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ARTICLE INFO ABSTRACT

Keywords: Promoting rapid wound healing is essential for preventing hypertrophic scars. Exosome-based therapies repre-
Hydrogel sent a promising approach for improving healing outcomes, but they encounter significant challenges: 1) the
Pullulan

isolation of exosomes requires complex, time-consuming, and costly procedures; 2) the stability of exosomes is
limited due to the pH- and temperature-sensitive nature of their lipid bilayer. Hydrogels, known for their hy-
drophilic and porous architectures, offer an attractive solution by enabling the isolation of exosomes from
macromolecular impurities while simultaneously protecting them from degradation. In this study, we designed a
bilayer polysaccharide hydrogel where pullulan (PL) and calcium ions (Ca) form the inner core, while sodium
alginate (SA) creates an effective isolating gel in the exosome-containing precursor solution. By integrating
freeze-drying with ultrasonic-assisted dissolution, the approach effectively achieves both the isolation and
controlled release of exosomes. The results show that the PL 4+ Ca + SA hydrogel exhibits superior gelation
stability compared to other formulations. During isolation, the PL + Ca + SA hydrogel efficiently enriched
exosomes while maintaining their characteristic “teacup-shaped” morphology and protein markers. The isolation
yield (87.2%) was comparable to that obtained by ultracentrifugation, with no significant differences in particle
number or impurities. Furthermore, ultrasonic-assisted dissolution enabled sustained exosome release for at least
7 days, as predicted by the Higuchi diffusion model. Functionally, the EXO@PL + Ca + SA hydrogel enhanced
fibroblast proliferation and viability for up to one week, changing the ROS content (decreasing 92%) and the
COL-I/COL-III ratio to 0.58 of mouse wound model. Furthermore, transcriptomic analysis revealed significant
alterations in related pathways involving key genes. Overall, this bilayer hydrogel offers an integrated platform
for exosome isolation and controlled delivery, providing preliminary experimental evidence to support further
translational research.

Sodium alginate
Exosome isolation
Controlled release

1. Introduction

The rapid healing of wounds represents a critical clinical concern
that necessitates immediate attention [1]. Insufficient healing can result
in various dermatological complications, such as hypertrophic scars,
which significantly affect both the physical and psychological health of
patients [2]. Application of exosomes has emerged as a well-established
treatment modality for wound healing and has been extensively utilized
for both acute and chronic wound care [3]. Exosomes are extracellular
vesicles with diameters ranging from 40 to 160 nm, comprising an array

of bioactive constituents including nucleic acids, proteins, lipids, and
miRNA [4]. These extracellular vesicles play a significant role in inter-
cellular communication, immune regulation, tissue repair and regener-
ation, and have been proposed as tools for disease diagnosis and
detection, among other applications [5]. Furthermore, these exosomes
are particularly beneficial for promoting vascular regeneration and
collagen formation during the wound healing process [6]. Exosomes can
originate from diverse sources, including various tissues and organs, as
well as animal and plant cells [7]. However, their practical application is
often limited by challenges related to isolation and delivery
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methodologies.

Although ultracentrifugation is regarded as the gold standard
method for exosome isolation, it is impractical for industrial-scale use
due to its long processing times, expensive equipment, and low extrac-
tion yields [8]. Meanwhile, alternative techniques such as PEG precip-
itation, ultrafiltration, volumetric exclusion chromatography, or
immunoaffinity capture are also unsuitable for large-scale
manufacturing due to their low isolation rate [9]. Thus, current exo-
some isolation techniques possess inherent limitations and do not
adhere to standardized criteria for the storage and preservation of
exosomes. Isolated exosomes are typically frozen at —80 °C for long-
term storage; however, extreme temperatures have the potential to
destabilize the lipid bilayer membrane, resulting in the premature
degradation of encapsulated bioactive compounds and thereby
compromising their biological activity during subsequent delivery [10].
Therefore, exploring effective methods for isolating exosomes and
enhancing their stability during storage and delivery is a critical area of
scientific research.

Hydrogels are three-dimensional network materials formed by cross-
linking hydrophilic high-molecular weight polymer chains [11,12]. The
primary raw materials utilized in the production of hydrogels are pro-
teins and polysaccharides that are derived from natural sources. Among
these, natural polysaccharides are preferred due to their excellent
plasticity and biological safety, especially when compared to proteins,
which tend to present a higher degradation rate under varying tem-
perature and pH conditions [13]. Polysaccharides can form physical
cross-links through intermolecular forces or can be covalently coupled
to form hydrogels through chemical cross-linking agents [14]. Although
chemical crosslinking exhibits better stability than physical crosslinking
[15], its bonding and dynamic equilibrium reconstruction speeds are
slow, rendering it unsuitable for capturing active molecules. Therefore,
physically cross-linked hydrogels made of natural polysaccharides and
metal ions have become a prominent area of research. For example, the
preparation of hydrogels from sodium alginate (SA)/carboxymethyl
chitosan/gelatin and loading naringenin using calcium ions (Ca) as
crosslinking agents has achieved remarkable results in the treatment of
gastric diseases [16]. In addition, Chen et al. (2024) prepared composite
hydrogel microspheres using SA and Ca for the removal of heavy metal
ions from wastewater [17]. Although SA: Ca hydrogels exhibit a high
capacity for the isolation of compounds, they present a high retention
rate for water molecules due to their ‘egg-box’ like hollow structure,
which is unsuitable for exosome capture. Pullulan (PL) is a neutral,
biodegradable, non-toxic, non-immunogenic, and non-ionic poly-
saccharide with a unique connection mode to its main chain structure,
which results in excellent mechanical properties and a very high biofilm
adhesion force [18]. Previous research works have revealed that,
although the ether C—O group present in PL can form ionic bonds with
metal ions, methyl groups and other molecular structures, its overall
structure is relatively unstable and susceptible to degradation due to
environmental factors [19]. Due to this environmental responsiveness,
PL often requires formulation with other compounds to enhance
hydrogel stability [20]. Therefore, there is a dire need to investigate the
development of a bilayer grid-like hydrogel with PL + Ca as the core
components, in combination with SA, to facilitate the simultaneous
isolation and delivery of exosomes.

Moreover, previous studies have shown that ice crystal sublimation
during freeze-drying in hydrogels can cause gel collapse and shrinkage,
reducing the uniformity of crosslinking [21]. Although rehydration re-
verts the hydrogel to its double-layer grid structure, this phenomenon
can adversely affect the delivery and application of trapped exosomes.
Ultrasonic-assisted dissolution is proposed as a viable solution to miti-
gate this phenomena. Ultrasonic stimulation at a certain frequency and
intensity can produce cavitation effects, cause local high temperature
and high pressure, and simultaneously generate strong shear forces [22].
These mechanical forces are expected to break the coordination bonds
between SA and Ca, reducing the gel-forming capacity of PL + Ca + SA.
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The formation of a stable hydrogel, predominantly consisting of PL + Ca,
is expected to enhance both the delivery efficiency of exosomes and the
absorbability of the hydrogel.

In this study, we introduce a multifunctional hydrogel that simul-
taneously isolates, stabilizes, and controllably releases exosomes
(Fig. 1), significantly enhancing wound healing and offering a trans-
formative strategy for exosome-based biomaterial production. Using
acute wounds in mice as a model, the therapeutic effect of EXO@PL +
Ca + SA hydrogel on healing is discussed. This multifunctional pullulan/
sodium alginate hydrogel system was utilized for the isolation, stabili-
zation, and controlled release of exosomes for the first time. In short, this
study offers an innovative strategy for industrial production and appli-
cation of exosomes by designing a novel exosome hydrogel structure.

2. Materials and methods
2.1. Materials

Pullulan (CAS. 9057-02-7, viscosity: 124 Pa.s, molecular weight: 1.6
% 10° Da), sodium alginate (CAS.9005-38-3, viscosity: 969 Pa.s, M/G
ratio of 1.6/2.0, molecular weight: 3.0 x 10° Da), and sodium chloride
were procured from Henan Gaobao Industrial Co., Ltd., China. High-
glucose medium (DMEM) and o-MEM basal medium were acquired
from Suzhou Youyi Biotechnology Co., Ltd., China. Serum was obtained
from Suzhou Ecosai Biotechnology Co., Ltd., China. Serum-free culture
media were sourced from AventaCell BioMedical, USA. Antibiotic so-
lutions were obtained from Gibco, USA. The ROS fluorescent probe
(D2DCFDA) was purchased from MedChemExpress Biotechnology, USA.
The AO Fluorescent Stain Kit was purchased from Solarbio, China.

2.2. Preparation of PL + Ca + SA composite hydrogel

The emulsion of pullulan polysaccharide (PL, 3 g) was prepared by
dissolving the powder in 100 mL of deionized water under stirring (200
rpm/min) at room temperature (RT) for 30 min. Then, the calcium
chloride powder (1 g) was stir-mixed with PL emulsion (100 rpm/min,
RT for 30 min) to prepare PL + Ca hydrogel. Finally, the PL + Ca + SA
hydrogel was prepared by mixing sodium alginate liquid (1 wt%) in the
PL + Ca hydrogel at a ratio of 1:1, under stirring (100 rpm/min) at RT
for 10 min [23]. After that, the PL + Ca + SA hydrogel was freeze-dried
for 24 h (instrument: YTLG-12A-80, Shanghai Tuoye Technology Co.,
Ltd., China).

2.3. Preparation of EXO@PL + Ca + SA hydrogel

The EXO@PL + Ca + SA hydrogel was prepared as shown in Fig. S1.
The supernatant containing exosomes was collected from UC-MSCs cell
cultures, centrifuged (2000 xg) at 4 °C for 10 min (Fig. 1A). Then, the
supernatant was centrifuged again (10,000 xg) at 4 °C for 30 min. This
pretreated supernatant served as the solvent for hydrogel formation, as
shown in Fig. 1B. For the detailed procedure, 3 g pullulan (PL) was
dissolved in 100 mL of the pretreated supernatant and stirred at 200 rpm
at room temperature (RT) for 30 min to form EXO@PL. Then, 1 g cal-
cium chloride was mixed with EXO@PL at 100 rpm, RT, for 30 min to
prepare EXO@PL + Ca hydrogel. Separately, 1 g sodium alginate (SA)
was dissolved in 100 mL of pretreated cell culture. Finally, SA solution
(1 wt%) was mixed with the PL + Ca hydrogel at a 1:1 ratio and stirred at
100 rpm, RT, for 10 min. The resulting EXO@PL + Ca + SA hydrogel was
freeze-dried for 24 h using a YTLG-12A-80 instrument (Shanghai Tuoye
Technology Co., Ltd., China).

2.4. Cell culture
Following euthanasia, mice were immersed in 75% alcohol for 5 min.

The epidermal layer was carefully detached using surgical scissors and
then rinsed in phosphate-buffered saline (PBS). The obtained epidermis
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Fig. 1. Schematic diagram illustrating fabrication process and molecular structure of our prepared hydrogel combined with exosomes (EXO). A. Pretreatment of the
liquid containing exosomes. B. Schematic diagram of the preparation process and delivery mechanism of hydrogel containing exosomes.
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was cut into small pieces of approximately 1.0 mm x 1.0 mm, and the
dermal fragments were subsequently placed into a 6.0 em? cell culture
dish. On the first day, 2 mL of complete culture medium consisting of
DMEM (Suzhou Youyi Biotech, China) supplemented with 50% foetal
bovine serum (Suzhou Ecosai Biotech, China) and 1.0% pen-
icillin-streptomycin (Beyotime, China) was added, and the cells were
incubated at 37 °C in a 5% CO: atmosphere. On the second day, an
additional 6 mL of complete medium (DMEM containing 10% foetal
bovine serum and 1.0% penicillin-streptomycin) was added. When the
cell density reached approximately 50% confluence, fibroblasts (Fbs)
began to migrate out from the tissue explants. The cells were then
digested with 0.125% trypsin (Gibco, USA) to obtain passage 0 (PO) fi-
broblasts for subsequent experiments. Subsequently, the Passage 3 cells
(16-20 x 10* cells/mL, CountStar, Alit Biotech, China) were cultured in
6-well plates for 48 h (Fig. S3), and the culture medium was treated with
an exosome hydrogel at a ratio of 1:50 (v/v) to culture for an additional
48 h following medium renewal. The morphological development of the
fibroblasts at various time points was examined utilizing an optical
microscope (MF-52-N, Guangzhou Mingmei Optical Technology Co.,
Ltd., Guangdong, China).

2.5. Animal model

All C57BL/6 mice were acclimated under controlled laboratory
conditions (22 + 2 °C, 50 + 5%, 12-h light/dark cycle) for a period of 7
days. Subsequently, the mice were randomly assigned to four groups,
each comprising six subjects (n = 6). A 2.5 x 2.5 cm? area of hair was
shaved from the skin using a razor, followed by the creation of circular
wounds employing a 15 mm corneal drill and surgical scissors. The
wounds were treated with PL + Ca + SA, EXO, and EXO@PL + Ca + SA
on days 0, 2, 4, and 6. Wound healing progress was documented on days
0, 3, 7, 10, and 14. All surgical interventions conducted on the animals
received approval from the Ethical Review Committee (No. 20241015
(12)) of Shanghai Ruitimos Biotechnology Co., Ltd. The maximum
permissible wound size was set at 1000 mm?, and wound size or trauma
burden did not exceed this limit throughout the study.

2.6. Characterization of hydrogel

2.6.1. Freeze-dried moisture

The amount of water extracted by hydrogels indicates the efficacy of
exosome isolation [24]. The hydrogel was weighed before drying, and
the freeze-dried gel powder was weighed separately. The hydrogel
concentration rate was then determined using the following formula.
The isolation rate (ER%) was calculated as follows:

ER (%) = <1 7%) x 100%.
0

where W weight of hydrogel powder after freeze-drying; Wy: weight of
hydrogel before freeze-drying.

2.6.2. Ultraviolet spectroscopy

A volume of 500 pL of hydrogel samples (PL, PL + Ca, PL + SA, SA,
SA + Ca, and PL + Ca + SA) was placed in a 1 mL cuvette. The wave-
length spectrum parameters were set to detect the ultraviolet absorption
peak using a UC-1600PC spectrophotometer (Jinan Jiangxue Medical
Devices Co., Ltd., Shandong, China) of the hydrogel [25]. The prepa-
ration methods for the EXO, EXO@PL + Ca + SA hydrogel samples
remained consistent with previous protocols. For the EXO + PL + Ca +
SA liquid samples, the EXO liquid was added to the PL + Ca + SA
hydrogels to ensure that the exosomes are located on the surface of the
hydrogel rather than being embedded within.

2.6.3. FT-IR analysis
Hydrogel samples of PL, PL + Ca, PL + SA, SA, SA + Ca and PL + Ca
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-+ SA were mixed with KBr, ground to prepare the samples, and scanned
using an infrared spectrometer (Nicolet iS5, ThermoFisher, America)
[26]. The scanning range was 4000-400 cm’l, and the resolution was 4
cm

2.6.4. Microstructure

A small quantity of hydrogel was taken and deposited onto a glass
slide, and then the microscopic morphology and structure of the
hydrogel were examined using an optical microscope (MF-52-N,
Guangzhou Mingmei Optical Technology Co., Ltd., Guangdong, China)
[26]. Imaging was performed in automatic exposure mode with mono-
chrome settings development.

2.6.5. Rheological analysis

Hydrogels were prepared with 3 wt% pullulan, 1 wt% sodium algi-
nate, and 1 wt% calcium chloride to investigate the effects of pullulan
and sodium alginate on the gel-forming capabilities [27]. The mixture
was stirred at a rate of 500 rpm /min and subsequently heated to 80 °C
for 4 min. Immediately thereafter, the gel was poured into the cup
rheometer. The rheometer is equipped with a circulating water system
responsible for maintaining temperature control. The gel was allowed to
stand for 15 min to restore its structure and achieve thermal equilib-
rium. All the samples were dissolved with deionized water, and the shear
rate was varied from 0.1 to 100 s~! at 25 °C. The storage modulus (G,
loss modulus (G"), and viscosity of the hydrogel solutions were
measured via oscillation analysis.

2.6.6. Ultrasonic dissolution

An ultrasonic-assisted dissolution technique was employed to
enhance the cleavage of sodium alginate and calcium ion bonds [28].
Following the freeze-drying of the PL + Ca + SA hydrogel using meth-
odology 2.2, the resultant powder (0.1 g, 1 wt%) was dissolved in 10 mL
of sterile deionized water. Ultrasonic treatment was conducted using an
ultrasonic cleaning instrument (40 kHz, Sonics, Chicago, USA) at a
power of 0, 200, 400, 600 W/L for a duration of 10 min. Consequently,
the PL + Ca + SA dissolution solution was obtained.

2.6.7. Zeta potential

The zeta potential analysis of various samples, including freeze-dried
powder (EXO@PL + Ca + SA, PL + Ca, 0.1 g), was performed by dis-
solving each sample into 10 mL deionized water [29]. The EXO@PL +
Ca + SA hydrogels were treated with different ultrasonic wave powers
(0, 200, 400, 600 W/L) for 10 min. The prepared samples were analyzed
using a Zetasizer Nano ZS90 (Malvern Instruments, U.K.) maintained at
25 £+ 0.1 °C. After preparation, the dispersions were carefully trans-
ferred into disposable U-shaped polystyrene cells supplied by Malvern
for analysis. Each reported zeta potential value represents the average of
three independent measurements to ensure accuracy and
reproducibility.

2.6.8. Characterization of exosomes

EXO@PL + Ca + SA samples were ultrasonicated at 600 W/L for 30
min before each analytical test. 200 pL. EXO@PL + Ca + SA and EXO
were collected and placed on a copper mesh for 20 min. Subsequently,
the supernatant was removed, and the sample on the copper mesh was
treated with a phosphotungstic acid staining solution. Finally, the
sample was allowed to stand for 10 min before being positioned at room
temperature for Transmission electron microscope (HT7800, Hitachi
High-Tech Company, Beijing, China) observation. In addition, a total of
20 pL of EXO samples were transferred to a new 1.5 mL EP tube, and 980
pL Dulbecco's phosphate-buffered saline (DPBS) was subsequently
added. Particle diameter and quantity of exosomes in both the EXO and
EXO@PL + Ca + SA samples were subsequently analyzed using Nano-
particle Tracking Analysis (NTA) (DKSH (Shanghai) Co., Ltd., China).
Protein concentration of exosomes was measured using the BCA protein
concentration kit, followed by Western Blotting analysis of the marker
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proteins CD9, CD63, ALIX, and TSG101 [24].

2.6.9. Exosomes hydrogel storage time

Lyophilized hydrogel powder (5 g) was transferred into a sealed 50
mL centrifuge tube and stored at room temperature under dry conditions
[24]. The total exosome particle count was quantified at days 0, 7, 14,
21, 28, and 35. The storage performance of the EXO@PL + Ca + SA
hydrogel was evaluated by calculating the exosome retention rate
(particles gay n/particles gay o) Over time.

2.6.10. Release and degradation of EXO@PL + Ca + SA

PKH26 staining solution was combined with exosomes at a ratio of
1:100 and incubated at 37 °C for 30 min. Subsequently, the preparation
of the EXO@PL + Ca + SA hydrogel was conducted. The exosome la-
beling group served as the control. Fluorescence intensity was measured
using a microplate reader, with excitation at 545 nm and emission at
586 nm, on days 0, 2, 4, 6, and 8. Furthermore, the release kinetics of the
hydrogel was examined by fitting to common release models, including
the Zero-order model: Mt./Moo = kt, First-order model: 1- Mt./Mco = e-
kt, and Higuchi model: Mt./Moo = kt1/2. In these equations, Mt., Moo, k,
and n denote the released exosome at time t, the equilibrium, the release
rate constant, and the release index, respectively [30]. The aim was to
identify the best-fitting curve for the data. The release rate was calcu-
lated using the following formula.

F,
Release rate (%) = P—f x 100%
0

where F;: the fluorescence intensity of daily; Fy: the total fluorescence
intensity.

The degradation rate was utilized to represent the degradation of
exosome hydrogels. A volume of 1 mL of freeze-dried exosome hydrogel
was placed into a six-well plate containing 3 mL PBS. The samples were
removed out every day for freeze-drying and weighing for a total of one
week. The degradation rate (%) was calculated using the following
formula.

D,
Degradation rate (%) = 1 7D—[ x 100%
0

where Dy the weight of hydrogels daily; Dy: the total weight of
hydrogels.

2.7. The effect of EXO@PL + Ca + SA hydrogels on cells

2.7.1. EdU assay

The potential cytotoxicity of the hydrogel on cells was assessed using
EdU staining [31]. The hydrogel was mixed with the culture medium
(1:50 v/v) and added to the culture flask simultaneously with the cells.
The EdU fluorescence intensity of the cells was observed using a fluo-
rescence microscope (MF-52-N, Guangzhou Mingmei Optical Technol-
ogy Co., Ltd., Guangdong, China) at 6 and 12 h.

2.7.2. Cell activity

The cell activity was observed by AO stain; meanwhile, ROS content
was assessed to determine the effect of the hydrogel on the functional
activity of fibroblasts. In addition, the exosomes' controlled release rate
in the hydrogel was assessed by F-actin stain. In this experiment, fi-
broblasts (Fbs) were treated with PL + Ca + SA, EXO, and EXO@PL +
Ca + SA, and AO and ROS reagents were added after 48 h of co-culture,
respectively. Half an hour later, the fibroblasts' fluorescence was
observed using a fluorescence microscope (MF52-N + MSX2; China).
Notably, the initial cell density in the F-actin group was set at 4 x 10*
cells/mL, which was half the density used in the other groups. F-actin
staining was performed on days 3 and 7 to provide a more accurate
evaluation of the exosome release rate. Following cell culture, radio-
graphic imaging was performed, and immunofluorescence staining was
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employed for quantitative protein analysis [32].

2.7.3. Transcriptome analysis of fibroblasts treated with EXO@PL + Ca +
SA hydrogel

Fibroblasts cultured in each group (with >3 biological replicates in
each group) were collected following treatment with the hydrogel [33].
Total RNA was extracted using TRIzol or commercial kits, and the
concentration and purity were determined by NanoDrop. Then, double-
ended sequencing was performed via the Illumina platform. After
quality control analysis of the original sequencing data, the gene
expression levels were statistically analyzed. Differential expression
analysis was performed using DESeq2/edgeR (screening threshold
log2FC >1 and FDR < 0.05), and PCA, sample correlation/distance
heatmaps were used to show the segregation and repeatability consis-
tency between groups for the differential genes. Subsequently, func-
tional enrichment analyses were carried out, including Gene Ontology
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) and Reactome
(FDR < 0.05), and Gene Set EnrichmentAnalysis (GSEA) was used to
evaluate the overall changes of the pathway based on the whole gene
sequencing list. Meanwhile, the differential genes were imported into
STRING to construct the PPI network and visualized in Cytoscape to
identify the key hub genes and functional modules. The raw tran-
scriptome sequencing data are deposited in the National Center for
Biotechnology Information (NCBI) Sequence Read Archive (accession
number PRINA1426483; https://www.ncbi.nlm.nih.gov/, accessed 22
February 2026).

2.8. Histopathology and immunohistochemistry on mouse wound tissue

C57BL/6 mice were euthanized on postoperative days 7 and 14.
Wound and surrounding tissue samples were collected and processed
into paraffin-embedded sections for hematoxylin and eosin (H&E),
Masson's trichrome staining, and immunofluorescence analyses target-
ing ROS, CK14, CK19, COL—I, COL-III and a-SMA [34]. Wound diameter
was measured from H&E slices and quantified using K-Viewer software.

2.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism software,
version 10.2.3. All data were presented as means + standard deviations
(SDs). A t-test was used to analyze differences between groups. A two-
way analysis of variance (ANOVA) test was used to assess the statisti-
cal significance of the mean values of more than two groups. A p-value
less than 0.05 was considered statistically significant. 3D model images
were drawn using the Figdraw online platform (https://www.figdraw.
com/static/index.html#/), with the authorization code being ID:
IWIY193424, PPAAR3e454.

3. Results and discussion
3.1. Characterization of PL + Ca + SA hydrogels

A full characterization of the PL + Ca + SA hydrogels was conducted
to understand the behavior of this material. PL + Ca + SA and SA + Ca
hydrogels presented as white hydrogel blocks easily seen by the naked
eye (Fig. 2A), whereas the other groups did not show this macroscopic
character. These differences are attributable to the ability of sodium
alginate (SA) and calcium ions (Ca) to create a three-dimensional, cross-
linked network structure, which imparts mechanical/structural strength
[35]. Meanwhile, the structural density and thickness of the PL + Ca +
SA hydrogel decreased because carbonyl (CO) groups from PL replace
some of the carboxyl (COO) groups of SA in its binding to Ca, which
ultimately reduces the mechanical strength provided by the SA + Ca
interaction. The structural edges (Fig. 2D) of the two groups of hydrogels
(PL + Ca + SA and SA + Ca) were clear. However, the microscopic
morphology of the PL 4+ Ca and PL + SA groups revealed gel-like
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structures, wavy and with unclear edges, while being transparent in
color and soft in texture. This behavior can be attributed to the insta-
bility of their fluid structure, which obstructs accurate light refraction
[36]. It also indicates that PL can form unstable weak ionic bonds with
other single components [37].

Ultraviolet full-wavelength absorption spectroscopy is a valuable
tool for evaluating intermolecular interactions by analyzing variations
in displacement and absorbance intensity [38]. The ultraviolet spectra
of the different hydrogels are shown in Fig. 2B. The maximum absorp-
tion wavelengths of the PL, PL + Ca, PL+ SA, SA, SA + Ca and PL + Ca +
SA groups appeared between 200 and 215 nm, with the absorption peak
of PL observed near 202 nm. Notably, PL structures (PL + Ca + SA, PL +
SA, PL + Ca) exhibit a redshift (long-wavelength shift) compared to PL,
indicating that charge transfer occurs between the substances, leading to
a conjugation effect and the formation of a new chemical bond [39].
Similarly, SA + Ca also showed a modest redshift in maximum absorp-
tion wavelength compared to free SA (211 — 212 nm). However, when
compared to SA, the PL + SA complex shows a blue shift (towards lower
wavelengths), suggesting a disruption of molecular planarity and a
stacking effect between both polymers [40]. In conclusion, the ultravi-
olet spectrum of the hydrogel indicates that PL cannot directly form a
stable cross-linked structure with SA. However, the introduction of
calcium ions modifies the interactions between the two polymers,
thereby facilitating the development of a novel chemical structure.
Further FTIR analysis (Fig. 2C) shows that calcium ions can form ionic
bonds with PL and SA, respectively. The characteristic absorption bands
of PL were observed at 3200-3600 and 1000-1150 cm ™" corresponding
to functional groups -OH, and C-O-C/C-O (characteristic peaks of sugar
rings and glycosidic bonds), respectively [41]. Similarly, the SA spec-
trum showed -COO™ stretching vibrations at 1600 cm™! and -OH
stretching vibrations at 3200-3600 cm ™!, same as PL, respectively. In
the SA + Ca system, the shift of the asymmetric stretching vibration peak
of alginate's -COO~ group from 1600 cm ™! to approximately 1580 cm ™!
confirms the successful formation of the SA-Ca ionically crosslinked
network. In addition, shifts in the characteristic C-O-C/C-O groups were
observed in the PL + Ca system, indicating its ability to form a network.
In the PL + Ca + SA double-network system, the presence of charac-
teristic peaks indicative of SA + Ca crosslinking was reaffirmed. More-
over, the hydroxyl stretching region (3200-3600 cm ') displayed a
marked broadening and a clear shift. Furthermore, the position of the
alginate -COO™ peak showed subtle yet distinct changes compared to the
singular SA + Ca network. Collectively, these results indicate that pul-
lulan chains are forming strong hydrogen bonding interactions with the
sodium alginate-calcium ion network. This leads to a tight integration
and mutual interpenetration of the components, resulting in a syner-
gistically stable double-network hydrogel structure.

Shear modulus and viscosity analyses were performed on the
hydrogels to gain a deeper understanding of their rheological charac-
teristics. As illustrated in Fig. 2E and F, the energy storage modulus (G')
of the SA + Ca and PL + Ca + SA groups significantly exceeds their loss
modulus (G"). This indicates that the elastic properties of these two
components are superior to their viscous properties, classifying them as
solid-like components [42]. The G' of the PL + SA and PL + Ca structures
initially increased and subsequently decreased, indicating that with
increasing shear frequency, the elasticity of the substance diminished
while its viscosity increased, leading to a transition of the structure from
solid to liquid. This observation aligns with prior findings regarding the
apparent structure. Although PL contains multiple hydroxyl groups, the
ionic bonds formed with Ca and SA are susceptible to disruption by
environmental factors, consequently resulting in an unstable hydrogel
structure. Meanwhile, when the G" of a single component exceeds the G',
the viscosity of the substance surpasses its elasticity, indicating a liquid
state. The shear modulus reflects the internal structural state of a ma-
terial, whereas viscosity pertains to its thermal decomposability [43]. As
the temperature increases, the viscosity of the hydrogel gradually di-
minishes. This phenomenon can be attributed to the fact that elevated
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temperatures accelerate molecular motion, causing the hydrogel chains
to become more flexible [44].

The morphology of the freeze-dried PL and PL + Ca hydrogels
(Fig. 2G) was flaky with no evident protruding structures. Although the
SA and SA + Ca groups contained hollow structures, their strong me-
chanical support made them susceptible to breakage during the freeze-
drying process, resulting in the formation of a significant number of
fragments, which adversely affected the stability of the internal active
substances. In contrast, the PL + Ca + SA group effectively mitigated this
issue. This supports the proposed application of the PL + Ca + SA group
for the isolation, stabilization, and release of exosomes.

3.2. The influence of ultrasonic treatment on the structure of hydrogels

The critical advantage of hydrogel-based isolation for exosomes lies
in its ability to efficiently remove excess water from the culture medium
while preserving exosomal structural integrity [45]. A schematic dia-
gram illustrating the freeze-dried storage process and the subsequent
ultrasonic-assisted reconstitution of the EXO@PL + Ca + SA hydrogel is
shown in Fig. 3A. Fig. 3B illustrates the quantity of water evaporated
during freeze-drying for various components. Among all tested formu-
lations, the SA + Ca hydrogel exhibited the least water evaporation,
which is likely attributable to its robust and densely crosslinked struc-
ture that significantly retards water removal [46]. The incorporation of
PL mitigates the shrinkage of SA + Ca and enhances the removal of free
water. Consequently, the SA + Ca hydrogel alone is not suitable for
exosome isolation because its poor dehydration characteristics could
negatively affect process efficiency. The freeze-dried EXO@PL + Ca +
SA hydrogel powder was stored in a sealed container at room temper-
ature, and exosome particle concentrations were measured at defined
intervals to assess the hydrogel's capacity to enhance exosome storage
stability (Fig. 3C). The results showed that after 35 days of storage, more
than 90% of the exosome particles were retained within the hydrogel.
After 90 days of storage, the hydrogel retained 50% of its exosomes. This
result indicates that the hydrogel significantly enhances exosome sta-
bility and industrialization potential under ambient conditions
compared to the EXO group. Although the double-layer hydrogel im-
proves storage of exosomes, its structural configuration inherently re-
stricts exosome release. To ameliorate this limitation, ultrasonic-assisted
dissolution was employed to facilitate the cleavage of the sodium algi-
nate and calcium ion bonds within the hydrogel. This approach not only
aids in the reconstruction of the hydrogel structure but also enables a
controlled release of exosomes. Ultrasonic waves at a specific intensity
can break molecular bonds and thus facilitate the release of internal
active compounds [47]. In addition, the { potential is an important in-
dicator for evaluating the stability of a colloidal dispersion. The colloidal
stability, governed by electrostatic repulsion, is directly correlated with
the absolute { potential [48]. After ultrasonic treatment of EXO@PL +
Ca + SA hydrogel at different intensities, the { potential showed sig-
nificant differences (Fig. 3D). The absolute { potential decreased with
increasing ultrasonic power, signifying a reduction in stability. The
value reached a minimum at 600 W/L, at which point the colloidal
structure was entirely disrupted. Notably, after treatment at 400 W/L,
the system's absolute { potential approached that of the PL + Ca
benchmark. This suggests that moderate ultrasonication selectively
cleaves the ionic bonds within the SA-Ca network without inducing a
complete structural collapse of the hydrogel [49].

Meanwhile, following the ultrasonic redissolution of the freeze-dried
PL + Ca + SA hydrogel structure, G" was significantly higher than G'
(Fig. 3F-G), and the solution transitioned into a high-viscosity liquid.
The ultrasonic treatment induced a transformation from solid to liquid,
indicating that this treatment facilitates the disruption of the robust
ionic bonds between SA and Ca. The ultraviolet spectra of the hydrogel
before and after ultrasonic treatment are presented in Fig. 3E. The
characteristic absorption peak of SA + Ca at 210 nm disappeared after
ultrasonic treatment. In contrast, the absorption peak associated with PL
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(~205 nm) broadened. Although the ionic bonds pertaining to PL
remained, the intermolecular interactions of SA + Ca were significantly
reduced. In addition, the retention of exosome membrane integrity after
different ultrasonic treatments was evaluated by measuring the protein
concentration of the hydrogels (Fig. 3H). The results showed that ul-
trasonic treatment at 600 W/L significantly increased the protein con-
centration of the hydrogels, which may be attributed to exosome
membrane rupture and subsequent protein leakage caused by excessive
ultrasonic exposure. Thus, these findings indicate that the ultrasonic-
assisted dissolution technique has the potential to significantly
enhance the release of active compounds from the PL + Ca + SA
hydrogel by disrupting its molecular structure.

3.3. Characterization, isolation and release rate of EXO@PL + Ca + SA
hydrogel

The process of isolating exosomes with PL + Ca + SA is illustrated in
Fig. 1A-B. Transmission electron microscopy (TEM) analysis of the
EXO@PL + Ca + SA hydrogel (Fig. 4A) revealed distinct vesicular par-
ticles. Exosomal marker proteins, including ALIX, CD63, TSG101, and
CD9, demonstrated clear bands (Fig. 4B-C) after isolation with PL + Ca
-+ SA. Statistical analysis revealed that ALIX and TSG101 levels were
significantly higher in the EXO group compared to EXO@PL + Ca + SA,
whereas CD63 and CD9 showed no significant differences. This differ-
ence may be attributed to the obstruction of macromolecular proteins by
hydrogels. Particle size analysis of the EXO@PL + Ca + SA showed

particles significantly larger than typical exosomes, which may be
attributed to the presence of SA fragments and the formation of small
particle complexes of PL-exosomes resulting from ultrasonic disruption.

To further characterize exosomes loaded hydrogels, the ultraviolet
absorption peak spectra of EXO@PL + Ca + SA are shown in Fig. 4J.
Sharp peaks appear in the exosomes sample (without hydrogel) between
260 and 280, mainly due to the presence of various proteins and nucleic
acids in exosomes [50]. In contrast, a sharp peak appears in EXO@PL +
Ca + SA near 240 nm, indicating that the hydrogel is wrapped outside
the exosome, reducing the absorption peak of the exosome. Further-
more, to delineate the specific localization of exosomes (encapsulated
within the hydrogel matrix versus adsorbed on its surface), a control
sample (EXO + PL + Ca + SA) was prepared by introducing exosomes to
the pre-formed hydrogel. EXO + PL + Ca + SA showed significant
spectral differences compared to EXO@PL + Ca + SA, with a wider
range of characteristic peak positions (same as EXO). These findings
further support that the exosomes were encapsulated within the
hydrogel and not simply adsorbed to the hydrogel surface.

The efficiency of exosome isolation using the proposed hydrogel
strategy was evaluated by quantifying the total number of exosome
particles within the hydrogel. Nanoparticle tracking analysis (NTA) re-
sults (Figs. 4D-E, S2A) showed no significant difference in the total
number of isolated exosome particles between the reconstituted
EXO@PL + Ca + SA and exosomes obtained via ultracentrifugation
(UQ). The incorporation of PL and SA resulted in a marginally higher
particle count in the hydrogel compared to ultracentrifugation.
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Additionally, comparison of protein concentrations between the EXO
and EXO@PL + Ca + SA hydrogel groups (Fig. S2B) revealed a slightly
higher protein concentration in the EXO@PL + Ca + SA hydrogels;
however, this difference was not statistically significant. It further in-
dicates that after the isolation of exosomes by hydrogel, the impurity
level is very low, suggesting that the proposed in-situ hydrogel forma-
tion method for the isolation of exosomes is a promising industrial
isolation approach. Furthermore, the shear modulus (Fig. 4H) and vis-
cosity (Fig. 4I) remained unchanged after the reconstitution of EXO@PL
+ Ca + SA, indicating that the presence of exosomes did not influence
these parameters. This observation is consistent with the results ob-
tained for PL + Ca + SA. Based on the liquid properties of the hydrogel,
the amount of released exosomes from the hydrogel was calculated by
detecting the fluorescence of labeled exosomes at different time periods
(Fig. 4F). Compared with EXO (without hydrogel), those encapsulated in
the hydrogel exhibited a characteristic slow release, with complete

release occurring by after a week. Additionally, the structural integrity
of the hydrogel also exhibited degradation over time (Fig. 4G); by the
eighth day, it constituted only 11.6% of its original mass. Furthermore,
analysis of the release kinetics fitting curve using mathematical models
indicates that neither group exhibited a constant-speed diffusion state
(Fig. 4K-M). The EXO group showed a good agreement with first-order
diffusion, suggesting a strong correlation between the release rate and
the remaining concentration of EXO, as expected. In contrast, the
EXO@PL + Ca + SA group displayed characteristics better aligned with
Higuchi diffusion, which implies that the release is primarily controlled
by diffusion and follows typical Fickean behavior [51]. Therefore, it can
be concluded that the hydrogel significantly enhances the isolation,
stability and release of the exosomes, thereby facilitating their
application.
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3.4. Effects of EXO@PL + Ca + SA on proliferation, migration and widely proved to be able to regulate inflammatory responses and pro-
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main functional cells in wound healing. To assess the performance and

hUC-MSCs have the characteristics of low immunogenicity and cytotoxicity evaluation of the material, EXO@PL + Ca + SA was co-
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period, the exosomes released from the hydrogel were observed in cul-
ture. Subsequently, the labeled fluorescent exosomes were detected, and
the results are shown in Fig. S4A-B. A clear incubation time-dependent
in intracellular fluorescence was recorded. Fig. 5A shows the pheno-
typical changes of cells at different times after EXO@PL + Ca + SA
treatment. The findings indicate that EXO@PL + Ca + SA does not
exhibit toxic effects on the cells, and the overall cell growth state is
favorable. Fig. 5B shows that there is no significant difference in cell
viability between the EXO and EXO@PL + Ca + SA groups and dem-
onstrates the safety of the PL + Ca + SA hydrogel. The proliferative
activity of EXO@PL + Ca + SA on fibroblasts is shown in Fig. 5C-D. The
EdU intensity observed in the EXO and EXO@PL + Ca + SA groups was
significantly higher compared to the other two control groups, with no
significant differences noted between these two groups at 12 h.
Furthermore, the mitochondrial metabolic function, as indicated by
reactive oxygen species (ROS) production, served as a measure of the
proliferative activity of the cells (Fig. 5E-F). The findings indicate that,
in comparison with the untreated control (CON), EXO@PL + Ca + SA
was able to regulate mitochondrial function, stabilize the mitochondrial
respiratory chain, enhance metabolic function, and consequently reduce
ROS production [52]. When mitochondrial function is optimized, an
adequate supply of ATP is ensured, enabling fibroblasts (Fbs) to effi-
ciently synthesize and secrete collagen, thereby maintaining the normal
structure and function of the extracellular matrix [53]. Actin microfil-
aments (F-actin) are capable of forming actin fibers under ATP supply
[54]. These fibers, in addition to providing contractility to tissues, serve
as intracellular tracks for material transport and organelle positioning,
representing a hallmark of integrated cellular activity [55]. The levels of
F-actin (Fig. 5G-H) in the EXO group were significantly higher than
those observed in the control (CON) group at day 3. In addition, only the
EXO@PL + Ca + SA group fluorescence was significantly higher than
the control group at day 7. This is consistent with a sustained release of
exosomes from the hydrogel, which induces a prolonged positive effect
on the cells. In addition, the scratch assay demonstrated that continuous
exosome release from the hydrogel significantly accelerated fibroblast
migration (Fig. S4C), leading to a higher scratch closure rate than the
EXO group alone, with a notable increase within 24 h. Consequently, the
results obtained demonstrate that the EXO@PL + Ca + SA exhibits no
cytotoxic effects on cells, while significantly enhancing the prolifera-
tion, migration, and overall bio-performance of mouse fibroblasts.

3.5. EXO@PL + Ca + SA hydrogel effectively promotes rapid wound
healing in mice

Promoting efficient healing of acute wounds represents one of the
most effective strategies for preventing the development of hypertrophic
scars. The acute wound model in mice is a classic animal model for
studying the mechanism of skin injury repair and evaluating the efficacy
of regenerative materials. This model can stably simulate the complete
healing process of a wound from the inflammatory phase, proliferative
phase to the remodeling phase, and is therefore widely used to analyze
key biological events such as changes in cell behavior, collagen depo-
sition and inflammatory regulation. In this context, we conducted an
investigation utilizing EXO@PL + Ca + SA hydrogel to facilitate rapid
wound healing in a murine model. The sustained-release effect of
EXO@PL + Ca + SA on murine wounds, as well as its therapeutic effi-
cacy in accelerating acute wound healing in mice, is demonstrated in
Fig. 6A. The wounds in the animals treated with control EXO and
EXO@PL + Ca + SA healed more rapidly, with nearly imperceptible
scarring observed at 14 days when compared to the control (CON) group
(Fig. 6B-C). Additionally, tissue samples from the wounds 14 days after
generation were collected for histological examination using H&E and
Masson's trichrome staining to assess the recovery of subcutaneous tis-
sue. The architecture of skin appendages, such as hair follicles and
sebaceous glands, signifies an absence of scarring during wound healing
[56]. H&E staining in the EXO and EXO@PL + Ca + SA groups
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demonstrated the presence of hair follicle structures, which exhibited
significant differences compared to those in the control (CON) group
(Fig. 6D-E). Furthermore, the regenerated skin in the EXO@PL + Ca +
SA group closely resembled the structure of normal skin compared with
the EXO group, with a notable abundance of sebaceous glands. This
improvement may be attributed to the sustained release of the hydrogel,
which allows exosomes to continuously and effectively facilitate wound
repair [57]. In addition to skin appendages, the subcutaneous tissue
layer (extracellular matrix) is constructed through collagen regeneration
and remodeling [58]. Fig. 6F-G illustrates the dense blue collagen fibers
and red muscle fibers within the subcutaneous tissue. An excess of
muscle fibers may influence the wound remodeling process and
contribute to the development of hypertrophic scars [41]. Compared to
the control group (CON), the muscle fiber content in the EXO@PL + Ca
-+ SA group was 30.8%, which is advantageous for achieving a rapid and
healthy wound healing process.

Overall, both EXO and EXO@PL + Ca + SA hydrogel demonstrate
beneficial effects in promoting the healing of acute wounds. However,
the EXO@PL + Ca + SA hydrogel exhibits sustained-release properties,
which facilitate the regeneration of healed skin that closely resembles
normal tissue. This is characterized by an increased presence of skin
appendages and collagen, which aligns with previous research findings.
For instance, Li et al. (2025) developed a dual dynamic network
hydrogel for encapsulating adipose-derived stem cell exosomes [59],
which can significantly promote wound healing and reduce scarring and
enhance skin regeneration. Furthermore, Xu et al. (2025) found that
treatment with 3D hydrogels could more effectively restore corneal
morphology and function by using gelatin methacryloyl hydrogels to
encapsulate exosomes [60]. Collectively, these findings underscore the
remarkable effectiveness of hydrogels in the delivery and sustained
release of exosomes, promoting advancements in wound healing
methodologies.

Furthermore, immunofluorescence staining analysis was conducted
to assess the levels of reactive oxygen species (ROS) (Fig. 7A), cyto-
keratin 14 (CK14) and cytokeratin 19 (CK19) (Fig. 7B), the collagen
types I and III (COL-I and COL-III) (Fig. 7C) and a-SMA (Fig. 7D) in the
tissue of healing wounds. This analysis aimed to elucidate the influence
of exosomes on wound healing. The results demonstrate a notable
decrease in ROS levels within the group treated with exosomes
compared to the control group (Fig. 7E). During the inflammatory phase
of wound healing, the continuous release of inflammatory signals by
macrophages sustains immune cell activation, leading to prolonged
elevation of ROS levels [61]. Excessive ROS production can negatively
influence inflammatory responses, potentially leading to tissue damage
and fibrosis [62]. CK14 expression remained unchanged (Fig. 7F), while
CK19 increased significantly (Fig. 7G). CK14 predominantly marks basal
keratinocytes, and its steady level suggests preservation of basal-layer
homeostasis rather than excessive hyperproliferation [63]. The
observed up-regulation of CK19, a marker commonly associated with
epidermal progenitors and adnexal (hair follicle) stem cell populations,
is consistent with enhanced recruitment of progenitor cells during re-
epithelialization. Such progenitor-driven regeneration is known to
favor restoration of epidermal architecture and appendage contribution.
Additionally, the contents of COL-I (Fig. 7H) and COL-III (Fig. 71) in the
EXO@PL + Ca + SA group demonstrated significant differences
compared to the control (CON) group. Specifically, COL-I content in the
EXO and EXO@PL + Ca + SA groups was found to be 16.38% and 28.4%
of that observed in the CON group, respectively. In terms of COL-III, the
levels were 10.75 times and 5.48 times greater than those in the control
group, respectively. COL-I is the main protein that forms hypertrophic
scars; its overexpression can lead to abnormal wound healing if not
balanced with the ratio of COL-III [64,65]. These findings suggest that
exosomes play a critical role in significantly inhibiting the formation of
COL-I while promoting the synthesis of COL-III. The COL-I/COL-III ratio
(Fig. 7J) of EXO@PL + Ca + SA is 0.62, whereas that of the control
group is 13.89, further suggesting that exosomes can regulate the



L. Yang et al. Chemical Engineering Journal 535 (2026) 174990

A
B
—_— —_ v EXO@PL+Ca+SA
N = N '
E‘(O(a PL+C a+SA Ulqrasonu
- ISW ve
1 st S
— ' 5 '_. '_.
. -
X i " 0-3-7-10-14
Adapt Wound skin OOyt
Ln\-ironlmem I model 0-2-4-6 1 Skin tissue
-7 Day 0 Day 0 Day 14 Day 14 Day
B CON PL+Ca+SA EXO EXO@PL+Ca+SA

1004 .. *
I I |—| Aok kk **
I *** ***

Aekk ok

Wound ratio (%) °

0 L)
DO D3 D7 D10 D14

E G

2\130' _S 2.0

g 2

3 60 e ‘3‘1_5 K

Qs HREK

o % B —‘

0 401 @ o 1.0 o

- cO

© &=

w 204 gvo.s

= =

£ 04 O 0.0

CON Il EXO
I PL+Ca+SA I EXO@PL+Ca+SA
® Dayo Day 3 ® Day7 @ Dayl0 @ Day l4)
Distance
(1.5 ecm/circle)
D CON PL+Ca+SA EXO EXO@PL+Ca+SA

MASSON

Fig. 6. EXO@PL + Ca + SA hydrogel effectively promotes rapid wound healing in mouse A. Schematic diagram of the mouse wound model treated by EXO@PL + Ca
+ SA hydrogel and the process of wound healing. B. Photographic records of wound recovery in mouse. C. Wound healing area statistics during wound recovery in
mouse (compared with the control). D. H&E staining of mouse wound tissue. E. Hair follicle growth area of wound tissue at 14 days. F. Masson staining of mouse
wound tissue. G. Collagen expression of wound tissue at 14 days. Data represented is as mean + SD; ns, no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001.

12



L. Yang et al. Chemical Engineering Journal 535 (2026) 174990
A CON PL+Ca+SA EXO EXO@PL+Ca+SA E
(] 40-
Q
= 39
= 8 T304
= )]
Z o 2
& ’6 ‘B 20
5 £
200 um 200 um 200 um 200 um =9
— ———— —— gt T &= 104
o =
B CON PL+Ca+SA EXO EXO@PL+Ca+SA (@]
) (1’4 0
<
< & 405
o | =
: ° 304
< 500 um 500 um 500 um 500 um )
e 500 pm wm 500 pm m
C CON PL+Ca+SA EXO EXO@PL+Ca+SA qE,-ZO-
& X
-
8 @ 40/
= <
\ -
o X 0
o (&)
o 200 200 200 200 S
S 200 um 200 um 200 um 200 um 2 s,
e S
D CON PL+Ca+SA EXO EXO@PL+Ca+SA g 4
- g 3
< ()
= -
Q. 24
x
i 1
200 um 200 um 200 um 200 um 2
! 0 e
(&)
H I __ J K
—_ X (; *
§5°' e er 8 3 % <10, ook
€ 60- s © s c
= S I 9
O 604 7] H = D
= 204
A (7] g ()
] @ 40+ > - | [ .
D 404 |l * (o) ~ 54
5 2 | ™ 8.l 1] 2
X ® 20- =11 |2 )
204 e i < !
-T = s
= 5 i [{—l o =
O o o° O o [ 0 0 o Inl
(&) O ol

B PL+Ca+SA

= EXO B EXO@PL+Ca+SA

Fig. 7. Effect of EXO@PL + Ca + SA on ROS and collagen type staining (COL-I/COL-III) in mouse wound healing. A. ROS staining of mouse wound tissue. B.
Immunofluorescence staining of CK14 and CK19 in mouse wound tissue. C. Immunofluorescence staining of COL-I and COL-III in mouse wound tissue. D. Immu-
nofluorescence staining of a-SMA in mouse wound tissue. E-K. Statistical analysis of ROS, CK14, CK19, COL—I, COL-III, COL-I/COL-III fold change and a-SMA
expression. Data represented is as mean + SD; ns, not significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

proportion of collagen in wound healing.

COL-I is a key component of the fibrotic extracellular matrix (ECM)
[66]. The inhibition of COL-I through the application of a hydrogel
containing exosomes effectively diminishes the risk of ECM fibrosis and
mitigates scar formation during the wound healing process. The content
of COL-III in acute wounds of mice was increased by controlled release
of exosomes from EXO@PL + Ca + SA hydrogel, and accelerated wound
healing by replacing COL-I to form ECM. a-SMA is a critical marker
protein associated with myofibroblasts, the primary cellular constitu-
ents responsible for the production of COL—I. These cells are activated
from fibroblasts under specific conditions [67]. The levels of a-SMA in
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the hydrogel group were lower compared to the other groups (Fig. 7K),
especially in the EXO group. This finding suggests that the sustained
release of exosomes from hydrogels can diminish the population of
myofibroblasts, thereby decreasing the synthesis of COL—I. Conse-
quently, EXO@PL + Ca + SA hydrogel regulates the activation of
myofibroblasts through controlled exosome release, modulates the COL-
I to COL-III ratio during wound healing, and promotes recovery.

The beneficial effects of hydrogel treatment were confirmed through
transcriptome analysis of mouse skin fibroblasts. Principal component
analysis (PCA) (Fig. 8A) demonstrated a clear separation between the
EXO group and the EXO@PL + Ca + SA group, reflecting strong
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reproducibility within each group. In addition, the heat map of the
distances (Fig. 8B) between samples shows a high degree of similarity
among biological replicates. Following hydrogel treatment, 182 genes
(Fig. 8C) in fibroblasts exhibited significant differential expression.
These genes formed an interaction network (Fig. 8D) centered on in-
flammatory factors, chemokines, and matrix remodeling, suggesting
involvement in related biological processes or coordinated signaling
pathways. Pro-inflammatory responses mediated by IL-6, IL-1a, and
CSF3 mobilized CCL and CXCL chemokines, thereby enhancing immune
regulation by macrophages and neutrophils [68,69]. In addition, reac-
tive oxygen (ROS) related factors such as NOS2 and SOD2 accounted for
observed changes in cellular inflammation [70]. Furthermore, Matrix
metalloproteinase (MMP) family genes indicated extracellular matrix
(ECM) degradation and promoted wound matrix remodeling [71].
Notably, inflammation-related genes in the hydrogel group were
significantly upregulated in fibroblasts (Fig. 8E), suggesting that
hydrogel treatment facilitates earlier entry into the inflammatory
response, which may mobilize additional cells to combat infection and
initiate early wound debridement [72]. Through gene enrichment sta-
tistics, it was found that GO enrichment (Fig. 8F), Reactome enrichment
(Fig. 8G) and KEGG enrichment (Fig. 8H) were positively regulated in
inflammation and ECM remodeling. Gene set enrichment analysis
(GSEA) indicated significant positive enrichment of the IL-17 signaling
pathway (Fig. 8I) in the experimental group, demonstrating activation
of inflammation-related transcriptional programs. In addition, both the
Wnt signaling pathway (Fig. 8J) and the ECM-related pathway (Fig. 8K)
were activated. These findings align with the expected outcomes of
acute wound healing in mice, as evidenced by the modulation of the
ROS-associated inflammatory response, the extent of re-epithelialization
(CK14/CK19), and ECM remodeling mediated by the regeneration of
collagen subtypes. In summary, transcriptomic analysis indicated that
hydrogel treatment promotes a more rapid initiation of the inflamma-
tory response in fibroblasts compared with the exosome group, thereby
regulating downstream wound-healing proteins and pathways.

4. Conclusion

In this study, a multifunctional pullulan/sodium alginate hydrogel
was prepared for the isolation, stabilization and effective delivery of
exosomes. Furthermore, the impact of the hydrogel-encapsulated exo-
somes on wound healing in a mouse model was examined. The PL + Ca
+ SA hydrogel effectively retained exosomes in cell culture medium and
the number of exosome particles after isolation showed no significant
difference from that by ultracentrifugation. Additionally, the double-
layer grid hollow structure safeguards exosomes from quality loss dur-
ing freeze-drying. When the exosome hydrogel solution was recon-
stituted, it showed a positive effect on promoting healing in mice.
Overall, this research effectively integrates the processes of isolation,
storage, and application of exosomes through the use of PL + Ca + SA
hydrogels. This innovative approach significantly reduces the degrada-
tion of exosome quality and activity at various stages, thereby enhancing
the operational efficiency of exosomes. Conclusively, this study offers a
significant reference point for the industrial isolation of functional
exosome products.
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