C, while
heating to physiological temperature triggered rapid sol—gel transition, producing a semi-solid matrix (Figure 2B). This
rapid sol-gel transition enables the hydrogel to form a stable covering layer at the wound site, contributing to localized
retention and sustained drug release.

FTIR spectra provided further evidence for successful hybrid formation (Figure 2C). PF127 displayed typical C-H
stretching vibrations (2880-2970 cm ') and a strong C—O—C band at 1100 cm ™', whereas Se-MSNs exhibited Si-O-Si
vibrations at ~1080, 800, and 460 cm™ ' and a Si—OH signal near 950 cm™'. The composite hydrogel showed intensified
Si—O-Si bands accompanied by slight wavelength shifts, suggesting interfacial interactions—Tlikely hydrogen bonding—
between the polymer chains and the inorganic framework.

SEM images confirmed that both pure PF127 and the composite hydrogel possessed interconnected porous archi-
tectures characteristic of thermosensitive polymer networks (Figure 2D). Drug-release assays showed a gradual and
sustained release of BAC over 72 h, demonstrating the hydrogel’s capacity to regulate drug diffusion (Figure 2E). This
sustained release behavior also indirectly reflects the gradual structural disintegration of the hydrogel in aqueous
conditions.
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Figure | Preparation and characterization of BAC@Se-MSNs nanocomposites. (A) Schematic representation of BAC@Se-MSNs synthesis: Se-containing mesoporous silica
nanoparticles (Se-MSNs) were synthesized utilizing TEOS and BTSePD in a CTAT/TEOA system, followed by loading benzalkonium chloride (BAC) to generate BAC@Se-
MSNs. (B) TEM pictures and EDS elemental mapping revealing uniform distribution of Si, O, Se, N, and Cl, suggesting successful BAC loading. (C) TEM picture revealing
consistent spherical morphology of BAC@Se-MSNs with an average diameter of ~50 nm. (D) Zeta potential measurement: Se-MSNs and BAC@Se-MSNs displayed surface
potentials of 7.9 mV and 32.9 mV, respectively. (E) UV-Vis spectra of BAC@Se-MSNs/PF 127 displaying characteristic BAC absorption peak at 280 nm, suggesting effective
incorporation. The characteristic absorption peaks of BAC and PFI127 are marked by dashed lines.

Rheological measurements indicated that G’ consistently exceeded G” in amplitude sweeps, and both parameters
remained stable under time and frequency sweeps (Figure 2F—H), reflecting robust elasticity, structural integrity, and
reliable viscoelastic performance. Such thermosensitive hydrogels can achieve effective local retention through rapid
in situ gelation at physiological temperature, without relying on strong tissue adhesion. It should be noted that the present

hydrogel system is not specifically engineered for strong tissue adhesion. Instead, its local retention primarily depends on
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Figure 2 Preparation and structural characterisation of BAC@Se-MSNs/PF127 thermosensitive hydrogel. (A) Schematic depiction of hydrogel preparation: BAC-loaded Se-
MSNs were combined with PF127 solution at 4°C, followed by gelation at 37°C. (B) Photographs illustrating temperature-responsive behavior: PF127 and BAC@Se-MSNs
/PF127 were liquid at 20°C and formed stable gels at 37°C. (C) FTIR spectra exhibiting typical peaks of PFI127, Se-MSNs, and BAC, suggesting successful composite
production. FTIR spectra are provided for qualitative assessment of surface functional groups; peak overlap may obscure some minor signals. (D) SEM images exhibiting
porous structures in PFI27 and BAC@Se-MSNs/PF 127 hydrogels. (E) Cumulative release profile of BAC from BAC@Se-MSNs/PF127, exhibiting persistent release behavior.
(F-H) Rheological analysis: amplitude scan (F), time sweep (G), and frequency sweep (H) showing G’ > G”, indicating good viscoelasticity and structural stability.
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temperature-triggered in situ gelation. While this mechanism is sufficient for maintaining coverage and enabling
sustained drug release in relatively static wound environments, it may be less effective in highly dynamic conditions.
Future work will focus on incorporating adhesive functional groups to further enhance tissue integration and retention.

Biocompatibility, Antioxidant, and Anti-Inflammatory Effects of BAC@Se-MSNs/PF127
Hydrogel

The biological safety and functional properties of BAC@Se-MSNs/PF127 were assessed using HUVECs and NIH-3T3
cells. CCK-8 data revealed that the composite exhibited negligible cytotoxicity at 0.5-1.0 mg/mL over 5 days, whereas
a higher concentration (2.0 mg/mL) mildly inhibited proliferation (Figure 3A and B). Therefore, 1.0 mg/mL was selected
for subsequent experiments. Live/Dead staining further confirmed high cell viability, with predominantly green fluores-
cence after 48 h of treatment (Figure 3C). Additional dose-response experiments (5—40 pg/mL) showed viability
consistently above 90% (Figure S2).

In diabetic wounds, excessive production of reactive oxygen species (ROS) due to mitochondrial dysfunction creates
sustained oxidative pressure, which subsequently amplifies pro-inflammatory cascades—particularly NF-«xB activation—
leading to chronic inflammation and impaired repair.** >’ Selenium is known to participate in enzymatic antioxidant
defense (eg, GPx family) and thus contributes to redox homeostasis.*® In an H,O,-induced oxidative injury model, cells
treated with the BAC@Se-MSNs/PF127 hydrogel showed substantially higher viability (Figure 3D). The material also
demonstrated effective free-radical scavenging in DPPH assays (Figure 3E) and significantly lowered intracellular ROS
levels, as visualized using DCFH-DA staining (Figure 3F). Furthermore, inflammatory cytokine profiling indicated that
the hydrogel markedly reduced IL-6 and TNF-a while elevating the anti-inflammatory cytokine IL-10 (Figure 3G-I). The
antioxidant and anti-inflammatory effects are mainly attributed to the incorporation of selenium within the silica
framework, which can participate in redox regulation and mimic the activity of endogenous selenoproteins. Upon gradual
release or surface interaction, selenium species contribute to the scavenging of reactive oxygen species and modulation of

inflammatory signaling pathways.

BAC@Se-MSNs Hydrogel Promotes Endothelial Cell Migration and Angiogenesis
Because impaired angiogenesis is a major pathological barrier in diabetic wound repair, the pro-angiogenic potential of
the composite hydrogel was examined.>® In scratch assays, HUVECs treated with BAC@Se-MSNs/PF127 exhibited
significantly accelerated wound closure at both 12 and 24 h compared with Control, PF127, and BAC@PF127 groups
(Figure 4A-D, P < 0.001). Notably, the effect was comparable to that of the Se-MSNs@PF127 group, highlighting the
dominant contribution of selenium-based nanoparticles to endothelial motility.

Tube formation assays further demonstrated enhanced angiogenic behavior (Figure 4B, E and F). Previous studies
have demonstrated that selenium-based materials can promote endothelial cell migration and angiogenesis by regulating
oxidative stress and related signaling pathways.***° The composite hydrogel promoted the formation of longer and more
interconnected tubular networks, including increased numbers of nodes and total tube length. PF127 and BAC@PF127,
in contrast, showed minimal angiogenic improvement relative to the control. These results indicate that Se-MSNs serve
as the major pro-angiogenic component, and the full composite system robustly supports vascular regeneration processes
relevant to chronic diabetic wound healing.

BAC@Se-MSNs Hydrogel Exhibits Excellent Antibacterial Activity

Chronic diabetic wounds are frequently complicated by persistent bacterial colonization and biofilm development, which
hinder repair and aggravate inflammation.'®*'*? Given the known bactericidal properties of BAC-containing systems,
the antibacterial capabilities of the composite hydrogel were systematically evaluated. Plate culture assays demonstrated
that PF127 and Se-MSNs@PF127 alone provided limited antibacterial activity, whereas hydrogels containing BAC
substantially decreased colony formation, with BAC@Se-MSNs/PF127 showing the most pronounced suppression
(Figure 5A). SYTOY/PI staining validated these results at the single-cell level: both E. coli and S. aureus exhibited
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Figure 3 Biocompatibility, antioxidant, and anti-inflammatory effects of BAC@Se-MSNs/PF127 hydrogel in vitro. (A and B) CCK-8 assay showing viability of HUVECs (A)
and NIH-3T3 cells (B) after I, 3, and 5 days under different treatments (Control, PF127, BAC@Se-MSNs/PF127 at 0.5, 1.0, 2.0 mg/mL). (C) Live/Dead staining shows great
cell viability (green) in all groups, exhibiting strong biocompatibility. (D) Cell survival after H,O5-induced oxidative damage, exhibiting considerable protection by BAC@Se-
MSNs/PF127. (E) DPPH radical scavenging experiment revealing significant antioxidant activity of BAC@Se-MSNs/PF127. (F) Intracellular ROS levels demonstrating effective
decrease by BAC@Se-MSNs/PF127. (G—I) RT-qPCR investigation revealing downregulation of pro-inflammatory factors IL-6 (G) and TNF-a (H) and overexpression of anti-
inflammatory IL-10 (1) in BAC@Se-MSNs/PF127-treated cells. Data are shown as mean + SD; *P < 0.05, ***P < 0.001, ****P < 0.0001, ns, not significant.
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Figure 4 BAC@Se-MSNs/PF127 hydrogel promotes HUVEC migration and in vitro angiogenesis. (A) Representative photos of scratch wound assay at 0, 12, and 24 h for
different treatments (Control, PF127, BAC@PF 127, Se-MSNs@PF 127, BAC@Se-MSNs/PF127). (B) Tube formation assay images and quantitative analysis.(C) Quantification
of HUVEC migration at 12 h. (D) Quantification of HUVEC migration at 24 h. (E) Relative measurement of nodes in the tube formation experiment. (F) Relative
measurement of tube lengths in the tube formation experiment. Data are mean * SD (n = 3); **P < 0.001, ns, not significant. Scale bar = 100 pm.
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strong red fluorescence (dead cells) and greatly diminished green signals after exposure to BAC-loaded hydrogels
(Figure 5B). Reconstruction analyses further revealed reduced adhesion and diminished biofilm organization.

CFU quantification confirmed significantly reduced bacterial counts in the BAC/PF127 and BAC@Se-MSNs/PF127
groups (Figure 5C and D, P < 0.001). Growth-curve assays showed markedly suppressed ODgqq increases in both strains
treated with BAC-containing systems, demonstrating effective inhibition of bacterial proliferation (Figure 5E and F). The
antibacterial activity of BAC mainly contributes to reducing microbial burden and preventing local infection, while
literature suggests that at the concentrations used, cationic surfactants do not significantly interfere with the redox activity

or anti-inflammatory function of selenium within the composite system.****

BAC@Se-MSNs Composite Thermosensitive Hydrogel Accelerates Wound Healing in

Diabetic Mice

To evaluate the therapeutic performance of BAC@Se-MSNs/PF127 in vivo, a streptozotocin-induced diabetic full-
thickness skin wound model was established (Figure 6A). Mice were administered Control, PF127, BAC@PF127, Se-
MSNs@PF127, or the combined BAC@Se-MSNs/PF127 hydrogel, and wound regeneration was tracked by serial
imaging and area quantification (Figure 6B and C).

By day 7, wounds treated with the composite hydrogel exhibited more than 60% reduction in size and nearly
complete closure by day 14, with only minimal crusting remaining. In contrast, the Control and PF127 groups showed
pronounced inflammatory exudate and delayed contraction. BAC@PF127 and Se-MSNs@PF127 each produced mod-
erate improvement, but neither matched the robust healing observed with the dual-functional composite. Statistical
analysis confirmed substantially higher wound closure rates in the BAC@Se-MSNs/PF127 group at days 7, 10, and 14 (P
< 0.001). These findings indicate a strong synergistic effect between BAC and Se-MSNs within the thermogelling matrix,
markedly promoting wound repair in diabetic conditions.

Body weight trends over 14 days (Figure S3) suggested no systemic toxicity; all groups displayed slight reductions
early after surgery, followed by progressive recovery. Mice receiving BAC@Se-MSNs/PF127 reached approximately
108% of baseline weight, reflecting good physiological tolerance. Pain scoring using the Mouse Grimace Scale (Figure
S4) demonstrated a consistent decline across all groups from days 2-3, with BAC@Se-MSNs/PF127 showing the
sharpest reduction (P < 0.05), suggesting alleviation of wound-associated discomfort.

BAC@Se-MSNs/PF127 Hydrogel Promotes Macrophage Polarization from
Pro-Inflammatory M| to Reparative M2 Phenotype

Macrophages orchestrate the inflammatory-to-repair transition in wound healing. Under diabetic conditions, however,
sustained M1 activation and impaired switch to M2 macrophages hinder tissue recovery.***® Selenium has been linked to
enhanced macrophage polarization, including activation of the CSF-1-M2 axis and dampening of IL-6-mediated
inflammatory injury [10]. To examine whether the composite hydrogel reshapes macrophage behavior in vivo, wound
tissues were stained for CD68 (pan-macrophages), iNOS (M1), and CD206 (M2). On day 3, all groups contained
abundant CD68"/iNOS" cells, indicative of active inflammation, yet BAC@Se-MSNs/PF127 showed noticeably fewer
M1 macrophages than other treatments. By day 7, a marked decline in M1 cells and an increase in CD68/CD206 " cells
were observed, with the composite hydrogel producing the most pronounced shift (Figure 7A and B).

Quantification confirmed that BAC@Se-MSNs/PF127 significantly decreased M1 proportions and elevated M2
fractions relative to Control and single-component hydrogels (P < 0.001, Figure 7C and D). These results demonstrate
that the multifunctional hydrogel effectively alleviates excessive inflammation and promotes reparative macrophage
polarization, facilitating earlier progression into the tissue-regeneration phase.

BAC@Se-MSNs/PF127 Hydrogel Enhances Tissue Regeneration and Angiogenesis in
Diabetic Wounds

On day 14, regenerated tissues were collected to assess histological recovery. H&E staining revealed incomplete
epithelial continuity and persistent gaps in the Control and PF127 groups. BAC@PF127 and Se-MSNs@PF127

International Journal of Nanomedicine 2026:21 https: 13


https://www.dovepress.com/article/supplementary_file/594500/594500%20Supplementary%20Figures.docx
https://www.dovepress.com/article/supplementary_file/594500/594500%20Supplementary%20Figures.docx
https://www.dovepress.com/article/supplementary_file/594500/594500%20Supplementary%20Figures.docx

Liu et al

A

I

& ) o — R .

R I -I—IIISSltj’e Tlllssttj_e TIIISSLt{e

STZ(50 mg/kg, i.p., x5 days) Skin punch  Treatment coflection coflection Forection
(10mm)

T
-7th Day 0 Day 3.4 Day 7 Day 14y, Day

Control

PF127

BAC/PF127

® Do
® D3
@ D7
@® D10
® D4

Se-MSNs/PF127

BAC@ Se-
MSNs/PF127

150

m===_ Control === PF127 === BAC/PF127 we=  Se-MSNs/PF127 === BAC@Se-MSNs/PF127

[y

S

S
1

EE 33 % % %

n
S
1

Wound area(%)

0 3 7 10 14
Time (Day)

Figure 6 BAC@Se-MSNs/PF127 hydrogel accelerates wound healing in diabetic mice. (A) Schematic of diabetic wound model and treatment protocol. (B) Representative
wound images and wound area changes at days 0, 3, 7, 10, and 14. (C) Quantitative analysis of wound area over time. Data are mean = SD (n = 5); ¥**P < 0.001, ns, not
significant. Scale bar = 1.5 cm.

14 https://doi.org/10.2147/1JN.S594500 International Journal of Nanomedicine 2026:21



Liu et al

A Control PF127 BAC/PF127 Se-MSNs/PF127 BAC@ Se-MSNs/PF127

Soum 50pm 50um
F — [—
50pum 50pm
e 4 —— ;

B Control PF127 BAC/PF127 Se-MSNs/PF127

P i

C D

Control PF127 BACIPF127 Se-MSNs/PF127 wmm  BAC@Se-MSNs/PF127

<120

Control PF121 BACIPF127 Se-MSNs/PF127 mmmm  BAC@Se-MSNs/PF127

=3
S
L

X%k
%%k

o
S
1

*% K
* %k ns kK

%% %

T %k k =T K%k

40 *kx

1
|
1

[*3
=3
1

Percentage of CD68+iINOS+ cells(%)
2
L
Percentage of CD68+CD206+ cells(%
2
L

>

<

<

T
D3 D7 D3 D7

Figure 7 BAC@Se-MSNs/PF127 hydrogel modulates macrophage polarization in diabetic wounds. (A) Immunofluorescence showing M| macrophages (CD68*/iNOS*, red/
green, DAPI-stained nuclei in blue) at days 3 and 7. (B) Immunofluorescence showing M2 macrophages (CD68*/CD206", red/green, DAPI-stained nuclei in blue). Scale bar =

50 um. (C) Quantitative analysis of Ml (CD68"/iNOS") macrophage proportions in wound tissues. (D) Quantitative analysis of M2 (CD68/CD206") macrophage
proportions in wound tissues. Data are mean * SD (n = 3); ***P < 0.001, ns, not significant.
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provided partial enhancement, whereas the composite BAC@Se-MSNs/PF127 hydrogel yielded a fully stratified
epidermis, dense dermal tissue, and emerging hair-follicle-like structures—hallmarks of advanced tissue reconstruction
(Figure 8A).

Masson’s trichrome staining indicated extensive and uniformly aligned collagen fibers in the composite hydrogel
group, supporting accelerated matrix deposition and remodeling (Figure 8B). Immunohistochemical analysis showed the
highest CD31 expression and a substantial increase in Ki67-positive cells in BAC@Se-MSNs/PF127-treated tissues
(Figure 8C). Quantitative analyses confirmed significantly enhanced neovascularization and cell proliferation compared
with Control and other treatment groups (P < 0.01, Figure 8D—F). Overall, these findings illustrate that the composite
hydrogel promotes robust epithelial repair, collagen maturation, and vascular regeneration.

BAC@Se-MSNs/PF127 Hydrogel Facilitates Wound Repair via Modulation of

Inflammation and Oxidative Stress—Related Pathways

To elucidate molecular mechanisms underlying the improved healing outcomes, RNA-seq analysis was performed on
wound tissues. Differential expression analysis identified extensive transcriptomic remodeling, with 2260 genes upre-
gulated and 2538 genes downregulated after BAC@Se-MSNs/PF127 treatment (Figure 9A). Heatmap visualization
highlighted reduced expression of inflammation-related (Chil3, Krt6a, Slpi) and barrier-dysfunction genes, alongside
elevated expression of genes promoting angiogenesis, proliferation, and matrix remodeling (Shh, Mclr, Adamts18)
(Figure 9B).

GO enrichment suggested significant involvement of leukocyte regulation, inflammatory response, extracellular
matrix organization, and oxidation—reduction biological processes (Figure 9C). KEGG analysis revealed enrichment in
cytokine-receptor interaction, chemokine signaling, actin cytoskeleton regulation, and oxidative phosphorylation
(Figure 9D). GSEA further demonstrated activation of defense-response pathways, suppression of cytokine-binding
signatures, and enhancement of NADPH-related oxidoreductase activity (Figure 9E-G). Collectively, these transcrip-
tomic changes indicate that the hydrogel improves diabetic wound repair by mitigating excessive inflammation and
enhancing mitochondrial metabolic activity and redox balance.

In vivo Biosafety Assessment of BAC@Se-MSNs/PF127 Hydrogel

Biosafety was assessed via hematological parameters, serum biochemistry, and histopathology. None of the measured
blood indices (WBC, RBC, HGB, HCT, MCV, MCH, MCHC, PLT, RDW-SD, MPV) showed significant deviations from
the Control group (P > 0.05, Figure S5). Liver (ALT, AST, ALP) and kidney (CREZ, UREA) function markers remained
within normal ranges.

H&E staining of major organs—including heart, liver, spleen, lung, and kidney—displayed intact architecture with no
evidence of inflammatory infiltration or structural abnormalities (Figure S6). Tissues from BAC@Se-MSNs/PF127-
treated mice closely resembled those of the Control and PF127 groups, confirming favorable systemic biocompatibility.
These results demonstrate that the composite hydrogel exerts no detectable systemic toxicity and is safe for in vivo

application.

Conclusion

In conclusion, we developed a multifunctional composite hydrogel (BAC@Se-MSNs/PF127) for diabetic chronic wound
treatment. By integrating benzalkonium chloride with selenium-doped mesoporous silica nanoparticles, the system
simultaneously provides antibacterial, antioxidant, and immunomodulatory effects, thereby improving the wound micro-
environment. The hydrogel demonstrated favorable injectability, sustained release behavior, and promoted endothelial
migration and angiogenesis in vitro, as well as accelerated wound closure and tissue regeneration in diabetic mice.
Mechanistically, these effects are associated with coordinated regulation of inflammation and redox balance. Overall, this
study offers a promising and practical strategy for the design of multifunctional biomaterials for chronic wound

management.
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Figure 8 BAC@Se-MSNs/PF127 hydrogel promotes tissue regeneration and angiogenesis in diabetic wounds. (A) H&E staining showing wound tissue morphology at day 14.
(B) Masson’s trichrome staining showing collagen deposition and organization. (C) Immunohistochemistry for angiogenesis marker CD31 and proliferation marker Ki67.
Scale bar = 50 um. (D) Quantification of capillary density in wound dermis. (E) Quantification of epithelial cell proliferation rates. (F) Quantification of dermal cell
proliferation rates. Data are mean + SD (n = 3); **P < 0.01, ***P < 0.001, ns, not significant.
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Figure 9 BAC@Se-MSNs/PF127 composite hydrogel modulates gene expression profiles and signaling pathways in diabetic wounds. (A) Volcano plot showing differentially
expressed genes between the treated (BAC@Se-MSNs/PF127) and untreated control groups, with 2260 genes upregulated and 2538 genes downregulated (|logFC| > |, p <
0.05). (B) Heatmap illustrating representative gene expression changes between the treated and control groups. (C) Gene Ontology (GO) enrichment analysis indicates that
the differentially expressed genes are primarily involved in inflammatory response, cell migration, and redox processes. (D) KEGG pathway enrichment analysis reveals
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