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ARTICLE INFO ABSTRACT

Keywords: Hydrogels have been widely used in various biomedical applications, including skin regeneration and tissue

Aloin repair. However, the capability of certain hydrogels to absorb exudate or blood from surrounding wounds,

Bioc_lpatdll coupled with the challenge in their long-term storage to prevent bacterial growth, can pose limitations to their
;E;;Zf: efficacy in biological applications. To address these challenges, the development of a multifunctional aloin-

arginine-alginate (short for 3A) bio-patch capable of transforming into a hydrogel upon absorbing exudate or
blood from neighboring wounds for cutaneous regeneration is proposed. The 3A bio-patch exhibits outstanding
features, including an excellent porous structure, swelling properties, and biodegradability. These characteristics
allow for the rapid absorption of wound exudates and subsequent transformation into a hydrogel that is suitable
for treating skin wounds. Furthermore, the 3A bio-patch exhibits remarkable antibacterial and anti-inflammatory
properties, leading to accelerated wound healing and scarless repair in vivo. This study presents a novel approach
to the development of cutaneous wound dressing materials.

Wound healing

1. Introduction

The skin, being the largest organ in the human body, plays a vital role
in protecting the body from external threats [1,2]. Common clinical
conditions include acute skin damage and skin defects resulting from
accidents [3]. It is crucial to promptly repair damaged skin to prevent
the risk of wound infection and the formation of chronic wounds, which
can have significant health implications for patients [4,5]. Additionally,
the formation of pathological scars during the healing process can
impose a heavy psychological burden on patients [6]. Therefore, there is
a significant focus in the field of trauma on the development of drugs
and preparations that can promote wound healing and reduce the for-
mation of pathological scars [7,8]. However, currently, there are limited
treatment options available for scarless wound regeneration.

In recent years, several studies have explored the potential role of
hydrogels in wound repair, highlighting their unique advantages as drug
carriers [9-11]. Hydrogels have the ability to create a moist wound
environment, which has been shown to promote efficient wound healing
[12,13]. Additionally, hydrogels can facilitate the acceleration of wound
healing, making them highly desirable materials for wound treatment
[14,15]. However, despite their numerous benefits, hydrogels possess
certain limitations when it comes to practical applications in wound
healing. One limitation is their susceptibility to bacterial growth during
long-term transportation and use, which can compromise their effec-
tiveness in biological applications [16]. Additionally, some hydrogels
have the tendency to absorb excessive exudates or blood from the sur-
rounding wound, potentially diluting or even destroying their structure,
thereby impeding the regenerative process [17-19]. Consequently,
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Scheme 1. Schematic illustration of the preparation of the 3A bio-patches and the acting process of repairing the infected wound.

there is a pressing need to develop a biological patch that can transform
into a hydrogel state upon absorption of exudates from the surrounding
wounds, enabling its use in wound regeneration.

Aloe Vera, a plant native to China, has been widely used for its
various medicinal properties, particularly in the treatment of skin dis-
eases, since ancient times [20,21]. Aloin, an active ingredient found in
Aloe Vera gel, possesses several advantages, such as its simple structure,
excellent stability, and superior water solubility [22]. Additionally,
studies have reported on the antimicrobial, anti-inflammatory, and
anti-cancer properties of aloin [23]. However, limited research has been
conducted on the use of aloin to promote wound healing.

Arginine, an amino acid that is conditionally indispensable, has been
recommended along with other nutrients to aid in the healing process of
wounds [24,25]. It plays a critical role in wound healing by acting as a
secretagogue, stimulating the release of growth hormone, and serving as
a precursor to nitric oxide (NO), proline, and polyamines [26,27]. The
activation of these active nutrients through arginine promotes cell
proliferation, enhances angiogenesis, and reduces inflammation [28].

Alginate, known for its high hygroscopicity, glue-forming properties,
and hemostatic effects, has been widely used in the treatment of post-
operative wounds with bleeding and chronic wounds with high exudate
[29,30]. Furthermore, sodium alginate has been found to adsorb bac-
teria, preventing their entry into the wound, and activate macrophages
to defend against the invasion of pathogenic microorganisms [31,32]. In
order to optimize the practicality of wound dressing materials for clin-
ical use, alginate is often combined with other polymers to develop
wound dressings that are resistant to antimicrobial agents [33].

This section describes a novel hydrogel, known as 3A, composed of
aloin, arginine, and alginate, which is proposed as a method for
achieving scarless wound healing (see Scheme 1). The 3A hydrogel is
biocompatible and has been lyophilized to create a porous and pliable

bio-patch with sponge-like characteristics, making it suitable for clinical
use in the treatment of acute skin injuries. The unique porous structure,
swelling properties, and biodegradability of the dressing biomaterials
allow them to absorb wound exudate and form hydrogels that cover skin
defects. The aloin bio-patches offer multifunctional benefits during the
healing process, including antibacterial properties, reduction of
inflammation, promotion of angiogenesis, and facilitation of cell
migration and differentiation. By implementing this bio-patch therapy,
the healing of acute infected skin injuries is expedited, accompanied by
significant regeneration of blood vessels, leading to a scar-free recovery.
These findings demonstrate that the dressing hydrogel presents a
promising new therapeutic strategy for wound healing in cases of
infection.

2. Materials and methods
2.1. Materials

All reagents and solvents, including aloin, arginine, and alginate
were purchased from Aladdin (Shanghai, China) and used without
further purification unless otherwise specified. Phosphate buffer saline
(PBS) was purchased from Servicebio (Wuhan, China). A Live/Dead
viability/cytotoxicity assay kit and Cell Counting Kit-8 (CCK-8) solution
were purchased from Proteintech (Wuhan, China). Fetal bovine serum
(FBS) and Dulbeccos modified Eagle’s medium (DMEM) were provided
by Gibco (USA).

2.2. Synthesis of Aloin-arginine-alginate hydrogels and bio-patches

In a typical procedure, dissolve aloin (40 mg, 20 mg, 10 mg, and O
mg) and 1 g sodium alginate in 36 mL of PBS, then add 280 mg EDC and
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40 mg NHS under magnetic stirring and continue stirring for 30 min. 40
mg arginine (RGD R/Arg) was added to 4 mL of PBS, and then the
arginine solution was added slowly to the above solution. The reaction
continued for about 8 h. The hydrogels were obtained and divided into
four groups according to the concentration of aloin in the solution: 2A
group (0 mg/mL); 3A-0.25 group (0.25 mg/mL); 3A-0.5 group (0.5 mg/
mL); 3A-1 group (1 mg/mL). The hydrogels were freeze-dried to obtain
the bio-patches.

2.3. Characterization of the hydrogels

The fracture surfaces of hydrogels were characterized by scanning
electron microscopy (SEM; Hitachi SU8010, Japan), and the porosity
ratio was calculated via ImageJ software. Attenuated total reflection-
Fourier transform infrared spectroscopy (ATR-FTIR; Perkin-Elmer
Spectrum 2, US) was used to conduct the compositional characteristics
of the hydrogels.

2.4. Adhesive properties of the hydrogels

The mice were humanely euthanized, and subsequently, fresh heart
and kidney were extracted. To assess the adhesive properties of the
hydrogel, the organs were carefully incised, creating open wounds. The
cut surfaces were then treated with the hydrogel to effectively seal the
incisions. Samples were taken from the incision site of the hydrogel and
adhered tissues for observation of the microstructure using SEM.

2.5. Rheological and mechanical properties

Hydrogels containing varying proportions of alginate and arginine
were synthesized and their rheological properties were evaluated to
determine the optimal ratio. The proportions of alginate to arginine
were 0.3 g:40 mg, 0.6 g:40 mg, 1 g:40 mg, and 1.5 g:40 mg. In addition,
two commercially available hydrogels, referred to as Flamigel (Flen
Pharma N.V., Belgium) and Intrasite gel (Smith&Nephew, UK), were
purchased and their rheological and mechanical properties were eval-
uated for comparison with the 3A-1 hydrogel synthesized in this study.

Rheological experiments were conducted using a rotational rheom-
eter (Anton Paar MCR302, Austria) at 25 °C. Dynamic oscillatory fre-
quency sweep measurements were performed with a strain amplitude of
1%. Continuous oscillatory strain amplitude sweep tests were conducted
from 1% to 100% at a frequency of 10 rad s 1.

2.6. Swelling properties and biodegradability

The freeze-dried hydrogels were soaked in a PBS solution at room
temperature and weighed at each predetermined time interval. The
calculation formula of the swelling ratio was as follows: (W, - Wy)/Wy x
100%, where W, and Wy were the initial weight of the hydrogel after
freeze-drying and the weight after swelling, respectively.

To assess biodegradability in vitro, the freeze-dried hydrogels were
immersed in simulated body fluids at 37 °C for 7 days, and the medium
was refreshed every 2 days. The hydrogels were collected, rinsed,
lyophilized, and weighed to calculate the mass remaining rates at each
predetermined time interval.

2.7. Cell cultures

Human umbilical vein endothelial cells (HUVECs) and mouse em-
bryo fibroblasts NIH3T3 were obtained from the commercial approach
and used in vitro experiments, which were incubated in DMEM supple-
mented with 10% FBS. Macrophage RAW267.4 was purchased from
Procell Life Science&Technology (China, Wuhan). In the experiments of
co-culturing the hydrogels with cells, the hydrogels were freeze-dried,
sterilized, ground into powder, and dispersed in the culture medium
at a concentration of 1 mg/mL.
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2.8. Biocompatibility test

Cells were seeded in 96-well plates at a density of 5000 cells per well
and cultured with the hydrogels. After 1, 3, and 5 days of incubation, the
CCK-8 reagent was mixed with fresh DMEM medium for culturing for 1
h, and cell viability was quantified at 450 nm. Additionally, a Live/Dead
kit was employed to assess cell viability, and the fluorescent images
were acquired by a fluorescence microscope.

2.9. Angiogenesis assay In vitro

HUVECs were seeded in 24-well plates coated with Matrigel (Corn-
ing, US). Hydrogels were added to the medium to assess angiogenic
ability. The morphology was monitored under a light microscope
regularly. After 6 h, the wells were rinsed with PBS three times and then
stained with calcein-AM (ProteninTech, China). Vascular tube lengths
were quantified by ImageJ Software in three random fields of view.

2.10. Wound scratch migration assay

NIH3T3 cells were cultured with hydrogels to sufficient density in 6-
well plates. A cell scraper was used to make a horizontal scratch on the
cell monolayer, and free cells were washed with PBS. The medium was
replaced by DMEM supplemented with 1% FBS. The cell migration
status was observed at 0, 12, 24, and 36 h. The degree of closure in the
scratch area was calculated to evaluate cell migration ability.

2.11. Antibacterial activity evaluation In vitro

The antibacterial activity of 3A hydrogels was evaluated using an
inhibition zone assay against Staphylococcus aureus (S. aureus) with filter
papers (6 mm * 1 mm). The preparation of the bacteria was performed as
per previously stated protocols [34]. First, the density of S. aureus was
adjusted to 10° CFU per mL and then bacteria suspension was spread on
the agar surface for inoculation. Afterward, the four hydrogels were
placed on the agar plates and co-cultured with S. aureus for 24 h at 37 °C.
The areas of the bacteriostatic ring were recorded with a camera, and
measured by ImageJ software. The inhibition zone was measured by
subtracting the diameter of each hydrogel from the diameter of the total
inhibition zone.

2.12. Hemolysis assay

Fresh anticoagulated mice blood was collected. The hydrogels were
added to the blood and incubated for 1 h at 37 °C. The solution was
centrifuged to pellet the intact red blood cells, and the absorbance of the
supernatant at 545 nm was detected. A distilled water group was set as
the positive group, and the hemolysis was calculated accordingly.

2.13. Angiogenesis-, skin regeneration-, and inflammation-related gene
expressions

HUVECs were cultured with the materials for 3 days, and mRNA was
extracted to detect the expression levels of angiogenesis-related genes
and collagen markers, including CD31, vascular endothelial growth
factor A (VEGFA), collagen type 1 (Coll), and collagen type 3 (Col3).
NIH3T3 cells were cultured with the materials for 3 days, and mRNA
was extracted to detect the expression levels of skin regeneration-related
genes, including fibroblast growth factor 2 (FGF-2) and transforming
growth factor beta 1 (TGF-f1). RAW264.7 cells cultured with the
hydrogels for 3 days were determined for the expression levels of
inflammation-related genes, including inducible nitric oxide synthase
(iNOS), interleukin 23 (IL-23), Arginase 1 (Argl), and interleukin 10 (IL-
10). Primers used in this work were referred to in Table S1.
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Fig. 1. Characterizations of the aloin hydrogel bio-patches. (A) Photographs of the 3A-1 hydrogel and freeze-dried bio-patch. (B) The SEM image of the 3A-1
hydrogel. (C) The porosity rates of the hydrogels (mean + s.d, n = 3). (D) Two pieces cut from mouse heart and kidney adhered to each other by spreading the
3A-1 hydrogel between them. (E-F) Rheological characterizations of the 3A-1 hydrogel and two commercial hydrogels (Flamigel and Intrasite gel), showing the E)
frequency-dependent and F) strain-dependent rheology. (G) The ATR-FTIR spectra of the hydrogels. (H) The swelling properties of the hydrogels (mean =+ s.d, n = 3).
() The mass remaining of the hydrogels within 7 days (mean =+ s.d, n = 3). Scale bars: 200 pm and 100 pm (B).
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2.14. In vivo infected wound healing

Briefly, 45 males, 10-week-old mice were chosen for the experiment.
All animal experimental protocols were approved by the animal care
and use regulations (Sir Run Run Shaw Hospital Affiliated with the
Medical College of Zhejiang University) and the experiments were
conducted under the control of Zhejiang University’s Guidelines for
Animal Experimentation. The accreditation number of the laboratory is
SYXK(Zhe)2017-0006. The defective wounds with the infection on the
dorsal side of mice were created to evaluate the hydrogels’ antibacterial
and healing abilities in vivo. The animals were divided into five groups in
random following as control, 2A, 3A-0.25, 3A-0.5, and 3A-1 groups.

Primarily, we shaved the fur of the dorsal skin in all mice, and then
made two circular full-thickness wounds with the same size the diameter
of which is 7 mm penetrating skin. Afterward, the typical Gram-positive
Bacterium S. aureus was inoculated onto the wounds with equal quantity
(1 x 10° CFU in 50 pL PBS). The wound site was covered by the freeze-
dried hydrogel patches, while the control group received no treatment
except covered with sterile gauze. All the above-mentioned operations
were under the anesthesia of 2.5% pentobarbital (mg/kg). Furthermore,
the macroscopic pictures of the wounds were recorded by a digital
camera, and the data were analyzed by the ImageJ software at 0, 4, 8,
and 12 days after the operation. The closure rate of the wound in
different groups at each time point was calculated by the formula:

Ag— A,

0

Healing rate (%)= x 100%

where Ap and A; are the initial wound area and residual wound area at
each time point, respectively.

2.15. Histological analysis

The harvested samples were fixed in 4% formalin solution overnight,
embedded in paraffin, and sectioned into 5 pm thickness. Hematoxylin
and eosin (H&E) and Masson’s trichrome (MTC) stainings were used to
evaluate the infected wound healing. Immunofluorescence (IF) staining
was used to analyze collagen deposition and angiogenesis, including
cytokeratin 14 (CK14; ProteinTech, China), vascular endothelial growth
factor (VEGF; ProteinTech, China), platelet endothelial cell adhesion
molecule-1 (CD31; Proteintech, China), and alpha-smooth muscle actin
(a-SMA; Proteintech, China). All images were captured by a fluorescence
microscope (Zeiss, Germany).

2.16. Statistical analysis

All data in the experiments were reported as means =+ standard de-
viations for at least three specimens. The significance of differences
between results was evaluated by the One-Way ANOVA test. Probability
values such as *P < 0.05, **P < 0.01, and ***P < 0.001 were considered
statistically significant.

3. Results and discussion
3.1. Fabrication and characterization of the hydrogels

To optimize the structure and function of hydrogels for skin wound
regeneration, arginine-alginate hydrogels were prepared with varying
amounts of aloin (0 mg/mL, 0.25 mg/mL, 0.5 mg/mL, and 1.0 mg/mL).
The hydrogels were synthesized through the mixing and crosslinking of
EDC, NHS, arginine, alginate, and aloin. Four different hydrogels were
created, named as 2A (0 mg/mL aloin), 3A-0.25 (0.25 mg/mL aloin), 3A-
0.5 (0.5 mg/mL aloin), and 3A-1 (1.0 mg/mL aloin). Fig. 1A visually
depicts the appearance of the 3A-1 hydrogel, which is dark-yellow in
color and forms a sponge-like porous patch after freeze-drying. This bio-
patch has the capability to adhere to skin wounds, absorb exudate, and
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gradually reform into a hydrogel, which typically takes approximately
24 h.

SEM images of the hydrogels, as shown in Fig. 1B and Fig. S1, reveal
a porous network structure. The porosity rate of the 3A-1 hydrogel was
measured to be 72.56 + 2.84% (Fig. 1C). The adhesive capability of the
3A-1 hydrogel to various tissues was assessed in Fig. 1D, demonstrating
its strong affinity for tightly adhering to both mouse heart and kidney
tissues. This ensures that the bio-patches and hydrogels could tightly
adhere to the wound. To understand the adhesion of biological tissues
and hydrogels, the microstructures between the adhered tissues and
hydrogels were observed by SEM (Fig. S2). The porous hydrogels
penetrated into the tissue incisions, and adhered to the two slices cut
from heart or kidney. Strong adhesion facilitates healing of damaged
tissue.

The network structure of the functional hydrogel is mainly composed
of alginate and arginine, which contribute to the mechanical properties
of the hydrogel. To explore the optimal ratio of alginate to arginine, the
rheological properties of the hydrogel were tested (Fig. S3). When the
alginate content was insufficient (alginate:arginine = 0.6 g:40 mg or 0.3
2:40 mg), the storage modulus (G") was lower than the loss modulus (G"),
which indicates the fluid characteristics. With the increase of alginate
ratio, the G’ increased and was higher than the G”, showing the elastic
nature, stable network structure, and higher mechanical rigidity [35].
With the change of frequency, the modulus of the hydrogels (alginate:
arginine = 1 g:40 mg or 1.5 g:40 mg) almost remained stable, indicating
the stability of the hydrogel network structure. When the ratio of algi-
nate to arginine was higher than 1 g:40 mg, increasing alginate content
had limited improvement on mechanical properties and may be detri-
mental to hydrogel synthesis and degradation. Therefore, the functional
hydrogels in this study were synthesized with a ratio of alginate to
arginine of 1 g:40 mg.

Comparing the mechanical properties with commercial hydrogels
helps to gain a more comprehensive understanding of the advantages of
the materials studied in this research. The rheological properties of the
aloin hydrogel were investigated, and a comparison was made with two
commercially available wound dressing hydrogels (Flamigel and Intra-
site gel) to assess their mechanical performance (Fig. 1E-F). In
frequency-dependent sweep, the moduli of all three hydrogels experi-
enced minimal changes, while in strain-dependent sweep, the modulus
of the 3A-1 hydrogel exhibited greater stability. Both in frequency-
dependent sweep and strain-dependent sweep, the G’ of the 3A-1
hydrogel was found to be higher than that of the commercial hydro-
gels, indicating a more stable structure and superior mechanical per-
formance of the aloin hydrogel.

To confirm the formation of the hydrogels, ATR-FTIR analysis was
conducted (Fig. 1G). The results indicated the stretching vibration peak
of the C-O group at 1036 cm ™}, corresponding to the carboxyl group of
alginate or arginine [36,37]. Furthermore, broad peaks appeared at
3100-3500 cm?, attributed to the hydroxyl group of aloin or alginate
[38,39]. The ATR-FTIR spectrum of the 2A hydrogel revealed that the
peak at 1604 cm™! corresponded to the carboxylate group of alginate
[40]. However, upon the addition of aloin (in the 3A-0.25, 3A-0.5, and
3A-1 hydrogels), this peak shifted to 1614 cm !, indicating the influence
of hydrogen bonding formed between aloin and alginate or arginine
[41]. These results confirm the interaction of aloin, alginate, and argi-
nine in the hydrogel synthesis process. To ensure that the hydrogel
patches effectively absorb wound exudate, the swelling properties of the
hydrogels were evaluated. Fig. 1H demonstrates that the multifunctional
3A hydrogel patch rapidly absorbs surrounding fluids in the early stage
and reaches swelling equilibrium (453.24 + 20.30%) within 10 min.
This swelling property is attributed to the porous structure of the
hydrogel, which facilitates the maintenance of a stable shape and a
moist environment on the wound. To evaluate the biodegradability of
the hydrogels, the materials were immersed in simulated body fluid.
Within 7 days, the hydrogel patches exhibited substantial degradation
(Fig. 11), indicating good biocompatibility and suitability for the repair
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Fig. 2. Invitro cytocompatibility and angiogenesis capability of the hydrogel bio-patches. (A) Live/Dead staining of HUVECs cultured with the hydrogels for 1, 3, and
5 days. (B) The proliferation of HUVECs culture with the hydrogels (mean + s.d, n = 3). (C) The tube formation of HUVECs cultured with the hydrogels. (D)
Quantitative analysis of total tube length (mean + s.d, n = 3, *p < 0.05, **p < 0.01). (E) The mRNA expression levels of angiogenesis-related genes, including CD31
and VEGFA (mean =+ s.d, n = 3, **p < 0.01, ***p < 0.001). Scale bars: 200 pm (A and C).

cycle of acute skin injuries.
3.2. Biocompatibility and angiogenesis assay

The biocompatibility of the hydrogels was assessed using Live/Dead
staining and a CCK8 assay over a period of 1, 3, and 5 days of culture.
The results, depicted in Fig. 2A-B, revealed no significant differences
among the five groups throughout the entire period. After 1 day of in-
cubation, most HUVECs maintained their characteristic spindle-like
morphology. At 3 and 5 days, they exhibited robust proliferative activ-
ity, indicating favorable biocompatibility of the aloin hydrogel. These
findings were further supported by the results of the CCK-8 assay, which
showed similar optical density (OD) values in all groups with no sig-
nificant differences. Moreover, the OD values increased over time,
indicating that the cells maintained good vitality and proliferative
ability. Together, these results verify that HUVECs maintained their
spindle-like morphology, viability, and proliferation, thus confirming
the good biocompatibility of the hydrogels. Similarly, NIH3T3 cells also
demonstrated excellent proliferative activity when co-cultured with the

hydrogels (Fig. S4).

To evaluate the impact of the hydrogels on angiogenesis in vitro,
tube-formation assays were conducted. An ideal wound dressing should
possess both antibacterial properties and the ability to promote angio-
genesis. As shown in Fig. 2C, a significant increase in endothelial tube
formation was observed in the hydrogel-treated groups compared to the
control group. Quantitative analysis revealed that the total tube lengths
treated with the 2A, 3A-0.25, 3A-0.5, and 3A-1 hydrogels were 1.80-
fold, 2.40-fold, 3.40-fold, and 3.50-fold the length of those in the con-
trol group, respectively (Fig. 2D). To assess the effect of the hydrogel on
angiogenesis at the molecular level, the mRNA expression levels of genes
associated with angiogenesis were measured (Fig. 2E). The 3A-1
hydrogel significantly upregulated the expression of CD31 and VEGFA
[42], further confirming the potential of the hydrogels to promote
angiogenesis, which may be beneficial for wound healing in vivo.

3.3. Cytobiological effects and antibacterial property

The effect of the aloin hydrogels on cell migration ability was
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with agar diffusion test. (D) Inhibition zone diameters for S. aureus (mean + s.d, n = 3, **p < 0.01). (E) Hemolytic test of the hydrogels. (F) Quantitative hemolysis
ratio of the hydrogels (mean + s.d, n = 3, ***p < 0.001). (G) The mRNA expression levels of collagen markers (mean + s.d, n = 3, *p < 0.05, **p < 0.01, ***p <
0.001). (H) The mRNA expression levels of skin regeneration-related genes, including FGF-2 and TGF-p1 (mean + s.d, n = 3, *p < 0.05, **p < 0.01). (I) The mRNA
expression levels of pro-inflammatory factors, including iNOS and IL-23 (mean =+ s.d, n = 3, *p < 0.05, **p < 0.01). (J) The mRNA expression levels of anti-
inflammatory factors, including Argl and IL-10 (mean =+ s.d, n = 3, *p < 0.05, **p < 0.01). Scale bars: 500 pm (A), and 1 cm (C and E).

investigated using a wound scratch migration assay. The 3A-1 group
showed a significantly smaller gap remaining compared to the control
group (Fig. 3A). Quantitative analysis revealed that the wound healing
rate of the 3A-1 group was 1.61 times higher than that of the control
group at 36 h (Fig. 3B). These findings suggest that aloin hydrogels
significantly improve cell migration ability, which is beneficial for skin
repair.

Delayed wound healing is often caused by a weak immune defense

and a high risk of bacterial infection [43]. In this study, we focused on
the design of anti-bacterial dressings targeting S. aureus, the dominant
bacteria in wound infections [44]. The anti-S. aureus activities of the
prepared hydrogels were evaluated using an agar diffusion assay
method. Over 24 h, the diameters of the antibacterial rings gradually
increased with increasing aloin concentration. The zone diameters of the
2A, 3A-0.25, 3A-0.5, and 3A-1 groups were measured as 7.23 + 0.12
mm, 9.46 + 0.27 mm, 11.57 + 0.29 mm, and 15.23 + 0.29 mm,
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Fig. 4. In vivo infected wound healing of the aloin bio-patches. (A) Representative images of wound tissues and the area traces of wound closure treated with the
hydrogels. (B) Quantification of healing rates (mean + s.d, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001). (C) Histological analysis of H&E and MTC stained wound
tissues. (D) Statistical results of the collagen volume fraction indicated by MTC staining (mean + s.d, n = 3, *p < 0.05, **p < 0.01). Scale bars: 2 mm (A), 500 pm,

and 100 pm (C).

respectively (Fig. 3C-D). These findings indicate that the hydrogels
possess effective antibacterial properties through the release of aloin.

Blood compatibility is crucial for the clinical application of bio-
materials, and the hemolysis rate is an important factor to consider [45].
Compared to the positive control group, the hydrogel group demon-
strated an extremely low hemolysis rate, indicating excellent blood
compatibility (Fig. 3E-F).

To further evaluate the cellular biological effects of the hydrogel, the
expression levels of multiple genes related to skin regeneration, pro-
inflammation, and anti-inflammation were analyzed. Collagen is
essential for skin repair and regeneration, as it aids in the repair and
reconstruction of damaged tissue [46]. Treatment with aloin hydrogels
led to significantly increased expression levels of Coll and Col3
(Fig. 3G). The expression levels of Col3 in the 2A, 3A-0.25, 3A-0.5, and
3A-1 groups were 1.68-fold, 2.40-fold, 2.85-fold, and 3.63-fold higher
than that of the control group, respectively. FGF-2 and TGF-p1 promote
the proliferation and migration of various cell types involved in wound
healing, as well as stimulate collagen synthesis and remodeling [47].
The multifunctional aloin hydrogels significantly altered the expression
levels of these skin regeneration-related genes, particularly in the 3A-1

group, where the expression levels of FGF-2 and TGF-f1 were
up-regulated by 1.05 and 1.10 times, respectively (Fig. 3H).

Inhibiting the inflammatory response and associated tissue damage
is crucial for accelerating skin repair [48]. The 3A-1 hydrogel signifi-
cantly inhibited the expression of pro-inflammatory factors (Fig. 3I),
while promoting the upregulation of anti-inflammatory factors in the
hydrogel-treated groups (Fig. 3J). The expression levels of Argl and
IL-10 in the 3A-1 group were 2.15-fold and 2.01-fold higher than that of
the control group, respectively.

In summary, the aloin hydrogel exhibits diverse cellular functions,
including promoting angiogenesis, facilitating cell migration, inhibiting
bacteria, promoting skin repair, and controlling inflammation. By har-
nessing the multifunctional properties of the aloin bio-patches, it is ex-
pected to achieve accelerated repair and scar-free healing of infected
skin defects in vivo.

3.4. Evaluation of wound healing and anti-bacterial efficacy In vivo

The effectiveness of wound healing and anti-bacterial properties of
different bio-patches (2A, 3A-0.25, 3A-0.5, and 3A-1) was investigated
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Fig. 5. IF staining for o-SMA and CK14. (A) IF staining for a-SMA at 4 and 12 days. The yellow arrows indicating the skin appendages. (B) The quantitative
fluorescence density of a-SMA (mean =+ s.d, n = 3, **p < 0.01). (C) IF staining of CK14 at 4 and 12 days. (D) The epidermal thickness was measured and quantified
from the staining of CK14 (mean + s.d, n = 3, **p < 0.01, ***p < 0.001). Scale bars: 200 pm and 50 pm (C). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

in vivo by creating two full-thickness excisional wounds that were
infected with S. aureus. The healing progression at different time points
is shown in Fig. 4A. In the initial stages of trauma, the control and 2A
groups exhibited a significant amount of yellow pus dispersing in the
wound bed, while other groups showed minimal presence of yellow pus
throughout the entire healing process due to the presence of aloin

hydrogels. By day 4, the wounds treated with 3A-1 hydrogel appeared
drier and smaller, indicating effective control of infections and initiation
of the wound repair process. In the first 8 days, the wound healing area
in the control group increased slowly, which could be attributed to the
uncontrolled infection. In contrast, the healing rates on day 8 in the 3A-
0.5 and 3A-1 hydrogel groups were higher than that in the control group
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Fig. 6. IF staining for CD31 and VEGF. (A) IF staining for CD31 at 4 and 12 days. (B) The quantitative fluorescence density of CD31 (mean + s.d, n = 3, *p < 0.05,
**p < 0.01). (C) IF staining of VEGF at 4 and 12 days. The yellow arrows indicating the blood vessels. (D) The quantitative fluorescence density of VEGF (mean =+ s.d,
n =3, **p < 0.01, ***p < 0.001). Scale bars: 200 pm and 50 pm (C). (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

(44.93 + 2.00%), reaching 53.10 + 1.11% and 53.93 + 1.01%,
respectively, due to the release of aloin and arginine during the early
stage. As treatment was prolonged, the wound healing area continued to
increase, with the 3A-1 group showing a wound closure rate of 99.67 +
0.28% on day 12 (Fig. 4B), compared to 81.90 + 1.01% in the 2A group
and 79.53 + 1.63% in the control group. Macroscopic observations
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demonstrate that the 3A-1 hydrogel has significant potential to enhance
the healing of infected wounds and exhibit antibacterial properties.
Wound samples were collected at each time point and subjected to
H&E staining and MTC staining. As shown in Fig. 4C, the control group
exhibited almost no epidermis structure after 4 days of treatment,
whereas the 3A-1 group clearly showed regenerated epidermis.
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Additionally, in the 3A group, the wound gradually presented a volcano-
like shape in the first 4 days, primarily due to the newly regenerated
tissue around the wound shrinking from the outside towards the center.
The size of the wound decreased gradually with increased healing time
in all groups. In the 3A-1 group, the defect was almost closed after 12
days of treatment, with numerous hair follicles observed in the healing
site, which was similar to normal tissues. However, the control group did
not show clear epidermal tissue structure at the same time period, and
the defect was still evident with granulation tissue. The volume fractions
of collagen fibrils in the repaired epithelial tissue were determined
(Fig. 4D). On day 4, the volume fraction of collagen fibrils in the 3A-1
group (14.36 + 1.37%) was higher than that in the control group
(10.09 + 0.67%) and the 2A group (10.77 + 0.75%). By day 12, the
volume fraction of collagen fibrils had increased in all groups except for
the control group, and the 3A-1 group had a collagen volume fraction of
61.60 + 2.06%. The number of hair follicles increased in the hydrogel-
treated groups, particularly in the 3A-1 group. Overall, the multifunc-
tional aloin bio-patches significantly accelerated the proliferation of
fibrous connective tissue and the regeneration of skin appendages in the
wound.

3.5. Histological analysis

To assess the histological healing of the skin, we performed IF
staining to detect the expression of keratin and collagen in the repaired
sites [49]. The protein a-SMA plays a crucial role in promoting the repair
and regeneration of damaged skin tissue [50]. On day 4, we observed
abundant a-SMA expression in the newly healed tissues of the 3A-1
group (Fig. 5A). The quantified a-SMA density in this group was 2.22
times higher than that of the control group (Fig. 5B). During the initial
phases of skin injury, the healing tissue did not show the presence of skin
appendages (sebaceous gland, sweat gland, and hair follicle). Although
there was no significant difference in a-SMA expression between all
groups at 12 days, the new skin tissues of the 3A-0.5 and 3A-1 groups
had more abundant a-SMA-stained skin appendages. In the remaining
groups, the formation of thick scar tissues following skin injury impeded
the development of skin appendages.

CK14 is predominantly localized in the basal layer of the skin, spe-
cifically within the regenerative basal cells [51]. The proliferative scar
tissue exhibits pronounced epithelial hypertrophy, and quantitative
assessment of the thickness of the CK14-stained renascent epithelium
aids in evaluating scar formation [52]. The regeneration of epithelial
tissue on day 4 was thickest in all groups, and the thickness of the
epithelium tended to become thinner over time (Fig. 5C). On day 12, the
prominent scar tissue in the 3A-1 group showed a significant reduction,
exhibiting a structure highly similar to normal tissue (Fig. S5). The
epithelial thickness of the control, 2A, 3A-0.25, 3A-0.5, and 3A-1 groups
was measured as 108.17 + 6.21, 76.33 &+ 5.51, 31.50 £ 4.51, 26.17 &+
4.54, and 24.02 + 3.01 pm, respectively (Fig. 5D). The skin defects
treated with the functional bio-patches achieved scarless healing,
closely resembling normal tissue with almost identical epithelial thick-
ness (19.93 £ 2.40 pm).

The formation of new blood vessels plays a vital role in delivering
oxygen and nutrients to the site of injury, promoting tissue healing and
regeneration [53]. We assessed the vascularization ability by examining
the fluorescence expression of vascular endothelial-specific markers,
CD31 and VEGF [54,55]. The hydrogel-treated groups showed higher
CD31 expression throughout the wound healing cycle (Fig. 6A). On day
12, the quantitative CD31 density of the 2A, 3A-0.25, 3A-0.5, and 3A-1
groups was measured as 1.31-fold, 1.50-fold, 1.69-fold, and 2.10-fold of
that in the control group, respectively (Fig. 6B). Similarly, the treatment
with aloin bio-patches resulted in increased VEGF expression in the new
skin tissues (Fig. 6C-D). VEGF staining amplifies the visibility of blood
vessel morphology, making it more distinct. During the initial phases of
skin injury, there was limited blood vessel formation, and the
morphology appeared disordered. As the wound progressively healed,
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the application of the aloin bio-patches to the regenerating skin tissue
led to a substantial increase in well-structured blood vessel formation,
especially in the 3A-0.5 and 3A-1 groups. The multifunctional
bio-patches effectively stimulate the growth of blood vessels, thereby
expediting the healing process of skin wounds.

Taken together, these findings suggest that the multifunctional aloin
bio-patches create an excellent microenvironment platform for recon-
structing vascular networks, which may be highly beneficial for
improving infected wound healing.

4. Conclusions

In this study, we propose the use of a multifunctional aloin bio-patch
for the repair and treatment of acutely infected skin defects. The dres-
sing bio-patches are developed through the cross-linking of arginine
with aloin using hydrogen bonding. These patches are characterized by
their excellent porous structure, swelling properties, and biodegrad-
ability. Upon application, the freeze-dried patch absorbs exudates from
the wound and adheres to the defects, providing protection while
transforming into hydrogels to promote efficient regeneration.

In vitro experiments have been conducted to confirm the various
biological functions exhibited by the aloin patches. These functions
include the promotion of angiogenesis, facilitation of cell migration,
inhibition of bacteria, and reduction of inflammation. The multifunc-
tional nature of these patches accelerates the healing of infected wounds
and results in scarless repair in vivo. Overall, our study presents a new
and innovative strategy for the design of cutaneous wound dressing
materials. This approach holds promise for the effective treatment of
acutely infected skin defects and represents a significant advancement in
the field.
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