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ABSTRACT: Chronic wounds are characterized with excessive
biofluid and persistent infection. Therefore, there is an urgent
desire to develop a multifunctional wound dressing that can meet
the extreme requirements including effective antibacterial and
powerful wound microenvironment regulation and protection
function to promote wounds heal quickly. In this study, a
multifunctional composite dressing (HA-AMP/SF/Alg/Rb-BG-
AIEgens) was synthesized by combining a mesoporous bioactive
glass framework loaded with AIEgens (Rb-BG-AIEgens) with cross-
linked antimicrobial peptide grafted hyaluronic acid (HA-AMP),
sodium alginate (Alg), and silk fibroin (SF). It is important to note that the Rb-BG-AIEgens can achieve real-time and sensitive
bacterial detection. HA-AMP can achieve broad spectrum antibacterial and avoid the residue of drug-resistant bacteria. The HA-
AMP/SF/Alg/Rb-BG-AIEgens dressing can up-regulate related proliferative proteins, thereby promoting regeneration of tissue and
the rapid healing of chronic wounds. With good biocompatibility and antibacterial ability, HA-AMP/SF/Alg/Rb-BG-AIEgens
dressing has great potential to become a next generation wound dressing for clinical biological fluid management and chronic
bacterial infection treatment.

1. INTRODUCTION
Wound infection is a core problem in the process of wound
healing, it can delay wound healing1 and even lead to systemic
infection or organ dysfunction.2 After skin is damaged, the
ability to resist bacteria is greatly reduced, leading to long-term
chronic inflammation.3 Therefore, the development of multi-
functional dressings with simultaneous bacterial monitoring
and rapid antibacterial, anti-inflammatory, and exudate
adsorption would contribute to the rapid healing of chronic
wounds.4

Traditional wound dressings,5 including gauze or bandages,
only have basic hemostasis functions without avoiding the
various risks of wound deterioration.6 At present, there are
many kinds of therapeutic dressings, such as microfibers,7

hydrogels,8 sponges, and films, etc.9 Among them, spongy
dressings10 are formed by cross-linking different polymers, and
the porous structure of spongy dressings are conducive to
absorb a large amount of tissue exudates, while maintaining a
moisturizing effect on the wound surface, which has advantages
in wound healing.11

Hyaluronic acid (HA),12 a biodegradable skin extracellular
matrix (ECM) compound, is considered as a major player in
the tissue regeneration process.13 HA-based wound dressings
have been developed for many respects with good surface
hydrophilicity.14 HA polymer networks can be quickly formed
by cross-linking through ion exchange processes.15 Silk fibroin

(SF)16 is the fibrous protein extracted from silk produced by
Bombyx mori.17 SF connected the pore structure inside and
outside of the polymer networks,18 regulating the physical
support, which helps the cell to carry out the exchange of
oxygen, nutrients, and growth factors.19 Moreover, it provides
attachment sites and selectively interacts with cells, making SF-
based polymer networks highly appealing as cell scaffolds for
muscle tissue regeneration.20 Sodium alginate (Alg), typically
sourced from brown algae and bacteria,21 is a linear anionic
polysaccharide known for its rapid solubility in aqueous
solutions or high-humidity environments.22 Furthermore, its
hemostatic properties, promotion of cell migration and
angiogenesis, as well as its high moisture retention and
intrinsic biodegradability, make it a valuable component in
tissue dressings.23,24

Antibiotics are often added to dressings for the treatment of
wound infections, but their low bioavailability and suscepti-
bility to drug resistance have limited the development of
wound repair.25 Antimicrobial peptide (AMP)26 is a highly
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effective antibacterial agent, which has the advantages of
broad-spectrum antibacterial activity27 and rapid detection of
targets.28 In recent years, AMP has become an ideal alternative
to fight drug-resistant bacterial infections due to its various
advantages of strong designability, versatility and low cost.29,30

In the face of the challenges posed by bacterial infections
and drug resistance,31 achieving sensitive bacterial detection
and monitoring the effectiveness of antibacterial treatments are
the basis for accurate treatment of bacterial infections.32

Aggregation-induced emission (AIE) luminogens (AIEgens)33

are fluorescent probes which can be responsive to the bacterial
microenvironment and enable accurate bacterial targeting,
tracking, sterilization, and repair.34 Bioactive glass is an
inorganic material exhibiting biological activity, characterized
by exceptional biocompatibility and bioactivity. It can engage
in chemical interactions with biological tissues, thereby
facilitating tissue regeneration and wound healing.35 Among
various metallic ions, rubidium ions (Rb+) demonstrate
favorable antibacterial activity by disrupting the membrane
potential of bacteria. Additionally, Rb-doped bioactive glass
has been proven to enhance wound healing.36

Herein, we designed a bacterial responsive antimicrobial
dressing by grafting HA-AMP to functionalized SF/Alg sponge
and using AIEgens-carrying mesoporous bioactive glass
framework (Rb-BG-AIEgens) as cross-linking agents for liquid
absorption and antibacterial to promote wound healing. To be
specific, HA-AMP, SF, and Alg were first cross-linked via an
amide reaction to form a macroporous sponge network (HA-
AMP/SF/Alg). Then, the macroporous sponge HA-AMP/SF/
Alg was combined with Rb-BG-AIEgens to form a composite
sponge HA-AMP/SF/Alg/Rb-BG-AIEgens with antibacterial
and AIEgens fluorescence tracking ability. On the basis of the
urgent clinical need for real-time and sensitive bacterial
detection and in situ killing, composite HA-AMP/SF/Alg/
Rb-BG-AIEgens dressing can build an integrated system of
“monitoring and killing bacteria” for the microenvironment of
bacterial infection sites, which has broad application prospects
in the field of diagnosis and treatment of bacterial infectious
diseases.

2. MATERIALS AND METHODS
2.1. Materials and Reagents. Poly(ethylene oxide)-

poly(propylene oxide)-poly(ethylene oxide) triblock copoly-
mer (P123), antimicrobial peptide (KRWWKWWRRC),
dimethyl sulfoxide (DMSO), rubidium chloride, natrium
carbonicum, tetraethl silicate, and triethyl phosphate (TEP)
were purchased from Aladdin (Shanghai, China). Sodium
alginate acid, 1-ethyl-(3-(dimethylamino)propyl) carbamide
diimide (EDC), and N-hydroxysuccinimide (NHS) were
purchased from Macklin (Shanghai, China). Bromomethyl
tetraphenylethylene (TPE-CH2 Br) were obtained from
AIEGEN Biotech., Ltd. Cell counting kit-8 (CCK-8) and
BCA protein assay kit were acquired from Beyotime
Biotechnology (Shanghai, China). Hyaluronic acid was
purchased from Shanghai yuanye Bio-Technology Co., Ltd.
(Shanghai, China). LIVE/DEAD bacterial viability kit was
bought from Thermo Fisher Scientific Co., LTD (Shanghai,
China). Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), penicillin/streptomycin and trypsin were
purchased from Gibco Corporation (Shanghai, China). All
reagents were analytical reagent grade.

2.2. Synthesis of AIEgens-Loaded Mesoporous Bio-
active Glass (Rb-BG-AIEgens). AIEgens-loaded mesoporous

bioactive glass was prepared by the injection method. Briefly,
template agent P123 (8 g), calcium nitrate (1.86 g), triethyl
phosphate (1.44 g), and tetraethyl silicate (14 mL) were
dissolved in ethanol (150 mL) and homogeneous mixing as
solution A. Solution B was obtained by dissolving rubidium
chloride (0.048 g/mL) in 10 mL of deionized water. The
molar ratio of the four elements of rubidium, calcium,
phosphorus, and silicon was 5:10:5:80, separately. The
solution was quickly added to the solution B and vigorously
stirred for 24 h at room temperature to obtain mixed gel.
Finally, the polyurethane sponge was soaked in the obtained
gel for 10 min and blow dried for 5 min, repeated for four
times. After the sponge was completely dried and then burned
at 700 °C for 8 h, bioactive glass drug carrier containing
rubidium mesoporous (Rb-BG) was obtained. Rb-BG-AIEgens
was synthesized by mixing AIEgens (0.1 g/mL) solution with
Rb-BG (0.2 g/mL) and stirred for 24 h at room temperature.
The obtained solution was centrifuged (6000g, 10 min, 4 °C)
and dried to collect the Rb-BG-AIEgens powder.

2.3. Synthesis of HA-AMP. The 500 mg of antimicrobial
peptide (AMP) were dissolved in 200 mL of hyaluronic acid
solution (4 mg/mL) and sonicated for 4 h. 750 mg of EDC
and 660 mg of 1-hydroxybenzotriazole (HoBt) were dissolved
in 10 mL DMSO/H2O (1:1) solution. NaOH and HCl
solution were used to adjust the pH of the above solution to
4.75. After reaction for 4 h, the reaction was finished by
changing the pH to 7.0. The reaction mixture was placed in
deionized water for dialysis for 1 day (molecular weight cut off,
MWCO = 8000 Da). The pure HA-AMP powder was obtained
after lyophilization.

2.4. Preparation of Silk Fibroin (SF) Solution. A 10-g
portion of silkworm cocoon was boiled in 2 L Na2CO3 (0.5
mM) solution for degumming. The SF was washed three times
repeatedly using distilled water. The pure silk fibroin was
obtained by drying in an oven. Then, 10 g of silk fibroin was
dissolved in 80 mL of lithium bromide (9.3 M). Under 60 °C
water base, 0.48 g of NaOH was added for 1 h with continuous
stirring. One mL HCl was added to neutralize the unreacted
NaOH and continue the reaction for 3 h. The mix solution was
dialyzed against deionized water for 48 h (MWCO = 12 000
Da). The pure SF was obtained by lyophilization.

2.5. Preparation of Wound Dressing (HA-AMP/SF/
Alg/Rb-BG-AIEgens). 3% SF, 3% Alg, and 1% HA-AMP
solutions were mixed at a ratio of 1:1:1 obtained SF/Alg/HA
mixing solution. And then, the Rb-BG-AIEgens (1 mg/mL)
was added to the above SF/Alg/HA mixed solution. The well-
mixed solution was added into a 48-well plate (600 μL/per
well) and lyophilized for use. EDC (9.2 mg/mL) and NHS
(2.8 mg/mL) ethanol solution was added for cross-linking for
48 h. After cross-linking, the solutions were washed several
times with gradient concentration of ethanol solution to
remove residual EDC and NHS. Afterward, different ratios of
HA-AMP/SF/Alg/Rb-BG-AIEgens were obtained after lyophi-
lization.

2.6. Chemical Construction and Morphology of
Wound Dressing. 2.6.1. Chemical Construction of HA-
AMP. The chemical structure of HA and HA-AMP were
characterized by 1H NMR spectra (Inova-500M, Varian Co.
Ltd., U.S.A.). The samples were determined by NMR
spectrometer at room temperature, and the spectra were
analyzed by MestReNova software. The Fourier transform
infrared (FTIR) was carried out to determine the bonding
nature of the synthesized HA and HA-AMP. The samples were
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recorded on FT-IR spectrometer (VERTEX70, Germany).
The scanning range was from 4000 to 500 cm−1.
2.6.2. SEM Observation. The microstructures of the Rb-BG,

Rb-BG-AIEgens, HA/SF/Alg, HA-AMP/SF/Alg, and HA-
AMP/SF/Alg/Rb-BG-AIEgens were characterized by scanning
electron microscope (SEM, S-3400, Hitachi, Japan). Before
examination, the samples were freeze-dried. The dried
hydrogels were cut out, and the surface of the cross-section
was observed by SEM analysis. The average aperture was
calculated using Nano measure software.

2.7. Fluorescence Spectra of Rb-BG-AIEgens. The
fluorescence spectra recorded by fluorospectro photometer
(UV1800, Shimadzu). The Rb-BG-AIEgens aqueous solutions
with concentration gradients of 1000 μg/mL, 800 μg/mL, 600
μg/mL, 400 μg/mL, 200 μg/mL, 100 μg/mL, 50 μg/mL, 25
μg/mL, 10 μg/mL, and 0 μg/mL were prepared in gradient.
The excitation wavelength was 360 nm and the range of
emission wavelength was from 200 to 800 nm.

2.8. Physical Properties of Wound Dressings.
2.8.1. Water Vapor Transmission Rate (WVTR) Tests. We
tested the water vapor transmission rate of Alg/SF/HA, Alg/
SF/HA-AMP, HA-AMP/SF/Alg/Rb-BG-AIEgens by the
following method. Briefly, the simulated wound fluid was
added to a moisture permeable cup with a height of 5 cm, and
the bottle was sealed with specimens. Then it was placed in a
constant temperature and the humidity difference was
maintained between the two sides of the sample. The weight
measurements were made over 6 h when reached at steady-
state conditions. The water vapor transmission rate was
calculated with the following the formula:

= × ×W W s tWVTR ( ) 24/( )0 1

where W0 represents the initial mass of the system (g), W1
represents the final mass of the system (g), s represents the
area (cm2), t represents the test time, and the unit of WVRT is
(g*24 h−1 *m2).
2.8.2. Swelling Performance Tests. For the swelling

behavior of Alg/SF/HA, Alg/SF/HA-AMP, and HA-AMP/
SF/Alg/Rb-BG-AIEgens wound dressing in water. The
samples were first weighted (m0) and calculated the area (s)
of the dressing support. The samples were immersed in
deionized water at room temperature, and then they were
removed and weighed at different times (mt). The water
absorption ratio (W) was calculated as above:

=W m m s( )/t 0

2.8.3. Porosity Test. The porosity of Alg/SF/HA, Alg/SF/
HA-AMP, and HA-AMP/SF/Alg/Rb-BG-AIEgens were meas-
ured by the following methods. A certain amount of ethanol
was used to infiltrate the sample, and the liquid volume was
used as V1. The container was evacuated for 1 h to remove all
air in the sample holes, and the liquid volume at this time was
recorded as V2. After sample removal, the volume of remaining
ethanol was recorded as V3. The porosityM (%) was calculated
according to the formula:

=M V V V V( )/( )1 3 2 3

2.8.4. Degradation Performance. The dressing that
reached swelling equilibrium was freeze-dried, weighed, and
recorded as W0. The degradation behavior of wound dressings
was evaluated in PBS environment containing 1000 U/mL
lysozyme. The weight of the composite wound dressing was
recorded after freeze-drying, Wt represents the mass of

dressings at a specific point in time. The degradation rate of
wound dressing in vitro was calculated as follows:

= W W Wdegradation ratio ( )/0 t 0

2.8.5. In Vitro Mechanical Properties of HA/SF/Alg
Dressing. The testing dressings were cut into rectangles
measuring 75 × 15 mm2. Its thickness was measured using a
thickness gauge under room temperature and 60% humidity
conditions. Subsequently, its tensile mechanical properties
were determined using a universal materials testing machine
with the following parameters: a tensile speed of 10 mm/min, a
grip distance of 65 mm, and a sample width of 15 mm. The
Young’s modulus, tensile strength, and elongation at break of
the sample were directly obtained from the instrument.

2.9. In Vitro Antibacterial Test. 2.9.1. Bacterial Culture
and Antibacterial Tests. Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) were resuscitated and
cultured to logarithmic growth phase. Then bacteria were
collected by centrifugation and resuspended in saline to obtain
a final concentration of 1 × 108 CFU/mL bacteria solution.
The Rb-BG-AIEgens, Rb-BG-AIEgens/HA/SF/Alg, and HA-
AMP/SF/Alg/Rb-BG-AIEgens wound dressings were disin-
fected by ultraviolet (UV) light for 24 h and then cocultured
with bacterial suspension 37 °C for 4 h. Sterile saline was used
as the control group. The bacterial suspension after culturing
was gradient diluted, coated on Luria−Bertani (LB) agar plates
culturing for 24 h and counted.
2.9.2. Bacterial Live and Dead Fluorescent Staining.

Bacteria cocultured with the wound dressing as described in
section 2.9.1 were collected, and the bacterial precipitate was
collected by centrifugation at 5000 rpm for 10 min. The
bacteria were resuspended in 1 mL of normal saline, then 3 μL
dead/live bacterial fluorescent staining reagent (Sytox Green
Nucleic Acid Stain-9 (Syto-9): propidium iodide (PI) = 1:1)
was added and stained in the dark for 15 min at room
temperature. Then the bacteria were washed three times with
phosphate buffered saline (PBS) to remove excess dye. The
bacteria were observed and photographed by inverted
fluorescence microscope. Syto-9 showed green fluorescence
at an excitation/emission wavelength of 539/570−620 nm,
and PI showed red fluorescence at an excitation/emission
wavelength of 470/490−540 nm.
2.9.3. Scanning Electron Microscope. The cultured

bacterial broth was removed and centrifuged (3000−5000
rpm/20 min), and the precipitate was removed and dispersed
in PBS buffer containing 2.5% glutaraldehyde for 2 h for
fixation. Several washes with PBS were used to remove residual
organic fixative and finally dispersed in deionized water. A drop
of 5 μL was applied to a single crystal silicon wafer, air-dried
naturally, fixed, and sprayed with gold for 120 s before
observing.
2.9.4. Biological Attack Resistance Test. Three different

sewage samples were collected. Wound dressings were
immersed in 10 mL of sewage samples and cultured at 37
°C for 4 h. Then the dressings were taken out and sewage
samples were continued incubation under 37 °C for 24 h. The
bacteria numbers were calculated by gradient diluted sewage
samples, coated on LB agar plates culturing for 24 h and
counted.

2.10. In Vitro Cytotoxicity and Cell Migration.
2.10.1. In Vitro Cytotoxicity. The dressings were sterilized
overnight by UV irradiation and added to DMEM complete
medium at a mass ratio of 1:10. After 24 h of incubation, the
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supernatant was filtered with a sterile 0.22 μm filter and used
as the extract liquid. To evaluate the cytotoxicity of composite
wound dressing, 3T3 mouse fibroblast cells were used. Briefly,
3T3 cells were inoculated onto 96-well plates at a density of 1
× 104 per well. After overnight incubation, extract liquid of
HA/SF/Alg, Rb-BG-AIEgens/HA/SF/Alg, and HA-AMP/SF/
Alg/Rb-BG-AIEgens were incubated with the cells for 24 h.
After that, the cells were washed with PBS and CCK-8 reagent
was added and further incubated for 0.5 h. The absorbance of
each well was measured on microplate reader (EP0CH2,
China) at 450 nm. Cell survival rate was calculated by the
following formula:

=

×

cell survival rate (%) (OD OD /OD OD )

100%

experimental blank control blank

where OD experimental represents optical density of cells cultured
with wound dressings; and OD blank represents absorbance of
the well plate, and OD control represents absorbance of the cells
without any treatment.
2.10.2. The Live/Dead Fluorescence Assay. The 3T3 cells

were seeded in glass culture dishes overnight. Then, the extract
liquid of HA/SF/Alg, Rb-BG-AIEgens/HA/SF/Alg, and HA-
AMP/SF/Alg/Rb-BG-AIEgens were incubated with the cells
for 24 h. The 3T3 cells were washed with PBS three times and
stained with the Clacein/PI live/dead fluorescence dye
following the instruction. The cells were further observed

with confocal laser scanning microscopy (CLSM, Leica,
Germany) to evaluate the biocompatibility.
2.10.3. Cell Migration. The in vitro cell migration assay was

performed to estimate the influence of HA/SF/Alg, Rb-BG-
AIEgens/HA/SF/Alg, and HA-AMP/SF/Alg/Rb-BG-AIEgens
on 3T3 cells. Cells were seeded at density of 2 × 105 cells/well
in 12 well plates and incubated overnight. Then, a straight line
was made by a pipet tip. Cells were washed twice with PBS
solution and added the extract liquid containing medicine.
After specific incubation periods, cells were visualized via
microscope (Olympus IX71, Japan).

2.11. Establishment of Infected Wound and Evalua-
tion of Therapeutic Effect. 2.11.1. Wound Healing In Vivo.
To investigate the potential efficacy of composite wound
dressings for skin wound healing, female New Zealand rabbits
were selected as the infected animal model. First, New Zealand
rabbits (2.5 kg) of free breeding were first shaved and
anesthetized with 0.5% sodium pentobarbital. After sterilizing
the skin with 75% alcohol, a round full-thickness cutaneous
incision 20 mm in diameter was made on the back of each
rabbit. 100 μL 1 × 108 CFU/mL mixed with bacterial solution
of E. coli and S. aureus was injected into to each wound to
establish the infected wound model. Defects were covered with
composite hydrogel after 24 h. Each rabbit was numbered and
randomly divided into 4 groups: medical gauze (blank control
group), Rb-BG-AIEgens, Rb-BG-AIEgens/HA/SF/Alg, and
HA-AMP/SF/Alg/Rb-BG-AIEgens. The wound surface was

Figure 1. (A) FTIR and (B) 1H NMR spectra of HA and HA-AMP; (C) SEM images of Rb-BG and Rb-BG-AIEgens; and (D) cross-sectional
morphology of HA/SF/Alg, HA-AMP/SF/Alg, and HA-AMP/SF/Alg/Rb-BG-AIEgens wound dressings; scale bar = 1 μm.
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closed with different materials according to the above groups,
and then covered with 3 M Tegaderm waterproof tape for
fixation. Each rabbit was observed and photographed at day 1,
5, 10, 18, and 24 after surgery to observe the chronic wound
healing changes. The wound area was determined with ImageJ
software, and the skin wound healing rate (%) was calculated
according to the following formula:

=

×

skin wound healing rate (%) (initial wound area real wound area)

/initial wound area 100%

2.11.2. Histology and Immunohistochemistry. The
morphology of wound skin was observed by histopathological
sections. On the 10th day, the skin tissues were excised from
the back of rabbits and fixed with 4% paraformaldehyde
solution. The embedded skin tissues and other major organs
were sectioned into slices for staining. The sections were
stained with hematoxylin-eosin (H&E) and Masson’s
trichrome staining (Masson) staining. Then, stained samples
were observed on an optical microscope system (Olympus IX-
71, Japan).

2.12. Statistical Analysis. All data were recorded as mean
± standard deviation (SD) with statistical analysis by
GraphPad Prism 9.5 software. Comparisons between multiple
groups were analyzed using one-way analysis of variance
(ANOVA) (*p < 0.05, **p < 0.01, and ***p < 0.001).

3. RESULTS
3.1. Synthesis and Characterizations of HA-AMP/SF/

Alg/Rb-BG-AIEgens Composite Wound Dressing. First,
we designed a chemically grafted HA-AMP to enhance the
antibacterial and biocompatibility for dressing (Figure 1B).

FTIR was further performed on the HA-AMP to analyze the
chemical formation. As shown in Figure 1A, the characteristic
stretching vibration of −NH at absorption band of 1643 cm−1

can be observed in the FT-IR spectrum of HA-AMP. The peak
at 1620 cm−1 corresponded to the −NH2 peak in HA, which
attributed to condensation of the carboxyl group on activated
HA with the amino group on AMP. In addition, a characteristic
absorption peak at approximately 1380 cm−1 can be observed,
further confirming the successful synthesis of HA-AMP. 1H
nuclear magnetic resonance (1H NMR) was used for
confirming whether HA and AMP were successfully grafted.
HA-AMP was a copolymer which synthesized based on EDC/
NHS coupling technology. Briefly, EDC/NHS functionalized
the carboxyl group on HA as the cross-linking agent, and then
the carboxyl group binding with the amino group on AMP
through condensation reaction, thereby the AMP was grafted
onto the main chain of hyaluronic acid by an amide bond to
form HA-AMP. The 1H NMR pattern of HA-AMP shown the
ester group peak at 2.8 ppm, proving the successful synthesis of
HA-AMP (Figure 1B).

As shown in Figure 1C, bioactive mesoporous silicon
composed of Rb-BG presented a uniform sheet shape. The
addition of AIEgens had no significant changes for mesoporous
silicon materials. The SEM images show the morphology of
the prepared wound dressing. Herein, the network of the
wound dressing formed involving both SF, Alg, and HA chains.
SF, Alg, and HA acted as the substrate of hydrogel due to their
excellent gelation properties, biodegradability, and cytocom-
patibility.37 As shown in Figure 1D, all composite wound
dressings had a clear pore structure in surface and the cross
sections. However, the pore structures of different HA/SF/Alg

Figure 2. Physical properties of HA-AMP/SF/Alg/Rb-BG-AIEgens wound dressing. (A) Water absorption, (B) porosity ratio, and (C) water vapor
transmission rate of different dressings; (D) the weight change curve of wound dressing degraded in PBS and (E) enzyme environment; and (F)
fluorescence intensity of Rb-BG-AIEgens at different mass concentrations.
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composite wound dressings show some differences. When Rb-
BG-AIEgens was added, the pore size decreased in HA-AMP/
SF/Alg/Rb-BG-AIEgens. There was a possibility that bioactive
mesoporous materials filled part of the gaps, thus making the
wound dressing network structure denser. The loose and
porous sponge structure facilitates faster moisture absorption
and water locking, helping to maintain hydration at the wound
site. Therefore, the HA-AMP/SF/Alg/Rb-BG-AIEgens com-
posite wound dressings with microporous structure could be
beneficial to the absorption of wound exudates and promote
wound recovery when they served as scaffolds for wound
regeneration.

3.2. Mechanical Behavior of HA-AMP/SF/Alg/Rb-BG-
AIEgens. Absorbing a large amount of wound exudates is
beneficial to wound healing. To evaluate the hydro absorption
capacity of HA-AMP/SF/Alg/Rb-BG-AIEgens, we evaluated
the weight difference of the samples before and after moisture
absorption via extrusion and immersion. The experimental
results presented that all groups could achieve more than 50%
water absorption rate (Figure 2A). The group of HA-AMP/
SF/Alg/Rb-BG-AIEgens had a lower amount and rate of water
absorption when compared with Alg/SF/HA-AMP. This

difference may be due to the size effects of the nanopore
structure and the tight pore.38 We speculate that the rate of
water absorption of HA-AMP/SF/Alg/Rb-BG-AIEgens and
Alg/SF/HA-AMP are mainly related to the capillary force
caused by their porous structure and dimensions. We further
demonstrated the porosity of composite sponge films as shown
in Figure 2B. The results have shown that the porosity of HA-
AMP/SF/Alg/Rb-BG-AIEgens was slightly lower than that of
Alg/SF/HA-AMP, revealing that the addition of Rb-BG-
AIEgens increased cross-linking density. The increase of cross-
linking points made the internal pores of the hydrogel wound
dressing smaller and the internal structure of the hydrogel
closer, which eventually contributed to the gradual reduction
of the pores of the sponge sample after freeze-dried. Also, the
dense porous structure and more pore numbers of HA-AMP/
SF/Alg/Rb-BG-AIEgens could improve the water locking
capacity and maintain the osmotic balance of the wound.

As shown in Figure 2C, Alg/SF/HA had the highest WVTR,
reached 2383.59 ± 426.92%. With the addition of AMP, the
WVTR of Alg/SF/HA-AMP decreased slightly (2278.93 ±
532.56%), which retarded the water loss rate of the hydrogel
wound dressing. The WVTR of HA-AMP/SF/Alg/Rb-BG-

Figure 3. In vitro antibacterial activity. (A) Number of colonies on agar plates after cocultivation with antibacterial dressings; (B) colony statistics
and antimicrobial rates; (C) SEM images of E. coli and S. aureus; and (D) live (green) and dead (red) fluorescence staining images of E. coli and S.
aureus.
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AIEgens achieved 2067.31 ± 428.64% ranged from 1500 to
2500 g/m2/24 h at 37 °C, indicating that the composite
hydrogel film was effective in reducing water evaporation and
keeping the wound moist.

The appropriate degradation rate was helpful for wound
recovery. We evaluated the degradation of the dressing by in
vitro PBS solution and PBS containing lysozyme. The
degradation progression over time was presented by weighting
the degree of HA-AMP/SF/Alg/Rb-BG-AIEgens loss im-
mersed in PBS solution (Figure 2D,E). Both curves show a
gradual decrease in degradation rate with time. However, the
dressing showed a faster degradation rate in PBS containing
lysozyme compared with PBS solution only. Therefore, we
speculated that scaffold degradation was limited by the media
environment, which affected dressing dissolution and hydrol-
ysis. It was further demonstrated that the HA-AMP/SF/Alg/
Rb-BG-AIEgens dressing was an enzyme responsive material,
which could accelerate hydrolysis in the presence of enzymes
and promote skin regeneration.

Specific fluorescent material of AIEgens was nonblooming in
the state of molecular dispersion and emitted strong light only
in the state of aggregation. Therefore, we used fluorescence
spectroscopy to determine whether Rb-BG-AIEgens were
successfully grafted, the intensity of Rb-BG-AIEgens fluo-
rescence gradually increased with increasing concentration of

AIEgens (Figure 2F). In addition, a characteristic absorption
peak at approximately 475 nm can be observed in the UV−vis
spectrum. This might due to the gradual aggregation of
hydrophobic units with enhanced AIEgens concentration,
which resulted in an increased intensity of the emission peak at
475 nm. The mechanical properties of the HA/SF/Alg
dressings are displayed in Table S1 of the Supporting
Information. The Young’s modulus of the dressings reaches
over 20 MPa, while the tensile strength of the Rb-BG-
AIEgens/HA-AMP/SF/Alg dressings is measured at 0.23 ±
0.05 MPa. The elongation at break for all three types of
dressings is less than 25%. The mechanical performance of the
dressings we have prepared is sufficiently robust for use as
wound dressings in clinical.

3.3. Antibacterial Experiments In Vitro. Antibacterial
ability is important for wound dressing. The HA-AMP/SF/
Alg/Rb-BG-AIEgens group shows a significant kill effect of E.
coli and S. aureus compared with the other groups (Figure 3A).
The inhibitory effect of HA-AMP/SF/Alg/Rb-BG-AIEgens on
E. coli and S. aureus could reach more than 99%, indicating the
best antibacterial activity (Figure 3B). We further assessed the
killing ability of the wound dressings by bacterial SEM images
and live/death staining. As shown in Figure 3C&D, the
morphology of bacteria in the group without any treatment
was smooth and intact, and a large number of viable cells

Figure 4. Cytotoxicity and migration of 3T3 cells. (A) The cell viability of 3T3 cells after coculture with the dressing extract via CCK-8 method.
(B) Live and dead cell staining. (C) Migration images of 3T3 cells treated with a dressing extract. Scale bar: 100 μm.
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(green) were found under fluorescent staining. However,
wound dressings undergoing antimicrobial peptides obviously
killed the bacteria. The dead bacteria labeled with red
fluorescence could be seen in fluorescence confocal images,
and the bacterial morphology was incomplete, wrinkled,
shrunken, or ruptured in SEM images.

We further determined the ability of antimicrobial dressing
to inhibit bacterial population growth in three sewage samples
(Figure S1). The results of resistance to bacterial erosion
suggested that the HA-AMP/SF/Alg/Rb-BG-AIEgens could
significantly reduce the number of bacteria and lethally kill
them.

3.4. Cytotoxicity In Vitro. To determine the cytotoxicity
of HA-AMP/SF/Alg/Rb-BG-AIEgens, a quantitative evalua-
tion of 3T3 cells was carried out by CCK-8 method. After 72 h
of culture, all dressings cocultured groups shown low
cytotoxicity against 3T3 cells (Figure 4A). The cell survival
rates of HA-AMP/SF/Alg/Rb-BG-AIEgens were above 100%
after coculture, indicating the excellent biocompatibility.

To further verify the cytocompatibility of HA-AMP/SF/
Alg/Rb-BG-AIEgens composite dressing, we carried out live/
dead staining by Calcein/PI, which was shown in Figure 4B.
The 3T3 cells cultured with the wound dressing had good
vitality after 24 h of culture, and there was nearly no difference

compared with the control group. By increasing the coculture
time to 48 and 72 h, the density of living 3T3 cells (green
fluorescence) had a further increase, and scarcely any dead
cells (red fluorescence) could be found, indicating that the
wound dressing would not cause cytotoxicity to the 3T3 cells.

We further estimated the effect of HA-AMP/SF/Alg/Rb-
BG-AIEgens composite dressing on cell migration behaviors
via cell scratch test. Fibroblasts are one of the main cells in
wound healing, thus 3T3 cells were used for scratch assays. It
could be seen from Figure 4C that the 3T3 cells treated with
different composite dressings had a facilitated tendency of
growing to the middle gap. The cell migration behavior of HA-
AMP/SF/Alg/Rb-BG-AIEgens slightly surpassed that of the
control group. The reason for this phenomenon might be that
the dressings we prepared promoted secretion of growth factor
collagen fibers from 3T3, which further accelerated wound
healing.39

3.5. In Vivo Infected Wound Healing. The bacterial
inhibition in vivo and the wound healing efficacy of HA-AMP/
SF/Alg/Rb-BG-AIEgens was evaluated by the infectious skin
defect model. The progression of the whole infected wound
healing in vivo study was illustrated in Figure 5. The full-
thickness rabbits were divided into four groups randomly:
infection group (control), Rb-BG-AIEgens group, HA/SF/

Figure 5. (A) Wound images of skin at different time points; (B) healing curve of wound area; (C) image of agar plates of colonies of E. coli and S.
aureus from a skin sample on selective medium; and (D) immunofluorescence staining of MPO; scale bar: 50 μm.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00649
ACS Omega 2024, 9, 23499−23511

23506

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00649/suppl_file/ao4c00649_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00649?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00649?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00649?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00649?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Alg/Rb-BG-AIEgens group, and HA-AMP/SF/Alg/Rb-BG-
AIEgens group. As shown in Figure 5A, the HA-AMP/SF/
Alg/Rb-BG-AIEgens wound dressing group showed an obvious
wound healing ratio compared to the others. On the 10th day,
the HA-AMP/SF/Alg/Rb-BG-AIEgens treated wounds almost
completely healed when obvious skin defects were still visible
in the control groups. The quantitative data of wound healing
indicate that the wound healing rate in the HA-AMP/SF/Alg/
Rb-BG-AIEgens group had reached 61.5 ± 2.2% on the 10th

day, the other groups needed 15 days to reach this healing rate
(Figure 5B). On the 18th day, the HA-AMP/SF/Alg/Rb-BG-
AIEgens group was almost healed and covered by new
epithelial tissue.

The infection also influenced the wound healing, which is
significantly related to the wound microenvironment. The
antibacterial and bacterial capture abilities of dressings were
evaluated with E. coli and S. aureus. The composite Rb-BG-
AIEgens-AMP/HA/SF/Alg dressings show significant inhib-
ition of S. aureus and E. coli growth compared with the control
(Figure 5C). The HA-AMP/SF/Alg/Rb-BG-AIEgens group
could effectively prevent infection, and there was no excessive
exudate around the wound, which is mainly due to bacterial
capture and damage to bacteria by AMP. The chemical grafting
of HA-AMP through amidation could effectively improve the
antibacterial and biocompatibility of composite dressings.40

Myeloperoxidase (MPO) is the most bactericidal oxidant
produced by neutrophils.41 It can serve as the antibacterial
marker in tissue. Figure 5D showed that the expression of
MPO was significantly increased in the HA-AMP/SF/Alg/Rb-
BG-AIEgens-treated group, demonstrating the potent ability to
kill harmful bacteria. After 10 days of treatment, HA-AMP/SF/
Alg/Rb-BG-AIEgens wound dressing treated group still
exhibited the highest MPO immunofluorescence intensity
and displayed excellent antibacterial function compared to the
HA/SF/Alg/Rb-BG-AIEgens group.

3.6. Histological Analyze. Giemsa staining of the control
group and the Rb-BG-AIEgens group showed that a large
number of bacteria existed in the wounds after treating for 5
days. The HA/SF/Alg/Rb-BG-AIEgens group also had
bacteria, but the number was small. When the wounds were
treated for 10 days, the bacteria in the HA-AMP/SF/Alg/Rb-
BG-AIEgens groups were less (Figure 6A). H&E and Masson’s
trichrome staining verified that HA-AMP/SF/Alg/Rb-BG-
AIEgens had a more obvious effect on promoting wound
healing. On the 10th day, more fibroblasts were observed and
inflammatory infiltration was also absent. Additionally, more
new blood vessels and new skin appearing in the HA-AMP/
SF/Alg/Rb-BG-AIEgens composite hydrogel film group,
indicating better tissue regeneration at the wound sites (Figure
6B). Collagen plays an essential role in wound healing. We can
observe the obvious collagen deposition in the HA-AMP/SF/
Alg/Rb-BG-AIEgens group by Masson’s staining (Figure 6C),
implying a better ability of the tissue rearrangement for wound
healing. We quantitatively analyzed collagen deposition using
Masson’s trichrome staining. During the wound healing
process, collagen initially accumulates to fill the damaged
area. As the treatment period progresses, collagen undergoes
rearrangement and absorption to prevent excessive deposition
that could lead to scarring. Quantitative analyses of Masson’s
trichrome staining at 10 and 18 days post-treatment were
conducted. After 18 days of treatment, the dressing group
exhibited a significantly greater amount of collagen deposition
compared to the control group (Figure S2). By day 24 of

treatment, collagen absorption in the Alg group was observed,
with the regenerated skin tissue gradually returning to its
normal morphology.

The wound recovery process can be affected by the
inflammatory response, related inflammatory markers, includ-
ing tumor necrosis factor (TNF-α), interleukin-4 (IL-4),
interferon-γ (IFN-γ), and tumor growth factor-β1 (TGF-β1)
were selected to evaluate the ability of resistance to infection of
different composite wound dressings. The TNF-α in the Rb-
BG-AIEgens group was higher than the HA-AMP/SF/Alg/Rb-
BG-AIEgens group after 10 days of treatment (Figure 7A). As
shown in Figure 7B, the positive area of IFN-γ significantly
reduced, implying that HA-AMP/SF/Alg/Rb-BG-AIEgens can
inhibit the production of inflammation. The superior perform-

Figure 6. Histological evaluation of skin healing quality. (A) Giemsa
staining of skin on the 5th and 10th day after treating; (B) H&E and
(C) Masson staining of wound tissue at 5th, 10th, 18th, and 24th day
after treatment.
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ance of the preparation was also demonstrated by the
decreased expression of related anti-inflammatory factors,
such as IL-4 (Figure 7C) and TGF-β1 (Figure 7D, Figure S3).

3.8. H&E Staining Showed No Toxicity to Major
Organs. As shown in Figure 8, H&E staining confirmed
favorable biological safety in vivo of HA-AMP/SF/Alg/Rb-
BG-AIEgens. After 24 days of treatment with different
dressings, no apparent histological abnormality was detected
in the main organs including heart, liver, spleen, lung, and
kidney, indicating good biocompatibility in all groups. In
conclusion, these results collectively demonstrated that HA-
AMP/SF/Alg/Rb-BG-AIEgens was promising as an effective

wound microenvironment management dressing for further
practical application.

4. DISCUSSION
The mechanism of bacterial infection-related wound healing
encompasses various factors, such as heightened inflammatory
responses, cellular damage and apoptosis, degradation of the
extracellular matrix, impaired angiogenesis, immune suppres-
sion,42,43 and biofilm formation. These interrelated mecha-
nisms collectively impede wound healing, prolonging the
healing process and heightening the risk of complications. To
achieve the goal of promoting wound healing, Yang et al.44

Figure 7. Histological evaluation of skin healing quality. Immunohistochemical staining of inflammatory factors (A) TNF-α, (B) IL-4, (C) IFN-γ,
and (D) TGF-β1; scale bar = 50 μm.
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design a three-dimensional tricopolymer scaffold to investigate
skin reconstruction by right of ternary blends of the three
biomacromolecules, SF, HA, and Alg. Their research findings
illustrate that the SF/HA/SA composite scaffold offers an
advantageous milieu for wound healing and exhibits an
efficient degradation rate conducive to dermal repair. This
facilitates enhanced collagen deposition and contributes to
substantial skin reconstruction. The AMP hydrogel, as
designed and evaluated by Saba et al.,45 demonstrates
outstanding performance, rendering it an optimal wound
dressing with preventive attributes against infection and
facilitative effects on wound healing. MP-hydrogels have an
ability to kill a broad range of bacterial species including
antibiotic-resistant strains, representing a preventive wound
dressing that can decrease microbial bioburden and risk of
infection in the wound. Kang et al.46 reported that AIEgens
demonstrate near-infrared (NIR) emission properties, obviat-
ing the need for supplementary targeting moieties, allowing for
selective staining of Gram-positive bacteria, coupled with
remarkably high efficiency in ROS generation. This facilitates
swift and thorough inactivation of Gram-positive bacteria in
both in vitro and in vivo settings.

Inspired by the aforementioned studies, in this research,
antimicrobial peptide (AMP) was conjugated with hyaluronic
acid (HA) via an amide reaction to form HA-AMP, serving as
an antibacterial peptide chain for bactericidal activity.
Subsequently, HA-AMP was grafted onto functionalized SF/
Alg sponges, and a composite dressing, HA-AMP/SF/Alg/Rb-
BG-AIEgens, was designed utilizing a mesoporous bioactive
glass framework (Rb-BG-AIEgens) as a cross-linker, facilitating
dual effects of bacterial monitoring and sterilization. Moreover,

the composite dressing, HA-AMP/SF/Alg/Rb-BG-AIEgens,
demonstrates synergistic antibacterial and immunomodulatory
properties, capable of eradicating bacteria within the wound
bed, mitigating inflammation, ensuring anti-infection effects,
and promoting wound healing.

5. CONCLUSIONS
In this work, the antibacterial AMP were successfully grafted
into the biocompatible HA-AMP/SF/Alg/Rb-BG-AIEgens
composite dressing for biofluid management and wound
disinfection. The HA-AMP/SF/Alg/Rb-BG-AIEgens showed
good mechanical properties, including porous structure,
hydrophilicity, and high water permeability, which are
favorable for cell adhesion and rapid liquid absorption of
wound exudate. Additionally, the results shown that HA-AMP/
SF/Alg/Rb-BG-AIEgens composite dressing had excellent
biocompatibility. In vivo experiments proved that the HA-
AMP/SF/Alg/Rb-BG-AIEgens composite dressing could not
only accelerate the wound healing process but also promote
the deposition of collagen and re-epithelialization, which were
confirmed by H&E and Masson histological staining.
Histological analysis showed that HA-AMP/SF/Alg/Rb-BG-
AIEgens could effectively promote the expression of related
proliferative proteins, and further promote tissue regeneration
and wound healing. After 10 days, it was observed that only the
HA-AMP/SF/Alg/Rb-BG-AIEgens group exhibited a wound
healing rate of over 60%, with concomitant inhibition of
inflammatory factor production. In addition, the prepared
composite dressing had bacteria adaptively and actively
attacked E. coli and S. aureus, as well as reshaped the
microenvironment of wound. This study developed a HA-

Figure 8. H&E staining of major organs after treating for 24 days; scale bar = 100 μm.
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AMP/SF/Alg/Rb-BG-AIEgens as-fabricated wound dressing
and demonstrated favorable biological capabilities in promot-
ing antibacterial wound healing.
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