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A B S T R A C T

Hemophilia poses distinct challenges to wound healing, primarily due to uncontrolled bleeding and delayed 
tissue repair. This study explored a novel tannic acid-thioctic acid (TATA) hydrogel, enriched with exosomes 
derived from bone marrow mesenchymal stem cells, as a therapeutic strategy for enhancing skin wound healing 
in a hemophilia model. The hydrogel exhibited robust hemostatic efficacy, potent antioxidant activity, and the 
capacity to modulate the inflammatory microenvironment. Both in vitro and in vivo assessments demonstrated 
significantly accelerated wound closure, increased collagen deposition, and pronounced angiogenesis in the 
TATA Hydrogel-Exosome(TATA Hydrogel-Exos) treatment group relative to controls. Rheological evaluations 
confirmed the self-healing properties and mechanical durability, of the hydrogel, underscoring its potential for 
sustained therapeutic application. Importantly, no significant systemic toxicity was observed, indicating favor-
able biocompatibility. These multifunctional TATA Hydrogel-Exos present a promising therapeutic avenue for 
hemophilia-related wounds by integrating hemostasis, inflammation regulation, and tissue regeneration.

1. Introduction

Hemophilia encompasses a spectrum of inherited genetic disorders 
that impair the body’s ability to form blood clots, resulting in prolonged 
bleeding episodes [1,2]. Although hemophilia is predominantly associ-
ated with internal bleeding and deep muscle hemorrhages, it also poses 
notable challenges to cutaneous wound healing [3–7]. Conventional 
treatments primarily focus on replenishing deficient clotting factors, 
however, they fail to address the intricate biological processes critical 
for effective tissue repair [4,5,8–10]. Thus, innovative therapeutic 
strategies are urgently needed that not only correct the underlying 
coagulation deficiencies but also actively promote wound healing 
mechanisms.

In recent years, hydrogels have emerged as promising materials in 
wound healing due to their biocompatibility, tunable mechanical 
properties, and capacity for controlled drug delivery [11,12]. 

Traditional hemostatic methods, such as gauze compression, hemostatic 
powders, and gelatin sponges, while widely used for their accessibility 
and simplicity, often face limitations, including insufficient adhesion to 
irregular wound surfaces, lack of bioactive functionality, and risks of 
secondary injury during removal [13,14]. For instance, gauze 
compression relies on external pressure, which may be ineffective in 
controlling severe bleeding or addressing wounds with complex geom-
etries [14]. In contrast, multifunctional hydrogels, such as the hydrogel 
in our study, not only offer robust hemostatic properties through me-
chanical adhesion and biochemical pathways but also enhance wound 
healing by promoting angiogenesis, modulating inflammation, and 
delivering bioactive agents like exosomes. Exosomes, as mediators of 
intercellular communication, encapsulate and deliver bioactive mole-
cules such as proteins, lipids, and nucleic acids, offering sustained 
therapeutic effects while improving cell activity and tissue repair. By 
integrating exosomes, hydrogels provide structural support and 

* Corresponding author.
** Corresponding author.
*** Corresponding author.

E-mail addresses: fanl1006@163.com (L. Fan), xuyw@smu.edu.cn (Y. Xu), chb@smu.edu.cn (B. Chen). 
1 Authors contributed equally to this work.

Contents lists available at ScienceDirect

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio

https://doi.org/10.1016/j.mtbio.2025.101496
Received 6 November 2024; Received in revised form 10 January 2025; Accepted 14 January 2025  

Materials Today Bio 31 (2025) 101496 

Available online 24 January 2025 
2590-0064/© 2025 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

https://orcid.org/0000-0002-6869-1843
https://orcid.org/0000-0002-6869-1843
mailto:fanl1006@163.com
mailto:xuyw@smu.edu.cn
mailto:chb@smu.edu.cn
www.sciencedirect.com/science/journal/25900064
https://www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2025.101496
https://doi.org/10.1016/j.mtbio.2025.101496
http://creativecommons.org/licenses/by-nc-nd/4.0/


precisely regulate the wound healing process. Furthermore, their 
viscoelastic properties ensure adhesion to irregular surfaces, and their 
controlled release of therapeutic molecules addresses both hemostasis 
and tissue regeneration comprehensively [11,12]. These advantages 
position hydrogels as a superior alternative to conventional hemostatic 
methods, particularly in complex clinical scenarios requiring both 
bleeding control and tissue repair.

Inflammation and hemostasis are fundamental aspects of the wound- 
healing process [15–17]. However, excessive inflammation and the 
accumulation of reactive oxygen species (ROS) can hinder repair, 
resulting in delayed healing and suboptimal outcomes [16,18]. Recent 
advances in biomaterials and nanotechnology have facilitated the 
development of innovative therapeutics that can precisely modulate 
these key processes [19]. Among these, hydrogels have attracted sig-
nificant interest because of their biocompatibility, tunable physical 
properties, and capacity for therapeutic molecule are delivery [20,21]. 
Tannic acid and thioctic acid are promising compounds for wound 
healing research [22–24]. Tannic acid, a polyphenol composed of five 
aromatic rings, each terminated by hydroxyl groups, exhibits potent 
antioxidant, anti-inflammatory, and hemostatic effects, making it an 
ideal candidate for wound treatment [25,26]. The pyrogallol moieties in 
tannic acid facilitate strong tissue adhesion upon oxidation, thereby 
enhancing its therapeutic efficacy [27,28]. Through various 
non-covalent interactions, tannic acid favors condensation over network 
formation in hydrogels and can disrupt disulfide bonds in proteins, 
promoting the binding of sulfur-containing molecules to phenolic 
structures [29,30]. Tannic acid has been combined with thiotic acid to 
develop a robust polymeric network, tannic acid was combined with 
thioctic acid [31]. Upon heating to 70 ◦C, thioctic acid undergoes di-
sulfide bond cleavage within its pentacyclic ring structure, generating 
thioalkane radicals that initiate ring-opening polymerization [32]. This 
process yields a sulfur-rich linear polymer that exhibits macroscopic 
viscous fluid behavior [32,33]. At elevated temperatures, tannic acid 
and thioctic acid react to form a viscous sulfur-containing polymer, 
synergistically combining the advantageous properties of polyphenols 
and polysulfides [31].

Bone marrow mesenchymal stem cells (BMSCs) are multipotent 
progenitors with the capacity to differentiate into various cell types, 
rendering them invaluable for applications in tissue engineering and 
regenerative medicine [34,35]. The BMSCs contribute to tissue repair 
and modulate inflammation by secreting cytokines and other immuno-
modulatory molecules [36,37]. The immunomodulatory properties of 
exosomes secreted by BMSCs is a promising area of research [38,39]. 
Exosomes are nano-sized extracellular vesicles, typically ranging from 
30 to 150 nm, that encapsulate proteins, lipids, and nucleic acids, which 
can influence the function of recipient cells [40–42]. These lipid-bilayer 
vesicles typically range from 30 to 150 nm in size [42]. These lipid 
-bilayered vesicles are secreted by numerous cell types and present in 
various bodily fluids, including blood, urine, and saliva [43]. Exosomes 
derived from BMSCs retain many characteristics of their parental cells, 
including the expression of surface markers and the ability to transport 
bioactive cargo such as proteins, lipids, and nucleic acids [44,45]. This 
cargo can be delivered to target cells by altering their physiological 
behavior. Studies have shown that BMSC-derived exosomes are enriched 
in immunoregulatory proteins and microRNAs, that can modulate im-
mune cell activity. These exosomes play a pivotal role in inflammation 
regulation [46]. The immunomodulatory potential of BMSC-derived 
exosomes makes promising therapeutic platforms for the treatment of 
immune-mediated disorders and conditions the require immune 
modulation.

This study evaluated the efficacy of a tannic acid–thioctic acid 
hydrogel loaded with exosomes in promoting skin wound healing in a 
hemophilic model. By examining the dual impact of the hydrogel on 
inflammation and hemostasis, this study aimed to provide a compre-
hensive understanding of its therapeutic potential and lay the ground-
work for its future clinical application in the treatment of hemophilia- 

related wounds.

2. Methods

2.1. Cell culture

Human umbilical vein endothelial cells (HUVECs) were obtained 
from Procell and cultured in an endothelial cell medium (ECM) (Procell, 
CM-H082) supplemented with 10 % exosome-free fetal bovine serum 
(FBS, Gibco, USA) and 1x penicillin-streptomycin. The cells were 
maintained in a humidified incubator at 37 ◦C with 5 % CO2. NCTC 
clone 929 (L-929) and mouse monocytic macrophage leukemia cell line 
(RAW264.7), sourced from the ATCC cell bank, were cultured in high- 
glucose Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, USA) 
under the same incubation conditions. BMSCs were isolated by flushing 
the bilateral femurs and tibias of two-week-old Sprague-Dawley rats 
with phosphate-buffered saline (PBS, Gibco, USA) under sterile condi-
tions [47]. The BMSCs were subsequently cultured in DMEM (Gibco, 
USA) containing 10 % exosome-free FBS and 1x penicillin-streptomycin.

2.2. Characterization and validation of BMSCs and their exosome 
derivatives

After three passages, flow cytometry was performed to assess the 
surface marker expression of the isolated BMSCs using antibodies spe-
cific to CD34, CD35, CD90, and CD109 Proteintech (China) [47]. 
Further characterization and verification of BMSC identity was per-
formed using Oil Red O, Alizarin Red, and Alcian Blue staining, which 
confirmed their differentiation potential into adipocytes, osteoblasts, 
and chondrocytes, respectively [47].

BMSCs were isolated and cultured in low-glucose DMEM (Gibco) 
supplemented with 10 % exosome-free FBS (Gibco) for 2 to 6 passages. 
As described in previous studies, when cell confluence reached 50%–60 
%, the supernatant was collected and processed using gradient centri-
fugation [48]. The supernatant was sequentially centrifuged at 300 g, 
3000 g, and 10,000 g for 10 min to eliminate dead cells and debris, 
followed by ultracentrifugation at 100,000 g for 90 min. The exosome 
pellet formed at the bottom of the tube was resuspended in PBS and 
stored at − 80 ◦C. All centrifugation steps were performed at 4 ◦C. 
Nanoparticle tracking analysis (NTA) was used to determine the size of 
the exosomes and their morphology was assessed using transmission 
electron microscopy (TEM, JEM-1200EX, JEOL, Japan). Western blot-
ting (WB) was used to detect exosome surface markers, including CD63, 
TSG101, and Alix (ProteinTech, China) [47,49,50]. The exosomes were 
labeled with the red fluorescent dye PKH26 (Sigma-Aldrich, USA) for 
further analysis.

2.2.1. Exosome release in vitro
Exosome release was quantified using a bicinchoninic acid (BCA) 

assay kit (Beyotime, China) [48]. For this analysis, 100 μL of the 
TATA-Exos hydrogel containing 200 μg of exosomes was utilized. Three 
replicates of the hydrogel were incubated in PBS at 37 ◦C, with exosome 
release measured at 0, 1, 3, 5, 7, 10, and 14 d to assess the release profile. 
The total exosome load within the hydrogel was determined by sub-
tracting the amount of exosomes released into PBS from the initial 
exosome content [48].

2.2.2. Phagocytosis of exosomes
To assess whether HUVECs, RAW264.7 cells, and L929 cells could 

internalize the exosomes released by TATA Hydrogels, the cells were co- 
cultured with TATA-Exos for 24 h. Following incubation, the cells were 
fixed with 4 % paraformaldehyde for 30 min and subsequently treated 
with a solution containing 0.2 % Triton-100 × (Biofroxx, Germany) and 
3 % bovine serum albumin (BSA, Biofroxx, Germany) at 37 ◦C for 1 h. 
Afterward, β-Actin Tracker Green (Beyotime, China) was applied to stain 
the cells for 1 h, and the nuclei were counterstained with Hoechst 33342 
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(Sigma, USA) for 5 min. The cellular uptake of exosomes was visualized 
using a laser scanning confocal microscope (ZEISS LSM 980, Germany).

2.3. Synthesis of TATA Hydrogel

2.3.1. Preparation of poly (thioctic acid)
To prepare the poly(thioctic acid) (poly(TA)) solution, 1 g of Tris 

base [2-Amino-2-(hydroxymethyl)-propane-1,3-diol, Tris base, Bio-
Froxx] was dissolved in four parts distilled water at 60 ◦C in a 100 mL 
beaker, using a magnetic stirrer set at a speed of 20 rpm. Subsequently, 
2 g of thioctic acid [(R)-(+)-α-Lipoic acid, Aldrich] was added, and the 
mixture was heated to 70 ◦C while increasing the magnetic stirrer speed 
to 40 rpm, stirring until it reached a viscous consistency. The resulting 
solution was then frozen at − 20 ± 3 ◦C for 1 h, followed by thawing at 
25 ◦C for 1 h to yield the poly(TA) solution [31].

2.3.2. Preparation of TATA hydrogel
To prepare solution A, 200–1000 mg of tannic acid and 1 g trie-

thylamine were dissolved in 4 mL of distilled water at 60 ◦C in a 100 mL 
beaker [31]. Subsequently, 2 g of thioctic acid was added to solution A 
and stirred at 40 rpm using a magnetic stirrer for 30 min to obtain so-
lution B. Solution B was then heated to 70 ◦C and stirred vigorously for 
60 min until it became viscous. This viscous solution was transferred 
into a polypropylene mold or an aluminum tube and frozen at − 20 ±
3 ◦C for 1 h. After freezing, the mixture was thawed at 25 ◦C for 1 h, 
resulting in the formation of the TATA Hydrogel [31].

2.3.3. Equilibrium swelling measurement of TATA hydrogels
A 100 mg sample of the freeze-dried TATA Hydrogel was weighed 

and subsequently immersed in distilled water at room temperature. 
Once the hydrogel reached the swelling equilibrium, its surface was 
gently blotted with filter paper to remove excess water, and the swollen 
hydrogel was reweighed. The water absorption capacity was calculated 
using the following formula: 

Swelling(%)=

(
ms − md

md

)

× 100% 

where, md and ms represent the initial dry weights of the hydrogel before 
and after swelling, respectively [51].

2.3.4. Rheological and material characterization of the hydrogels
A rheometer (HAAKE MARS 40, Thermo Scientific) equipped with a 

40 mm cone plate and a 1◦ cone angle was used to gradually increase the 
strain from 0.1 % to 1000 %, while monitoring strain rupture across a 
range of temperatures (25, 37, 50, 75, and 90 ◦C) to encompass a broad 
thermal spectrum. The angular frequency was maintained at 10 rad/s. 
Frequency sweep tests were conducted to assess the hydrogel’s response 
across different frequencies. At the specified temperatures, the fre-
quency was incrementally increased from 0.1 to 100 Hz, with strain 
fixed at 1 %, to monitor strain rupture. Step-cycle tests were performed 
at a constant temperature of 37 ◦C and 10 rad/s to further investigate the 
rheological characteristics of the hydrogel.

The UV–visible spectra of the hydrogel and its oxidation products 
were recorded using a UV–Vis spectrophotometer (Thermo Scientific). 
To prepare the samples, the hydrogel was dissolved in distilled water at 
a concentration of 1 mg/mL. Absorbance measurements were performed 
over wavelength range of 200–800 nm, with particular attention paid to 
the characteristic absorption peaks of tannic acid and thioctic acid to 
verify their successful incorporation into the hydrogel matrix.

For 13C nuclear magnetic resonance (NMR) analysis, freeze-dried 
hydrogel samples were dissolved in deuterated water (D₂O) at a con-
centration of 10 mg/mL. The spectra were recorded using a Bruker 400 
MHz NMR spectrometer. The chemical shifts were referenced to the 
residual solvent peak, and distinct signals corresponding to the carbon 
atoms in tannic acid and thioctic acid were identified, confirming the 

formation of a polymer network.
Raman spectra were acquired using a Thermo Fisher DXR Raman 

spectrometer with a 532 nm laser. Hydrogel samples were analyzed in 
their solid form, and spectra were recorded over the range of 400–4000 
cm⁻1. Particular attention was given to the vibrational modes of the 
functional groups in tannic acid and thioctic acid. Sulfur-related peaks 
and polyphenol group signals were identified to confirm hydrogel 
formation.

Fourier-transform Infrared (FTIR) spectra were acquired using a 
Nicolet iS10 FTIR spectrometer. Freeze-dried hydrogel samples were 
mixed with potassium bromide and pressed into pellets for analysis. 
Spectral data were collected over the range of 400–4000 cm⁻1, with 
particular attention to the characteristic peaks of tannic acid and thioctic 
acid. Specific peaks corresponding to O-H stretching, C=O stretching, 
and S-S bonds were analyzed to confirm the chemical interactions un-
derlying the hydrogel formation.

2.3.5. DPPH assay for radical scavenging of the TATA hydrogel
2,2-diphenyl-1-picrylhydrazyl (DPPH, Macklin 1898-66-4) is a well- 

known stable radical that neutralizes other radicals, making it a stan-
dard indicator of radical scavenging activity [52]. In this assay, the 
reduction in the reaction rate following the introduction of DPPH into 
the hydrogel reflected its radical scavenging capacity. The evaluation 
procedure was as follows: 100 mg of freeze-dried TATA Hydrogel was 
placed in a 50 mL centrifuge tube, to which 30 mL of a 0.15 mmol 
DPPH/ethanol solution was added. The mixture was incubated in the 
dark for 30 min. The absorbance at 517 nm was measured using a 
UV-spectrophotometer, where lower absorbance values corresponded to 
a higher DPPH scavenging rate. The DPPH scavenging rate was calcu-
lated using the following formula: 

Scavenging activity%=

(
Ac − As
Ac

)

× 100% 

where, Ac refers to the absorbance of the control and As represents the 
absorbance of the sample, with both values measured at 517 nm.

2.3.6. In vivo adhesion evaluation
All animal experiments were approved by the Animal Ethics Com-

mittee of Southern Medical University, Guangzhou, and were performed 
in accordance with the NIH Guide for the Care and Use of Laboratory 
Animals (NIH Publication No. 85–23, Revised 1985). To evaluate the 
wound adhesion properties of the TATA Hydrogel, 12 male hemophilic 
rats (6–8 weeks old, 200 ± 20 g) were used. After the rats were anes-
thetized, their dorsal hair was shaved, and the skin was sterilized with 
iodine and alcohol. Four incisions, each 2 cm in length, were made on 
the dorsal surface of each rat [53,54]. The wounds were subjected to 
various treatments: no intervention, suture closure (using 4–0 
non-absorbable sutures), application of 100 μL TATA Hydrogel (tannic 
acid and thioctic acid in a 1:1 ratio), and 200 μg of BMSC-derived exo-
somes combined with 100 μL TATA Hydrogel (1:1 tannic acid to thioctic 
acid). 7 d post-surgery, the rats were euthanized and 3 × 2 cm skin 
samples from the wound sites were collected for histological analysis.

2.3.7. Evaluation of antibacterial properties
A 10 μL aliquot of Escherichia coli and Staphylococcus aureus stock 

solutions was added to 10 mL of Tryptic Soy Broth (HKM) and incubated 
at 37 ◦C for 12 h. After incubation, the bacterial concentration was 
assessed by measuring the absorbance of the suspension at 600 nm using 
a UV–Vis spectrophotometer (Thermo Fisher) [55].

The antibacterial activities of the hydrogels were assessed using the 
inhibition zone method. Cultures of Escherichia coli and Staphylococcus 
aureus (1 × 10⁵ CFU/mL) were evenly spread on nutrient agar plates 
(BKMAMLAB). The cells were divided into three groups: blank control, a 
tannic acid group, and TATA Hydrogel groups. In the tannic acid group, 
a circular filter paper disk (1 cm in diameter) soaked in tannic acid 
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solution was placed at the center of the agar plate after inoculation. For 
the TATA Hydrogel group, a 1 cm well was created in the center of the 
agar, into which a TATA Hydrogel (tannic acid and thioctic acid at a 1:1 
ratio) was added. After 12 h of incubation at 37 ◦C, the diameter of the 
inhibition zone was measured to determine the antibacterial efficacy.

2.4. In vitro studies

2.4.1. Assessment of cell viability and biocompatibility
Live/dead staining, cell counting kit-8 (CCK-8) assay, and cytoskel-

eton staining were performed to evaluate the in vitro biocompatibility of 
the TATA Hydrogels. For live/dead staining, HUVECs, L929 cells, and 
RAW264.7 cells were seeded onto TATA Hydrogels at a density of 5 ×
105 cells per sample and cultured for 24 h. Calcein-AM (Invitrogen, USA) 
and propidium iodide (PI, Invitrogen, USA) were used as live/dead 
staining reagents, and PBS was added to each sample, followed by in-
cubation at 37 ◦C for 30 min. The samples were imaged using a laser 
scanning confocal microscope (ZEISS LSM 980, Germany). Cell viability 
was quantified using the CCK-8 assay (Beyotime, China) after 1, 3, and 7 
d of culturing. Briefly, 100 μL of CCK-8 solution was added to each 
sample and incubated for 2 h, after which 100 μL of supernatant was 
transferred to a 96-well plate. The optical density (OD) at 450 nm was 
measured using an ELISA reader (BioTech, Germany), and cell viability 
was expressed as the ratio of OD values between the experimental and 
control groups. For cytoskeleton staining, cells were seeded on each 
sample at a density of 1 × 105 cells per well in 12-well plates and 
cultured for 3 d. Cells were then fixed with 4 % paraformaldehyde and 
stained with β-Actin Tracker Green (Beyotime, China) and Hoechst 
(Sigma, USA). Finally, cell morphology was visualized using a laser 
scanning confocal microscope (ZEISS LSM 980, Germany).

2.4.2. Cell migration assay
Fibroblasts play a critical role in soft tissue repair, particularly skin 

wounds healing [56]. To evaluate the migratory capacity of L929 cells in 
the presence of exosomes and TATA Hydrogel-Exos, a scratch was 
introduced onto the surface of the L929 cell cultures upon reaching 
approximately 90 % confluence, followed by incubation for 12 and 24 h. 
After incubation, the cultures were rinsed with PBS to remove 
non-adherent cells, and Calcein AM staining was performed. Cell 
migration was visualized using an inverted automated microscope 
(Nikon N31373, Tokyo, Japan).

2.4.3. Construction of TATA-Exos hydrogel/RAW264.7 cells/L929 cells 
co-culture system

To explore whether the immune microenvironment affects the fate of 
L929 cells, a co-culture system was established using a Transwell 
chamber (ThermoFisher Scientific, USA) consisting of the TATA-Exos 
hydrogel, RAW264.7 cells, and L929 cells [56,57]. A polycarbonate 
membrane with 3.0 μm pores was used to separate the compartments, 
allowing for cytokine exchange. L929 cells (1 × 10⁴) were cultured in the 
upper chamber, while RAW264.7 cells (1 × 10⁵) were seeded in the 
lower chamber. Prior to the co-culture, RAW264.7 cells were pretreated 
with IL-1β (10 ng/mL) for 24 h, after which the behavior of L929 cells 
was observed.

2.4.4. HUVEC angiogenesis assay
Notably, the promoting of angiogenesis accelerates wound healing 

[58]. To evaluate the angiogenic potential of HUVECs in the presence of 
Hydrogel-Exos, HUVECs were seeded onto pre-gelled Matrigel (Corning 
354234) at a density of 1 × 10⁴ cells per well. The formation of 
capillary-like structures was monitored and imaged using a laser 
confocal microscope (ZEISS LSM 980, Germany).

2.4.5. Gene expression
Total cellular RNA was extracted using the Simply P Total RNA 

Extraction Kit (BioFlux, China), and the isolated RNA was reverse 

transcribed into cDNA using a reverse transcription kit (TOLOBIO, 
China). The primers specific to each gene are listed in Table 1. Real-time 
quantitative PCR (RT-qPCR) was performed using a QuantStudio 5 
system (Thermo Fisher Scientific, USA). The experiment was conducted 
in triplicate, and gene expression analysis was carried out using the 
2–ΔΔCt method for statistical evaluation.

2.4.6. Immunofluorescence assay
For the immunofluorescence (IF) assay, the cells were fixed with 4 % 

paraformaldehyde for 30 min. Following fixation, the cells were per-
meabilized with 0.5 % Triton X-100 (Biofroxx, Germany) for 30 min and 
blocked with 3 % bovine serum albumin (BSA, Biofroxx, Germany) for 1 
h at room temperature. The cells were subsequently incubated overnight 
at 4 ◦C with specific primary antibodies (listed in Table 2, followed by a 
1 h incubation at room temperature with secondary antibodies. Hoechst 
33342 (Beyotime, China) was used to stain the nuclei for 5 min. Between 
each step, the samples were washed three times with PBS. Finally, 
fluorescent images were captured using a laser confocal microscope 
(ZEISS LSM 980, Germany).

2.4.7. Western blotting assay
Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer 

(CWBIO, China) supplemented with protease and phosphatase in-
hibitors (KeyGEN, China) and maintained on ice for 30 min to extract 
proteins [59,60]. Total protein concentration was measured using a BCA 
assay kit (Biovigen, China), and the samples were denatured with 
loading buffer (Beyotime, China) at 100 ◦C for 10 min. Equal amounts of 
protein (20 μg) were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, Biovigen, China) 
and transferred to polyvinylidene fluoride (PVDF) membranes (Thermo 
Fisher, USA). The membranes were blocked for 15 min using a high 
efficiency blocking buffer (Genefist, China). Membranes were incubated 
with primary antibodies (listed in Table 2) were then incubated with the 
membranes, followed by incubation with secondary antibodies. After 
immersion in an enhanced chemiluminescence (ECL) solution (Thermo 
Fisher Scientific, USA), protein bands were visualized using a GelView 

Table 1 
Primer sequences of each gene.

Target Forward Reverse

GAPDH AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA
iNOS CAGCTGGGCTGTACAAACCTT CATTGGAAGTGAAGCGTTTCG
Arg-1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
TNF-α GACCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
IL-10 GACTTTAAGGGTTACCTGGGTTG TCACATGCGCCTTGATGTCTG

Table 2 
Characteristics of the primary antibodies.

Antibodies Species Type Dilution (IF/IHC, 
WB)

Source

Anti- 
GAPDH

Rabbit Polyclonal lgG 1:20000 ProteinTech, 
China

Anti-iNOS Rabbit Polyclonal lgG 1:200, 1:1000 ProteinTech, 
China

Anti-Arg-1 Rabbit Polyclonal lgG 1:200, 1:5000 ProteinTech, 
China

Anti-Alix Rabbit Polyclonal lgG 1:2000 ProteinTech, 
China

Anti-CD63 Rabbit Polyclonal lgG 1:1000 Affinity, China
Anti- 

TSG101
Mouse Monoclonal 

lgG
1:5000 ProteinTech, 

China
Anti-VEGF Rabbit Polyclonal lgG 1:500/1:275, 

1:7000
ProteinTech, 
China

Anti-CD31 Rabbit Polyclonal lgG 1:10000, 1:4500 ProteinTech, 
China

Anti-SMA Rabbit Polyclonal lgG 1:3750 ProteinTech, 
China
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6000 Pro system (BLT, China). The density of the protein bands was 
quantified using ImageJ software.

2.5. In vivo experiments

2.5.1. Ethical statement
All animal experiments were conducted in accordance with the Na-

tional Institutes of Health guidelines for the Care and Use of Laboratory 
Animals. The research protocols were reviewed and approved by the 
Animal Experimental Ethics Committee of Nanfang Hospital, Southern 
Medical University.

2.5.2. Establishment of the hemophilic rat skin injury model
Adult female FVIII (− /− ) rats, weighing 250–300 g, were obtained 

from the Shanghai Model Organisms Center and genotyped by qPCR 
using genomic DNA extracted from tail clippings, as described in our 
previous studies [17,61,62]. Rats were randomly assigned to four 
groups: an untreated control group (no treatment, n = 10), a pure TATA 
Hydrogel group (hydrogel, n = 10), suture group (suture, n = 10), and a 
TATA Hydrogel loaded with exosomes group (TATA Hydrogel-Exos, n =
10). Following anesthesia via an intraperitoneal injection of pentobar-
bital (40 mg/kg), skin wounds were created. In the hydrogel and 
Hydrogel-Exos groups, the hydrogel was applied to the wounds using a 
syringe. In the exosome group, 200 μg of exosomes in PBS were 
administered directly at the injury site. The suture group underwent 
interrupted suturing with at 5 mm intervals between the stitches. After 
surgery, all the rats were photographed and allowed to move freely in a 
warm environment with sufficient food and water.

2.5.3. Wound healing assessment
FVIII (− /− ) rats were anesthetized using inhaled isoflurane, and 

photographs of the wounds were captured for documentation purposes. 
Imaging was performed at designated time points (3, 5, and 7 d post- 
injury).

2.5.4. Hemolysis test and in vivo biocompatibility
The blood compatibility of the TATA Hydrogel-Exos was evaluated 

using a hemolysis assay. Each sample was incubated with whole rat 
blood at 37 ◦C for 4 h, using Triton X-100 as a positive control and PBS as 
a negative control. Following incubation, the samples were centrifuged 
at 10,000×g for 5 min at 4 ◦C. The absorbance of the supernatant was 
measured at 540 nm using a microplate reader (BioTech, Germany), and 
the hemolysis rate was calculated using the following formula: 

Hemolysis (%)=
ODSample − ODPBS

ODTriton− ODPBS
× 100% 

where OD represents the optical density.
After 7 d treatment period, alanine aminotransferase (ALT), aspar-

tate aminotransferase (AST), and total protein (TP) levels were 
measured in whole blood samples to assess the in vivo biocompatibility 
of the treatments. Five major organs (heart, lungs, kidneys, liver, and 
spleen) were harvested from the rats and subjected to histopathological 
examination using hematoxylin-eosin (H&E) staining.

3. Results

3.1. Characterization and functionalization of exosomes and hydrogel

Transmission electron microscopy (TEM) was used to confirm the 
successful isolation of exosomes from rat BMSCs, revealing their char-
acteristic spherical shape and double-layer membrane structure, which 
are typical of exosomal vesicles (Fig. 1b). Nanoparticle tracking analysis 
(NTA) indicated an average particle size of approximately 165.4 ± 79.7 
nm, further validating the exosomal identity (Fig. 1c). Western blot 
analysis demonstrated significant upregulation of exosome-specific 
surface markers, including TSG101, CD63, and Alix, compared to 
BMSCs, confirming the successful isolation and enrichment of exosomes 
(Fig. 1d).

Macroscopic observations demonstrated the strong adhesion of the 
hydrogel to biological tissues, underscoring its potential for biomedical 
applications. The hydrogel remained firmly attached to the tissue sur-
face, indicating its robust mechanical properties (Fig. 1f). In vitro as-
sessments confirmed its excellent injectability, as the hydrogel could be 
easily delivered via a syringe while maintaining its structural integrity 
post-injection, making it suitable for minimally invasive procedures 
(Fig. 1g). Confocal microscopy revealed a uniform distribution of 
PKH26-labeled exosomes throughout the hydrogel matrix, confirming 
successful incorporation and homogeneous dispersion (Fig. 1k). Fluo-
rescent imaging of L929 cells, RAW macrophages, and HUVECs further 
demonstrated the efficient cellular uptake of PKH26-labeled exosomes, 
indicating effective exosome delivery from the hydrogel to the cells 
(Fig. 1H). The cumulative release profiles showed a sustained exosome 
release, suggesting the potential of the hydrogel for prolonged thera-
peutic effects through controlled exosome delivery (Fig. 1i). Three- 
dimensional immunofluorescence imaging revealed the penetration of 
PKH26-labeled exosomes into the hydrogel to a depth of approximately 
200 μm, further confirming the even distribution of exosomes within the 
matrix (Fig. 1J–K). Additionally, the DPPH assay (Fig. 1e) demonstrated 
significant antioxidant activity in the TATA Hydrogel, validating its 
ability to scavenge free radicals and enhancing its potential to mitigate 
oxidative stress during wound healing.

3.2. Rheological and mechanical properties of the hydrogel

UV–visible spectroscopy revealed distinct absorbance peaks for 
tannic acid and lipoic acid, confirming their successful integration into 
the hydrogel matrix (Fig. 2a). Rheological analysis demonstrated that 
the hydrogel maintained its structural integrity under various strain and 
temperature conditions (25–90 ◦C), with the storage modulus (G′) 
consistently exceeding the loss modulus (G″) across a range of fre-
quencies, indicating strong mechanical resilience (Fig. 2b and c). Strain 
scanning tests revealed that the hydrogel could withstand high strain 
levels (up to 1000 %) without significant deformation. Furthermore, 
dynamic strain testing confirmed the self-healing capability of the 
hydrogel, as its original rheological properties were fully restored 
following substantial strain (500 %), highlighting its potential for 
long–term durability under physiological conditions (Fig. 2d). These 
properties suggest that the hydrogel is highly suitable for in situ repair of 
skin injuries.

The self-healing properties of the TATA hydrogel are driven by dy-
namic disulfide exchange reactions derived from thioctic acid and 

Fig. 1. Characterization and functionalization of the exosomes and hydrogel. 
(a) Schematic of the fabrication and structure of Hydrogel-Exos. (b) Transmission electron microscopy (TEM) image illustrating the morphology of the exosomes. 
Scale bar: 100 nm. (c) Nanoparticle size distribution of the exosomes analyzed by nanoparticle tracking analysis (NTA). (d) Western blotting (WB) of exosome- 
specific proteins, including TSG101, CD63, and Alix. (e) DPPH assay to assess the antioxidant activity of the hydrogel. (f) Schematic depicting the adhesion of 
the hydrogel to tissue. (g) Schematic showing the injectability of the hydrogel. (h) Illustration showing the phagocytosis of exosomes by L929 fibroblasts, RAW 
macrophages, and HUVECs. (i) Depiction of the slow, cumulative release of exosomes from the hydrogel over 14 d. (j) Visual comparison of pure TATA Hydrogel and 
exosome-loaded hydrogel (20 % w/v) in glass vials at 37 ◦C. (k) 3D immunofluorescence images demonstrating the uniform distribution of PKH26-labeled exosomes 
within the adhesive hydrogel, with a penetration depth of approximately 200 μm.
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Fig. 2. Rheological and mechanical properties of the hydrogel 
(a) UV–Vis spectra of the TATA Hydrogel and its oxidation products. (b) Strain sweep measurements of the hydrogel at various temperatures (25, 37, 50, 75, and 
90 ◦C, 10 rad/s). (c) Frequency sweep measurements of the hydrogel across different temperatures (25, 37, 50, 75, and 90 ◦C, 1 % strain). (d) Repeated dynamic 
strain step tests (γ = 1 % or 500 %, 10 rad/s) of the hydrogel. (e) 13C NMR spectra of the hydrogel. (f) Raman spectra of the hydrogel. (g) FTIR spectra of the hydrogel. 
(h) Antibacterial assays of tannic acid and the hydrogel against Staphylococcus aureus and Escherichia coli. (i) Quantitative analysis of inhibition zones in the anti-
bacterial assays of tannic acid and the hydrogel.
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polyphenolic interactions from tannic acid. The reversible disulfide 
bonds enable the polymer network to reform after mechanical disrup-
tion, providing structural recovery. To evaluate the cross-linking den-
sity, the hydrogel’s swelling ratio was measured as an indirect indicator, 
with a lower swelling ratio correlating with higher cross-link density. 
Quantitative swelling analysis revealed that the TATA hydrogel 
exhibited a swelling ratio of 230.0 ± 20.0 g/g (Fig. S1a), indicating a 
robust cross-linked network.

Mechanistically, the phenolic groups of tannic acid interact with the 
thiol groups of thioctic acid, forming covalent and non-covalent bonds, 
which contribute to the hydrogel’s viscoelastic properties. The dynamic 
nature of these interactions allows the material to autonomously repair 
microstructural damage. Rheological evaluations further supported this, 
showing a rapid recovery in storage modulus (G′) after applying a high 
strain of 500 %, indicative of effective network reformation (Fig. 2b–c). 
These findings directly link the hydrogel’s molecular architecture to its 
self-healing and mechanical durability, providing a deeper under-
standing of its structural resilience.

The FTIR spectrum, with a peak around 3649 cm⁻1, confirmed the 
presence of hydrogen bonds (Fig. 2g). The absorption peak observed 
between 1036 and 1059 cm⁻1 in the TATA Hydrogel was attributed to 
S–Ar bonds, indicating successful crosslinking between tannic acid and 
thioctic acid through polyphenol–thiyl radical nucleophilic addition. 
Similarly, the Raman spectrum (Fig. 2f) showed a peak at 1061 cm⁻1, 
corresponding to the S–Ar bond. In the 13C NMR spectrum (Fig. 2e), the 
peaks at 144, 110, and 107 ppm were associated with the 1, 3, and 5 
aromatic carbons of tannic acid, further confirming the formation of 
crosslinked structures within the hydrogel [63]. The newly observed 
peak at 127 ppm is attributed to an Ar–S bond. Additionally, the 
chemical shifts of the two and six aromatic carbons showed a slight 
upfield shift (from 137 to 135 ppm), likely because of the increased 
electron cloud density in the ortho Ar–OH group following the intro-
duction of the thiyl radical. This suggests that during TATA Hydrogel 
formation, the thiyl radical derived from thioctic acid is likely attached 
at the 3 or 5 positions of the aromatic carbons. Peaks in the range 25–60 
ppm were also observed, corresponding to the aliphatic carbons of poly 
(thioctic acid).

3.3. Biological performance and anti-inflammatory effects of the TATA 
Hydrogel-Exos

Cell viability assays demonstrated that the hydrogel-Exos group 
exhibited significantly improved the survival and proliferation of L929 
fibroblasts and RAW macrophages, as confirmed by live/dead staining 
and CCK-8 assays (Fig. 3a–c). Live/dead staining revealed that the ma-
jority of cells in the Hydrogel-Exos group were viable (green), with only 
a small number of dead cells (red), indicating superior biocompatibility 
(Fig. 3a and b). CCK-8 assays further validated these findings, showing 
that cells treated with Hydrogel-Exos exhibited markedly higher pro-
liferation rates compared to the control and hydrogel-only groups at 1, 
3, and 7 d (Fig. 3c). Cytoskeletal staining revealed enhanced cell 
adhesion, with cells displaying well-organized cytoskeletal structures 
and increased spreading on the Hydrogel-Exos surface (Fig. 3d and e). 
Wound healing assays showed that cells treated with Hydrogel-Exos 
achieved the highest rates of wound closure at 12 and 24 h, indicating 
accelerated cell migration (Fig. 3f and g). Western blot and qRT-PCR 

analyses confirmed that Hydrogel-Exos promoted M2 macrophage po-
larization, as demonstrated by increased Arg-1 and IL-10 expression and 
decreased iNOS and TNF-α levels (Fig. 3h–j), highlighting its anti- 
inflammatory properties. Immunofluorescence analysis revealed that 
after lipopolysaccharide stimulation across all groups. RAW264.7 cells 
treated with TATA-E Hydrogel exhibited a significant increase in M2 
macrophage polarization, indicated by elevated Arg-1 expression, and a 
corresponding decrease in M1 polarization, reflected by reduced iNOS 
expression, compared to cells treated with either TATA hydrogel or 
exosomes alone (Figs. S3a–b). In contrast, the lipopolysaccharide- 
stimulated positive control group predominantly displayed M1 polari-
zation with limited M2 activation. These findings further confirm that 
the Hydrogel-Exos system effectively promotes a shift toward an anti- 
inflammatory M2 phenotype, thereby enhancing its therapeutic poten-
tial for modulating the inflammatory microenvironment.

3.4. Angiogenic of TATA Hydrogel-Exos

Angiogenesis assays with HUVEC demonstrated significantly 
enhanced tube formation in the Hydrogel-Exos group compared to the 
control group, indicating a strong pro-angiogenic effect (Fig. 4a and b). 
Quantitative analysis of total tube length confirmed the superior 
angiogenic potential of the hydrogels. Cytoskeletal staining revealed 
that HUVEC treated with Hydrogel-Exos exhibited increased adhesion 
and spreading, with a significantly larger spreading area than that in the 
control group (Fig. 4c and d). Scratch assays showed that Hydrogel-Exos 
treatment significantly accelerated endothelial cell migration at 12 and 
24 h, underscoring its potential to facilitate wound healing (Fig. 4e and 
f). Immunofluorescence and Western blot analyses further demonstrated 
that Hydrogel-Exos upregulated the expression of the angiogenic 
markers CD31 and VEGF, validating the pro-angiogenic capacity of the 
hydrogel at both the cellular and molecular levels (Fig. 4g–j).

3.5. In vivo wound healing and hemostatic performance

In a hemophilic rat model, TATA Hydrogel-Exos exhibited superior 
hemostatic efficacy across various wound models. In the skin injury 
model, treatment with TATA Hydrogel-Exos resulted in significantly 
accelerated wound closure and enhanced tissue regeneration compared 
to both the control and hydrogel-only groups, as demonstrated by gross 
images showing complete wound closure (Fig. 5a). In the rat-tail 
amputation model, the TATA Hydrogel-Exos markedly reduced 
bleeding time and total blood loss compared to the control and gelatin 
sponge-treated groups, underscoring its strong hemostatic properties 
(Fig. 5b and c). Similarly, in the liver hemorrhage model, wounds 
treated with Hydrogel-Exos displayed faster clot formation and reduced 
blood loss, and quantitative analysis revealed a significant decrease in 
both bleeding time and total blood loss compared to the controls (Fig. 5d 
and e). These findings indicate that TATA Hydrogel-Exos are a highly 
effective agents for promoting both hemostasis and wound healing 
under hemophilic conditions.

In addition to its hemostatic efficacy, the TATA Hydrogel-Exos 
demonstrated excellent biocompatibility and safety. Histological ana-
lyses of key organs, including the heart, liver, spleen, lungs, and kidneys, 
revealed no significant pathological alterations, indicating that the 
hydrogel did not induce tissue damage or provoke inflammatory 

Fig. 3. Biological performance of Hydrogel-Exos 
(a) Live/dead staining of L929 cells cultured for 1 d across the four groups. The live cells are stained green, and dead cells are stained red. Scale bar: 200 μm. (b) 
Quantification of live/dead staining (n = 3). (c) CCK-8 assay results for each group after 1, 3, and 7 d of cell culturing. (d) Cytoskeleton images showing L929 cell 
adhesion after 3 d of culturing in each group. Scale bar: 50 μm. (e) Quantification of the cell spreading area (n = 5). (f) Wound healing migration assay of L929 cells 
on each sample at different time points (n = 3). Scale bar: 200 μm. (g) Quantitative analysis of scratch area at 0, 12, and 24 h (n = 3). (h) Western blot (WB) analysis 
of iNOS and Arg-1 protein expression. (i) Quantification of iNOS and Arg-1 protein band intensity using ImageJ (n = 3). (j) Bar graphs depicting real-time qPCR (RT- 
qPCR) results for the expression of anti-inflammatory cytokines (Arg-1 and IL-10) and pro-inflammatory cytokines (iNOS and TNF-α) in each group (n = 3). Statistical 
differences were analyzed using one-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison test for comparisons between three or more 
groups. An unpaired t-test was used for comparisons between two groups (*P < 0.05, **P < 0.01, ***P < 0.001).
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responses (Fig. S8a). Additionally, biochemical assessments of liver 
function markers, such as ALT and AST, showed no significant differ-
ences between the Hydrogel-Exos group and controls, further indicating 
the absence of systemic toxicity (Figs. S8b–d). These results confirm that 
the Hydrogel-Exos system is biocompatible and safe for biological ap-
plications, without adverse effects on vital organs or liver function.

3.6. Histological analysis of wound healing

H&E and Masson’s trichrome staining of skin tissue sections revealed 
that wounds treated with Hydrogel-Exos exhibited more organized 
collagen deposition and enhanced re-epithelialization compared to the 
control and hydrogel-only groups at 7 d post-treatment (Fig. 6a and b). 
Quantitative analysis of collagen deposition, based on Masson’s stain-
ing, demonstrated a significantly higher percentage of collagen coverage 
in the Hydrogel-Exos group, further supporting its superior regenerative 
effects (Fig. S3c). The improved tissue architecture in the Hydrogel-Exos 
group indicated a more advanced stage of healing. Immunohistochem-
ical staining further showed a significant reduction in the pro- 
inflammatory marker iNOS, along with an increased expression of 
anti-inflammatory and tissue regeneration markers, including Arg-1, 
VEGF, and SMA, in Hydrogel-Exos-treated wounds (Fig. 6c and d). 
These findings suggest that Hydrogel-Exos not only mitigate inflam-
mation but also enhance tissue regeneration and angiogenesis, leading 
to accelerated wound healing and improved tissue organization.

4. Discussion

Hemophilia, a genetic disorder characterized by impaired blood 
clotting, presents considerable challenges in wound management 
because of excessive bleeding and delayed tissue repair [1,3]. A key 
difficulty in treating hemophilic wounds is the inability to form effective 
clots, which leads to prolonged bleeding. The TATA Hydrogel-Exos 
developed in this study address these challenges by combining hemo-
static properties with enhanced tissue regeneration and modulation of 
the inflammatory microenvironment. Tannic acid facilitates coagula-
tion, whereas the physical structure of the hydrogel serves as a barrier, 
reducing both bleeding time and blood loss in in vitro and in vivo models. 
Rapid wound stabilization is critical in hemophilia, where even minor 
injuries can escalate into severe complications.

In addition to its antioxidant properties, the controlled degradation 
of the hydrogel ensures continuous support throughout the wound 
healing process without persisting beyond its therapeutic necessity [31]. 
As healing advances, the hydrogel gradually degrades, eliminating the 
need for manual extraction, which could otherwise increase the risk of 
wound reopening and bleeding. The degradation rate can be fine-tuned 
by adjusting the ratios of tannic acid and thioctic acid, allowing for 
tailored applications based on the wound types and healing dynamics 
[31].

The self-healing capacity of the TATA Hydrogel substantial enhances 
its efficacy in wound care. The dynamic disulfide bonds within its 
structure allow the hydrogel to autonomously repair itself after me-
chanical damage, thereby ensuring consistent coverage of the wound 
site [64]. This feature is particularly beneficial for hemophilic wounds 
where even minor disturbances to the wound dressing can provoke 
recurrent bleeding. The ability of a hydrogel to self-repair enables it to 
maintain its functionality over extended periods, delivering sustained 

therapeutic effects without the need for frequent reapplication or 
replacement [65,66].

In addition to their mechanical properties, hydrogels play a crucial 
role in modulating the inflammatory microenvironment. In hemophilia, 
excessive or prolonged inflammation can hinder wound healing and 
increase the risk of chronic wounds or fibrosis [67,68]. The 
exosome-loaded hydrogel demonstrated its capacity to regulate 
inflammation by promoting M2 macrophage polarization, as evidenced 
by elevated levels of anti-inflammatory markers, such as Arg-1 and 
IL-10, and reduced levels of pro-inflammatory markers, including iNOS 
and TNF-α. This shift towards an anti-inflammatory, pro-regenerative 
environment supports tissue repair while minimizing the risk of chronic 
inflammation. Numerous studies have also confirmed that exosomes 
derived from BMSCs can modulate immune responses by regulating 
macrophage phenotypes [69–71].

Tannic acid, thioctic acid-derived disulfide bonds, and exosomes 
collectively endow the TATA Hydrogel-Exos system with multifunc-
tional capabilities essential for hemophilic wound healing. Tannic acid 
facilitates coagulation by interacting with tissue proteins and platelet 
surface receptors, promoting platelet aggregation and adhesion. Its 
polyphenolic groups oxidize to form quinones, effectively reducing 
bleeding time and addressing coagulation challenges in hemophilic 
conditions [22–24]. The hydrogel’s self-healing properties arise from 
dynamic, reversible disulfide bonds that autonomously repair structural 
disruptions, ensuring consistent wound coverage and maintaining a 
stable microenvironment conducive to healing [32]. This is particularly 
critical in hemophilic wounds, where preventing recurrent bleeding is 
paramount. Furthermore, exosomes incorporated into the hydrogel 
modulate the inflammatory and regenerative processes by delivering 
bioactive molecules such as proteins, lipids, and microRNAs to recipient 
cells [40–42]. This promotes macrophage polarization from a 
pro-inflammatory M1 phenotype to an anti-inflammatory M2 pheno-
type, reducing inflammation while supporting tissue repair. Addition-
ally, exosomes enhance angiogenesis by stimulating endothelial cell 
activity and fibroblast proliferation, thereby accelerating tissue regen-
eration. Together, these synergistic mechanisms position the TATA 
Hydrogel-Exos system as a comprehensive solution for hemostasis, 
inflammation modulation, and tissue repair.

A key advantage of TATA Hydrogel-Exos in wound healing is their 
ability to promote angiogenesis. Angiogenesis, the formation of new 
blood vessels, is crucial for delivering oxygen and nutrients to damaged 
tissues, thereby accelerating the healing process [72,73]. In hemophilic 
wounds, impaired angiogenesis can further delay healing, because 
reduced blood flow may lead to ischemia and necrosis [3,73]. The 
exosomes incorporated into the hydrogel significantly enhanced angio-
genic activity, as evidenced by increased tube formation in HUVECs and 
the upregulation of the angiogenic markers CD31 and VEGF. These re-
sults suggest that the hydrogel not only acts as a physical scaffold for 
wound repair but also provides biological cues that promote neo-
vascularization. This is especially critical in hemophilia, in which 
impaired angiogenesis can exacerbate delayed healing and tissue ne-
crosis. By stimulating angiogenesis, the TATA Hydrogel effectively 
addressed this challenge, ensuring adequate vascularization to support 
the healing process.

In vivo experiments using a hemophilic rat model validated the ef-
ficacy of the hydrogel. Treatment with Hydrogel-Exos significantly 
accelerated wound closure, collagen deposition, and re-epithelialization 

Fig. 4. Angiogenic analysis of Hydrogel-Exos 
(a) Angiogenesis assay of HUVEC cells in each group (n = 3). (b) Quantification of angiogenesis (n = 3). (c) Cytoskeleton images showing HUVEC cell adhesion after 
3 d of culturing in each group. Scale bar: 50 μm. (d) Quantification of the cell spreading area (n = 5). (e) Wound healing migration assay of HUVEC cells on each 
sample at different time points (n = 3). Scale bar: 200 μm. (f) Quantitative analysis of scratch area at 0, 12, and 24 h (n = 3). (g) Immunofluorescence images of CD31 
(red) and VEGF (red) in HUVEC cells forming vessels in each group (n = 3). (h) Western blot (WB) analysis of CD31 and VEGF expression. (i) Quantification of CD31 
and VEGF protein band intensity using ImageJ (n = 3). (j) Quantitative analysis of immunofluorescence intensity of CD31 and VEGF (n = 3). Statistical differences 
were assessed using one-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison test for comparisons among three or more groups. An 
unpaired t-test was used for comparisons between two groups (*P < 0.05, **P < 0.01, ***P < 0.001).
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compared with the control groups. Histological analysis revealed 
improved structural organization in the regenerating tissue, indicating 
that TATA Hydrogel-Exos not only accelerated wound healing but also 
enhanced the quality of tissue regeneration, resulting in stronger and 
more resilient skin. This is particularly crucial in hemophilia, where 
incomplete or fragile tissue repair can lead to recurrent injuries or 
chronic wounds [3,8]. Moreover, the ability of the hydrogel to promote 
organized collagen deposition ensures that the newly regenerated tissue 
possesses the structural integrity necessary to reduce the risk of future 
tissue breakdown.

In addition to its regenerative properties, the hydrogel exhibited 
excellent biocompatibility. No significant pathological changes were 
observed in the major organs of the treated animals, and biochemical 
analyses revealed no elevation in liver enzymes such as ALT and AST, 
indicating that the hydrogel did not induce systemic toxicity. This is a 
critical consideration for clinical applications, especially in chronic 
conditions, such as hemophilia, where long-term therapeutic use must 
be both effective and safe. The absence of systemic side effects further 
highlighted the potential of the TATA hydrogel for future clinical 
implementation.

Recent advances in biomaterials for wound healing have introduced 
promising strategies, particularly for conditions like hemophilia, where 
uncontrolled bleeding and delayed tissue repair are major concerns. In 
this regard, the development of exosome-loaded hydrogels has gained 
attention for their ability to modulate inflammation, enhance hemo-
stasis, and promote tissue regeneration [74]. For example, hydrogels 
enriched with tannic acid and thioctic acid have shown excellent anti-
oxidant and anti-inflammatory properties, essential for managing 
chronic inflammation that often hampers wound healing. These findings 
align with recent studies on flexible bioelectronics and tissue engi-
neering, where electrospun fibers have been engineered for controlled 
release, enhancing tissue regeneration [75]. Moreover, the role of exo-
somes derived from bone marrow mesenchymal stem cells (BMSCs) in 
enhancing wound healing is well-documented, as these exosomes 
facilitate angiogenesis and immune modulation, improving the regen-
erative capacity of tissues [76]. These parallels findings from recent 
research on biodegradable nanocatalysts, which have shown that 
effective modulation of the wound microenvironment can significantly 
boost wound healing and bacterial defense [77]. Additionally, bioactive 
materials, such as those discussed in dentin hypersensitivity treatments, 
also demonstrate the importance of modulating cellular behaviors for 
effective tissue repair [78]. These studies underscore the growing 
recognition of biomaterials not only as hemostatic agents but also as 
multifunctional platforms that address the intricate biological processes 
critical to wound healing. While these advancements provide strong 
preclinical evidence, the translation of these materials to clinical settings 
for hemophilic wound treatment requires further investigation, partic-
ularly regarding long-term efficacy and patient-specific adaptations [79,
80].

Despite these promising results, this study had several limitations. 
First, although the in vivo rat model provided valuable insights into 
hydrogel performance, the long-term effects of TATA Hydrogel-Exos in 
chronic wound models remain unexamined. Further investigation is 
needed to assess its efficacy in more complex wound types, such as 
diabetic ulcers or pressure sores, which present unique healing chal-
lenges. Additionally, while TATA Hydrogel-Exos exhibited excellent 
biocompatibility, as evidenced by the lack of significant changes in liver 

enzyme levels (Fig. 6b–d), further toxicological studies are required to 
confirm their safety for prolonged use in humans. Another area that 
warrants attention is the optimization the kinetics of exosome release 
kinetics. Although the hydrogel effectively provided sustained exosome 
delivery, fine-tuning the release profile to match the different phases of 
wound healing could further enhance the therapeutic outcomes. This 
adjustment can be achieved by modifying the tannic acid to thioctic acid 
ratio, which affects the hydrogel’s degradation rate [31]. Moreover, 
incorporating additional bioactive agents, such as growth factors or 
antimicrobial peptides, could further enhance the regenerative proper-
ties of the hydrogel and broaden its application across diverse wound 
healing scenarios.

5. Summary and conclusion

The exosome-loaded TATA Hydrogel represents a multifunctional 
therapeutic strategy for addressing the complex challenges of wound 
healing in patients with hemophilia. By integrating hemostatic proper-
ties, antioxidant activity, controlled degradation, self-healing capabil-
ities, inflammation modulation, and angiogenesis promotion, this 
hydrogel offers a comprehensive solution for both immediate and long- 
term wound care. Its ability to address critical issues such as excessive 
bleeding, delayed tissue repair, and impaired blood supply, makes it a 
promising alternative to existing wound treatments, particularly for 
patients with bleeding disorders, such as hemophilia.

Future research should focus on optimizing the exosome release ki-
netics of hydrogels to ensure sustained therapeutic effects throughout 
the healing process. This can be achieved by fine-tuning the hydrogel 
composition, such as adjusting the concentration of exosome-loading 
agents, incorporating biocompatible polymers, or utilizing stimuli- 
responsive materials that trigger controlled release in response to the 
wound microenvironment. Investigating its application in other chronic 
wound types, such as diabetic ulcers and pressure sores, may further 
enhance its clinical potential. Incorporating other bioactive agents, such 
as growth factors or antimicrobial peptides, may also improve its ther-
apeutic efficacy and expand the applicability of this hydrogel across 
diverse wound healing contexts.

To further enhance the clinical applicability of the TATA-Exosomes 
hydrogel, additional modifications could be explored. Tailoring the 
hydrogel’s mechanical properties to meet the demands of various wound 
environments, such as enhancing flexibility for irregular wound surfaces 
or increasing tensile strength for high-stress areas, would improve its 
versatility. Optimizing the biodegradation rate to synchronize with 
specific wound healing timelines could further ensure effective support 
throughout the healing process without requiring premature removal. 
Additionally, advancing large-scale production techniques to maintain 
consistency in quality and functionality would facilitate its transition 
from experimental research to widespread clinical use.
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Fig. 5. In vivo wound healing and hemostatic performance 
(a) Gross observation of skin wound healing at 7 d post-treatment. The ‘Con’ group refers to the untreated control group of hemophilic rats with skin injuries. The 
’Suture’ group represents the interrupted suturing group, where the sutures were spaced 5 mm apart. The ’Hydrogel’ group denotes the treatment group with TATA 
hydrogel alone. The ’Hydrogel + Exosomes’ group corresponds to the treatment group with TATA hydrogel loaded with exosomes. (b) Hemostatic function 
assessment in the rat tail bleeding model for the control, gelatin sponge, and TATA Hydrogel-Exos groups. (c) Total blood loss and total bleeding time in the rat tail 
bleeding model (n = 3). (d) Hemostatic function assessment in the rat liver hemorrhage model. (e) Total blood loss and total bleeding time in the rat liver hemorrhage 
model (n = 3). Statistical differences were assessed using one-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison test for comparisons 
among three or more groups. An unpaired t-test was used for comparisons between the two groups (*P < 0.05, **P < 0.01, ***P < 0.001).
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Fig. 6. Histological analysis of wound healing 
(a) H&E staining of the control, suture, TATA Hydrogel, and TATA Hydrogel-Exos groups at 7 d post-treatment. Scale bar: 312.5 μm (low magnification). (b) Masson’s 
trichrome staining of the four groups at 7 d post-treatment. (c) Immunohistochemical staining of iNOS, Arg-1, VEGF, and SMA in the four groups. (d) Quantitative 
analysis of positive staining for iNOS, Arg-1, VEGF, and SMA in the immunohistochemistry (n = 10). Scale bars: 312.5 μm (low magnification), 125 μm (medium 
magnification). Statistical differences were analyzed using one-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison test for comparisons 
among three or more groups. An unpaired t-test was used for comparisons between the two groups (*P < 0.05, **P < 0.01, ***P < 0.001).
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