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Endometrial injury and resulting female infertility pose significant clinical challenges due to the notable
shortcomings of traditional treatments. Herein, we proposed a double network composite hydrogel, CSMA-RC-
Zn-PNS, which forms a physical barrier on damaged tissue through photo-crosslinking while enabling sus-
tained release of the active ingredient PNS. Based on this, we developed a combined strategy to enhance
transdermal delivery efficiency using ultrasound cavitation. In vitro experiments demonstrated that CSMA-RC-Zn-
PNS exhibits excellent biosafety, biodegradability, and promotes cell proliferation, migration, and tube forma-
tion, along with antioxidant and antibacterial properties. In a rat endometrial injury model, the ultrasound
cavitation effect was demonstrated to enhance transdermal delivery efficiency, and the ability of CSMA-RC-Zn-
PNS to promote endometrial regeneration, anti-fibrosis and fertility restoration was verified. Overall, this
strategy combining CSMA-RC-Zn-PNS hydrogel and ultrasound treatment shows promising applications in
endometrial regeneration and female reproductive health.

1. Introduction proliferation, ultimately leading to amenorrhea, miscarriage, or even

infertility [6,7]. The standard surgical treatment procedure for IUA

Infertility is a significant public health issue in modern society, with
approximately one in six couples facing challenges related to fertility
[1-3]. Endometrial injury is one of the primary causes of female infer-
tility, often resulting from trauma, infection, and other factors [4,5]. The
most common conditions related to endometrial damage are intrauter-
ine adhesions (IUA) and thin endometrium (TE), and the mechanism
was primarily characterized by damage to the basal layer of the endo-
metrium, impaired self-repair functions, and excessive fibrous tissue
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currently employed in clinical practice is transcervical resection of the
adhesion (TCRA), which has a notably high recurrence rate, up to 62.5
% in severe cases [8,9]. Additionally, some methods utilize physical
barriers such as intrauterine devices (IUDs) or Foley catheter balloons
[10], however, long-term use can lead to inflammation and often ne-
cessitates removal, potentially causing secondary injury [11]. Moreover,
intrauterine infusion treatments using hormones [12], medications
[13], and stem cells [14] have shown some effectiveness, while their
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clinical application faces challenges due to low drug absorption, poor
retention, significant side effects, and ethical concerns [15-17]. There-
fore, there is an urgent need to develop a treatment material that can
enhance drug absorption and create a biodegradable physical barrier in
the damaged uterine cavity [18-20]. This material should promote
endometrial repair and regeneration, improve receptivity, and reduce
endometrial fibrosis, ultimately improving adverse pregnancy outcomes
for IUA patients.

Hydrogel, a novel biomedical 3D culture material in regenerative
medicine, is considered the most promising alternative to extracellular
matrix (ECM) [21-24]. Hydrogel possesses absorbability, degradability,
and biocompatibility, making it an excellent carrier for promoting cell
growth, survival, morphogenesis, and maintaining internal environ-
mental stability, in addition to facilitating cell differentiation and
migration [25-27]. In recent studies hydrogels have been widely used
for regeneration of tissues such as bone [28-30], myocardium [31-34]
and epidermis [35-37]. Furthermore, the three-dimensional internal
structure of hydrogels enables encapsulation of substances such as
drugs, growth factors, estrogens, and cells, enhancing their
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bio-functionality [38,39]. In recent years, drug-delivering hydrogels
have been utilized for the repair of endometrial damage [40-42].
Injectable and temperature-sensitive hydrogels [43-45] are typically
injected into the uterus in a sol-gel state, forming a gel in situ. However,
they often only adhere to the tissue surface, resulting in low efficiency
and effectiveness in drug delivery. On the other hand, hydrogel micro-
needle patches [46-48] have been developed for endometrial repair,
where the microneedle tip encapsulates the active ingredient and pen-
etrates deep into the damaged stroma of the tissue. Nevertheless,
microneedles often lack sufficient adhesion to tissues and can be easily
dislodged by uterine peristalsis and contractions, resulting in secondary
damage.

Herein, we present a double network hydrogel, CSMA-RC-Zn, was
formulated by utilizing photo-crosslinking of chitosan methacrylate
(CSMA) and secondary zinc-cross-linking of recombinant collagen type
III (RC). Subsequently, the traditional Chinese medicine extract, Panax
notoginsenosides (PNS), was loaded onto it to produce CSMA-RC-Zn-PNS
hydrogel (Fig. 1A). Building on this photo-crosslinked hydrogel, ultra-
sonic treatment was introduced during the surgery procedure. An
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Fig. 1. Preparation of the hydrogel and its mechanism for endometrial regeneration. (A) Schematic illustration of the preparation of the CSMA-RC-Zn-PNS hydrogel.
(B-C) CSMA-RC-Zn-PNS hydrogel promoted regeneration of injured endometrial in rats. CSMA-RC-Zn-PNS hydrogel with enhanced transdermal delivery by ultra-
sound can promoted cell proliferation and vascular regeneration, improved the inflammatory environment, and antibacterial, ultimately enabling effective repair and
regeneration of the damaged endometrium, significantly enhancing the pregnancy rate.
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ultrasound-mediated strategy for achieving tough bio-adhesion on tissue
surfaces has been reported, with ultrasound-induced cavitation as the
key mechanism [49]. This process propels and immobilizes the
anchoring primer into the tissue by reducing the barrier effect, thus this
strategy shows significant potential for transdermal drug delivery ap-
plications [50]. Collagen, a key component of the extracellular matrix,
possesses biodegradable properties, low antigenic activity, low toxicity,
and promotes cell growth. It has been successfully used in the repair and
treatment of various tissues and organs [51-53]. However, most
collagen currently in use is derived from animals, leading to significant
batch-to-batch variability, challenges in isolating and purifying different
types, and potential disease transmission risks [54]. Consequently, we
chose recombinant collagen III produced through genetic engineering
techniques which features a relatively simple structure, excellent bio-
logical compatibility, no viral potential, and low immunogenicity [55,
56]. Considering the high fluidity, poor hydrolysis resistance, low os-
motic pressure, and challenges in retaining the recombinant collagen
solution through direct injection, we opted to cross-link it with other
components to form a hydrogel for improved retention. Zinc ions (Zn>"),
recognized for their antibacterial and promote ECM synthesis proper-
ties, play a crucial role in wound healing [57-59]. Thus, Zn** can
achieve enhanced pro-repair abilities by binding to RC through metal
coordination [60,61], forming a first network and resisting conditions
like bacterial infections. Chitosan, a deacetylated derivative of chitin,
has been widely used in biomedical applications due to its biocompat-
ibility, biodegradability and low immunogenicity [62,63]. CSMA with
photo-crosslinked properties was the second network in the system that
improved the internal structure of the hydrogel and enhances strength
after injection into the injury site [64,65]. PNS is an important bioactive
ingredient extracted from the traditional Chinese medicine Panax
notoginseng, which has been reported to possess strong
anti-inflammatory activity, hemostasis, antioxidant and immunomodu-
latory functions, and is effective in tissue repair and anti-tumor effects
[66,67]. In conclusion, CSMA-RC-Zn-PNS can effectively promote the
repair of damaged endometrial tissue and has antibacterial and antiox-
idant characteristics.

In this paper, we combine photo-crosslinked drug delivery hydrogel
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and ultrasound cavitation effects for endometrial injury repair. This
strategy effectively improves transdermal drug delivery efficiency, en-
hances hydrogel adhesion to injured tissue, and creates a physical bar-
rier at the injury site to prevent adhesions and secondary injuries. As
illustrated in Fig. 1A-C, we prepared CSMA-RC-Zn-PNS hydrogel and
verified its bio-safety and ability to promote cell proliferation, migra-
tion, and tube formation through in vitro experiments. Additionally, in a
rat endometrial injury model, we confirmed that CSMA-RC-Zn-PNS en-
hances transdermal delivery efficiency under ultrasound cavitation,
promotes proliferation, re-epithelialization, angiogenesis, reduces
fibrosis in injured endometrial cells, and exhibits antioxidant and anti-
microbial functions, ultimately improving uterine tolerance and
restoring fertility.

2. Results and discussion
2.1. Preparation and characterization of the hybrid hydrogel

A two-step fabrication process was used for obtaining the CSMA-RC-
Zn hybrid double network hydrogel. In brief, RC and Zn?* were rapidly
mixed to form the first network due to the Zn?'-induced RC self-
assembly. Then, CSMA was added into the first network and it can
form the second network with visible blue light and LAP existed
(Fig. 2A).

Fourier transform infrared spectroscopy (FT-IR, Fig. 2B) was per-
formed to understand the chemical structure and confirm the succussed
construction of the hybrid hydrogel. The FT-IR spectrum of RC showed a
broad band from 3629 cm™! to 3116’1, which was attributed to the
stretching vibrations of N-H. The absorption peak at 1633 cm™! was
C=0 stretching vibration indicating the formation of amide. In addition,
the amide N-H and C-N vibration peaks were observed at 1531 em™?
and 1236 cm™}, respectively. The both groups of C=0 and N-H are
involved in the metal-ligand formation, however, the ratio of amide III
and 1455.63 cm ™! was 0.849 and 0.846 for RC and RC-Zn, respectively.
In general, an IR ratio of approximately 1 indicates the presence of he-
lical structure. Due to the similarity of the IR ratio between RC and
complex, it apparently had no pronounced effect on the helical structure
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Fig. 2. Characterization of hydrogels. (A) Macroscopic changes of morphology during the preparation of hydrogels. (B) Infrared spectrum of the composite
hydrogels. (C) Time-dependent rheological studies to evaluate the photo-enhanced mechanical property of the CSMA-RC-Zn hybrid hydrogel. (D) Microstructure of
the hydrogels. (E-G) Water retention, swelling ration and degradation curve of the hydrogels. (H) The accumulated release rate of PNS from CSMA-RC-Zn hybrid
hydrogel. (I-J) The clearance rate of DPPH by hydrogel, and DPPH radical scavenging curve of hydrogel with time.
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of RC when zinc was incorporated.

Due to the photo-crosslink properties of CSMA, CSMA-RC-Zn pre-
cursor hydrogel solution can achieve a sol-gel transition rapidly with the
405 nm blue light existed. As evidenced by a rheological analysis
(Fig. 2C), the storage modulus (G) increased and surpassed the loss
modulus (G") in less than 30 s with the light irradiation. Additionally,
comprehensive rheological evaluations were conducted (Fig. S2), strain-
sweep tests to delineate the linear viscoelastic region, frequency-sweep
tests to quantify viscoelastic properties, shear-rate-dependent viscosity
measurements to verify shear-thinning behavior, constant-shear vis-
cosity analysis to assess hydrogel adhesive strength and strain-stress
curve to assess hydrogel compress strength, thereby establishing a
robust framework for systematic hydrogel performance assessment.
Which show the linear viscoelastic region and modulus of the different
hydrogels, verifying that the hydrogels have shear-thinning properties,
as well as examining the viscosity of the different hydrogels. The com-
bined data shows that the CSMA-RC-Zn dual network hydrogel has a
wider linear viscoelastic region, can withstand higher stresses without
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deformation, has a lower relative strength, and has a higher viscosity.

The microstructures of the CSMA, RC-Zn, and CSMA-RC-Zn samples
were observed by scanning electron microscopy (SEM, Fig. 2D). All the
hydrogels had an internal three-dimensional pore structure, while
CSMA-RC-Zn had a more uniform pore size and distribution (Fig. S3)
which benefits to the future drug loading and delivery.

To better simulate the environment in which the hydrogels are
exposed in the uterus and assess their performance, the simulated
uterine fluid (SUF) was used in the swelling test and degradation test in
vitro (Fig. 2E and F). All three hydrogel groups attained a quasi-
equilibrium swelling state within 6 h. However, comparative analysis
revealed that CSMA-RC-Zn-PNS exhibited a higher equilibrium swelling
ratio than the other two hydrogels, and it can be attributed to the syn-
ergistic effects of its highly porous architecture and precisely modulated
crosslinking density achieved through its double-network configuration.
Notably, the degradation process of the hydrogels can be accelerated in
vitro since the uterine and endometrial can squirm and contract,
nevertheless, CSMA-RC-Zn was able to maintain a stable presence and
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Fig. 3. Effects of hybrid hydrogels in vitro. A) Images showing the merged results of Live/Dead staining of HESCs treated with the extract of hydrogels for 5 days (n =
3). B) Proliferation assay of HESCs (n = 5). C) Hemolysis ratio of hydrogels exposure (n = 3). D-E) Images of the wound scratch migration assay and quantification of
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continue to provide therapy during the repair cycle. Additionally, the
water retention of hydrogels had been tested to access the stability in a
dry wound environment, and the CSMA-RC-Zn demonstrated better
performance in this test(Fig. 2G).

The in vitro PNS release profiles in different hydrogels also used the
SUF as a simulated environment, PNS was rapidly released from the
single network structure of CSMA and CSMA-RC hydrogels, as shown by
the cumulative release curve(Fig. 2H), the release rate was already more
than 70 % on the first day, with almost no sustained release after the
third day. In parallel, the PNS release rate in CSMA-RC-Zn hydrogel was
smoother that ensures a continuous supply of active ingredients during
the damage repair cycle.

PNS is considered to be an herbal extract with antioxidant function,
which is mainly achieved by scavenging excess free radicals from
wounds, therefore we chose 1,1-diphenyl-2-picryl-hydrazyl radical
(DPPH) reagent for free radical scavenging efficiency test (Fig. 2l and J).
CSMA lacked noticeable antioxidant capacity, while the free radical
scavenging efficiency of RC was difficult to meet the demand of
damaged tissues, the loading and release of PNS significantly improved
the free radical scavenging efficiency to 92.025 %.

2.2. Invitro effects of the hybrid hydrogel

For clinical wound repair application, favorable biocompatibility is a
basic requirement for hydrogels. In order to evaluate the biocompati-
bility of the hydrogels and the effects they have on cellular behavior, the
HESCs and HUVECs was used as the in vitro model cells. The Live/Dead
staining assay was also performed after co-culture 1, 3 and 5 days, as
shown in Fig. 3A-S4 and S5, most HESCs and HUVECs were alive (green
fluorescence) with only a few dead cells (red fluorescence) present,
indicating that the hydrogels could support cell adhesion and growth.
The CCKS8 assay was assessed by co-culture hydrogel extract with the
cells for 1, 3 and 5 days, and the results showed that cell viability of the
hydrogels compared to the control group was not decline, demonstrating
the lack of cytotoxic effects (Fig. 3B and S6). At the same time, the cell
viability increased and was significantly different from the control group
in all hydrogel groups, indicating that the formulated hydrogels could
promote cell proliferation.

Hemolysis rate was used to characterize the blood compatibility of
hybrid hydrogels. The hemolysis rates of CSMA, CSMA-RC, CSMA-RC-Zn
and CSMA-RC-Zn-PNS were all below the safe value of 5 % (Fig. 3C),
indicated that the hydrogels satisfied the criteria for determining
excellent blood compatibility.

Furthermore, the migration ability and angiogenic capacity was
accessed. Upon scratch assay, CSMA-RC, CSMA-RC-Zn and CSMA-RC-
Zn-PNS showed significantly faster migration rate since more cells
migrated to the intermediate blank area, and the CSMA-RC-Zn-PNS
group showed a closed trend after 12 h (Fig. 3D and E). For angio-
genic evaluation, we cultured HUVECs on Matrigel with serum-free
culture medium and hydrogel extract for 4 h and observed the tube
formation (Fig. 3F). CSMA-RC-Zn and CSMA-RC-Zn-PNS hydrogels
induced markedly more tube formation, not only in terms of junction
numbers but also segments, tube length and mesh number (Fig. 3G-J).
Excessive accumulation of reactive oxygen species (ROS) and pro-
inflammatory macrophages at the wound site plays a pivotal role in
the development and chronicity of wounds. Raw 264.7 cells were used
to validate the free radical scavenging and antioxidant functions of
hydrogels. The intracellular ROS levels in Raw 264.7 cells through
external H,0, supplementation. As shown in Fig. S7, CSMA-RC-Zn-PNS
effectively reduced the fluorescence associated with reactive oxygen
species, indicating its strong free radical scavenging and antioxidant
properties. Overall, CSMA-RC-Zn-PNS can synergistically enhance the
cell proliferation, migration, tube formation and antioxidant.

Bacterial infections are often a common trigger for endometrial
injury and an obstacle to the healing process. Staphylococcus aureus (S.
aureus) and Escherichia coli (E. coli) were used as experimental bacterial
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to study the antibacterial effect of hybrid hydrogels. Transition metal
ions, such as Zn®*, inherently possess antibacterial properties. The
antibacterial efficacies of CSMA, CSMA-RC, CSMA-RC-Zn and CSMA-RC-
Zn-PNS against S. aureus and E. coli were investigated using a coculture
method and took images of bacterial coating plates. (Fig. 3K-M). CSMA-
RC-Zn and CSMA-RC-Zn-PNS hydrogels showed superior antibacterial
activity, achieving the bacterial killing ratio of 91.63 % and 99.05 %
against E. coli and the bacterial killing ratio of 93.33 % and 97.63 %
against S. aureus. This combinational antibacterial effect may be
attributed to Zn?* enhancing the bacterial membrane permeability,
facilitating the entry of PNS into bacteria to exert its antibacterial
effects.

2.3. Invivo validation of the effect of ultrasound to enhance the efficiency
of transdermal drug delivery

The mechanism of ultrasound-enhanced transdermal delivery effi-
ciency was showed in Fig. 4A, ultrasound (US)-induced cavitation ef-
fects lead to the rupture of microbubbles within the tissue matrix,
creating tiny cavities. This process allows part of the solution on the
tissue surface to be pushed into the tissue matrix. Subsequently, the
solution’s phot crosslinking properties are utilized to fix the hydrogel
onto both the tissue matrix and the tissue surface, enhancing trans-
dermal delivery efficiency and forming a physical barrier on the tissue
surface. High temperature and pressure are generated during bubble
rupture in the ultrasonic cavitation effect. Therefore, in vitro experi-
ments were conducted to assess the temperature changes around the
hydrogel under varying durations of ultrasonication, as Fig. S8 shown,
continuous ultrasound for 60 s increases the temperature of the hydrogel
solution by approximately 0.97 °C, while 180 s of ultrasound brings
about a temperature increase of 2.2 °C, these temperature changes were
safe for injured tissue and causes no additional damage. To verify that
US can facilitate the entry of the solution into the tissue substate, the
FITC-BSA labeled CSMA-RC-Zn hydrogel was used in the normal uterine
and injury uterine separately. In the normal uterine (Fig. 4B), a portion
of the green fluorescence penetrated the epithelial tissue into the stro-
mal layer due to the ultrasound-induced cavitation. For the injury
uterine, samples were collected at the in the immediate postoperative
period and one day later (Fig. 4C). The uterine without US treatment was
filled with hydrogels but it only adheres to the surface of the tissue and
only a few green fluorescence could be seen in the stromal layer.
However, the hydrogel not only remains in the uterine but also partially
enters the uterine stromal layer and adheres tightly to the wound, the
green fluorescence spreads significantly through the substrate after one
day which indicated that US was able to deliver the solution transdermal
to the endometrial stromal layer and ensure its firm adhesion to the
injured tissue after gelation. The effect of varying durations of ultra-
sound treatment on drug delivery efficiency was also examined (Fig. S9).
Results indicated that ultrasound treatments lasting more than 30 s
significantly improved transdermal delivery efficiency, however,
excessive duration could lead to secondary damage. Moreover, this
strategy promotes prolonged and in-depth release of delivered drugs
into injury tissues.

2.4. Establishment of endometrial injury model and histological
evaluation of uterine after different treatment

The rats were sampled at different time points after injury surgery
(Fig. 5A), and were randomly divided into five groups. In brief, the sham
operation group was injected saline without injury to simulate the sur-
gical procedure. Since the repair cycle after injury is divided into an
acute inflammatory phase and a tissue repair phase, and taking into
account that the cycle of physiological repair of the uterine is generally
about 5-7 days. To validate the uniformity of model establishment
across experimental groups, tissue samples were harvested from one
randomly selected rat per group immediately following surgical
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Fig. 4. In vivo validation of the effect of ultrasound to enhance the efficiency of transdermal drug delivery. A) Mechanism of ultrasound-induced increase in
transdermal delivery efficiency. B)FITC-labeled CSMA-RC-Zn hydrogel injected into the normal uterus and delivery enhanced by ultrasound, images showed the
distribution of fluorescence one day after surgery. C) Evaluation of the effect of ultrasound to improve transdermal delivery efficiency in a rat endometrial injury

model. Bar = 400 pm.

intervention (postoperative day 0, Fig. S10). Five rats from each treat-
ment group were executed at 3 and 7 days postoperatively, respectively.
The gross morphometric picture (Fig. 5B and C) of the uterine after
sampling shows that the uterine 3 days postoperatively of the control
group was dark red, uneven thickness and inelastic with the presence of
bruises while the uterine 7 days after the surgery wasn’t much
improvement and there was still bruising along with atrophy or effusion.
Uterine damage was also more severe in the CSMA group taken 3 days
postoperatively, with stiff endometrium and dark red bruising, while the
uterine taken 7 days postoperatively had poorer elasticity and overall
whiteness of the uterus. Some improvement in damage repair was noted
in the CSMA-RC group, with a more uniformly thick and thin uterine
despite bruising at 3 days postoperatively, and a pinkish-red and flexible
uterus at 7 days postoperatively. In the CSMA-RC-Zn-PNS group, dam-
age repair was faster and better than in the other treatment groups, and
the uterine was already light pink with good elasticity 3 days after the
operation, and the uterus was similar to the normal uterine in terms of
thickness, shape and elasticity 7 days after the operation.
Morphological differences can be known from H&E staining (Fig. 5B
and C) that the endometrium showed significant necrosis, severe stromal
cell loss, and poor recovery at 7 days postoperatively of the control
group. Stromal cell necrosis was also quite severe in the CSMA group,
with no visible uterine structures in the uterus at 3 days postoperatively,
and uneven endometrial thickness and incomplete epithelial coverage at
7 days postoperatively. Uterine stromal recovery was improved in the
CSMA-RC group, with a significant increase in stromal cells and com-
plete epithelial coverage seen at 7 days postoperatively, however there
was a noticeable infiltration of inflammatory cells in the uterine. In the
CSMA-RC-Zn-PNS group, the uterine cavity morphology was restored at
3 days postoperatively, and the stromal cells were tightly arranged with
the epithelium was completely covered at 7 days postoperatively, in-
flammatory cell infiltration was also greatly improved. Specifically, in
the sham group, the average endometrial thickness was 561.54 pm with
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16.2 glands. However, in the control group the average thickness of the
endometrium was 231.11 pm with only 2.4 glands and in the CSMA
group the average thickness of the endometrium was 314.25 pm with an
average of 5.4 glands. In the CSMA-RC group, the average thickness of
the endometrium was 412.11 pm with an average of 9 glands. In
contrast, the average endometrial thickness in the CSMA-RC-Zn-PNS
group was 517.23 pm with an average of 15.6 glands, which demon-
strated the remarkable capability of CSMA-RC-Zn-PNS to regenerate the
injury endometrial (Fig. 5D and E). According to comprehensive anal-
ysis, CSMA-RC-Zn-PNS promoted the repair of damaged endometrium in
a seven-day repair cycle, restored endometrial thickness and glandular
counts to the equivalent level of a normal uterine, rebuild the structure
of the uterine cavity and reduced the inflammatory response.

Besides, we established additional experimental cohorts including
US-only treatment and CSMA-RC-Zn-PNS monotherapy (US-free) in rat
endometrial injury models, with comparative analysis conducted
against the original combination therapy group at postoperative day 7.
Both control groups demonstrated significantly inferior repair efficacy
compared to the CSMA-RC-Zn-PNS + US group (Fig. S11), particularly
the US-only intervention showing minimal therapeutic impact. These
findings demonstrate that CSMA-RC-Zn-PNS serves as an active hydro-
gel scaffold for endometrial repair, while ultrasound-mediated cavita-
tion effects synergistically potentiate its therapeutic performance
through enhanced transdermal delivery and tissue-material interaction.
The complementary mechanisms between material design and physical
energy modalities establish a novel combinatorial therapeutic paradigm.

2.5. Assessment of endometrial collagen deposition and fibrosis after
different treatment

To further evaluate in vivo endometrial fibrosis in rats, we performed
Masson’s trichrome staining to examine collagen deposition in the
endometrium across different groups (Fig. 6A). The ratio of blue color to
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Fig. 5. The assessment of endometrial repair. A) Timeline of animal experiments based on endometrial regeneration and fertility restoration. B-C) Representative
macroscopic and morphological changes at 3 and 7 days postoperatively in different groups. (The solid arrows pointed to the glands). D-E) The statistical graph of
endometrial thickness and the number of glands at 7 days postoperatively in different groups. n = 10. Bar = 200 pm.

the total area in the staining results indicates the degree of uterine
fibrosis. A universal increase in collagen deposition across all treatment
groups compared to sham controls at postoperative day 3, correspond-
ing to the initial phase of extracellular matrix remodeling. However,
CSMA-RC-Zn-PNS showed significant lower collagen deposition level
than other treatment groups. From the statistics at 7 days post-
operatively, the average area of collagen deposition in the control group
was 67.89 % while the average collagen deposition area in the CSMA
and CSMA-RC groups was 55.98 % and 68.53 % separately. Notably, the
average collagen deposition area in the CSMA-RC-Zn-PNS group was
substantially lower at 27.84 %, nearly indistinguishable from the sham
group at 26.885 %. The endometrial fibrosis markers Collagen I (Col I)
and a-SMA were consistent with immunohistochemical staining of the
uterine?7 days after surgery. The Collagen I positive area was increased in
the control group, CSMA group and CSMA-RC group but decreased in
the CSMA-RC-Zn-PNS group (Fig. 6C) and the quantitative analysis
showed significant differences (Fig. 6D). Similarly, the area positive for
a-SMA was significant increase in the control group, CSMA group and
CSMA-RC group, while it decreased in the CSMA-RC-Zn-PNS group
(Fig. 6C-E). Notably, divergent trends were observed between Masson-
stained collagen deposition levels and Col I, a-SMA positivity rates at the
7-day postoperative interval. While these three staining modalities
collectively inform fibrotic progression assessment, their distinct
biomarker signatures necessitate individual interpretation to compre-
hensively delineate therapeutic outcomes across experimental groups.
Masson’s trichrome staining primarily reflects total collagen deposition,
serving to evaluate the extent of tissue fibrosis and reparative matrix
accumulation. Col I immunohistochemistry specifically detects mature
fibrillar collagen, with excessive expression indicating scar formation
risk. a-SMA immunostaining identifies myofibroblasts, a key cellular
marker of fibrotic progression. Notably, while the injury group exhibited
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elevated total collagen deposition via Masson staining, it demonstrated
relatively lower Col I positivity and o-SMA expression compared to
therapeutic groups. The CSMA-RC group showed predominant Col I
deposition, indicative of advanced tissue remodeling. However,
exceeding physiological levels implies potential scar predisposition,
likely associated with dysregulated matrix synthesis pathways.
Conversely, the CSMA group displayed heightened a-SMA positivity,
reflecting myofibroblast hyperactivation and fibrotic contracture risks.
Overall, the control group had immature extracellular matrix with
delayed repair. And CSMA group showed fibrotic propensity through
excessive myofibroblast activity. Meanwhile, CSMA-RC group showed
structural restoration accompanied by scar formation alert. These find-
ings highlight the delicate balance required in collagen homeostasis for
functional tissue regeneration, where therapeutic strategies must
concurrently suppress pathological fibrosis while guiding organized
matrix deposition.

2.6. Assessment of the in vivo re-epithelialization, proliferation,
angiogenesis and regeneration activity after different treatment

Clinically, re-epithelialization and revascularization of the exposed
surface of the uterine are key factors for successful repair and remod-
eling of endometrium [16]. Immunohistochemical staining of CK17 was
chosen as a marker for re-epithelialization which mainly located at
luminal epithelium and glands in Fig. 7A. Evidently, the
CSMA-RC-Zn-PNS group had epithelial cover 3 days postoperatively
which other treatment groups lacked. At 7 days after surgery, the
epithelium of all treatment groups recovered to a certain extent, but the
positive signal area of CSMA-RC-Zn-PNS was still significantly higher
than that of other groups, which proved that it could effectively promote
endometrial re-epithelialization. The immunostaining of proliferation
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marker PCNA in the endometrial area revealed that CSMA-RC-Zn-PNS
significantly promoted cell proliferation and wider distribution of cells
in the tissue at both 3 and 7 days postoperatively (Fig. 7B). Angiogenesis
has an essential role in the regenerative healing of injured uterine tis-
sues, immunohistochemical staining of the rat uterus showed higher
positive signal of CD31 in the CSMA-RC-Zn-PNS group compared to the
other treatment groups at both 3 and 7 days postoperatively (Fig. 7C). In
general, = CSMA-RC-Zn-PNS  was  effective in  promoting
re-epithelialization, cell proliferation, and angiogenesis in the injured
endometrium, thereby promoting endometrial regeneration and repair.

Furthermore, to validate the restoration of endometrial tolerance
and functionality after surgery, the immunostaining of stromal cells
marker (Vimentin), estradiol receptor marker (ER) and progesterone
receptor marker (PR) were taken in the uterine at 7 days post-
operatively. As shown in Fig. 7G, the vimentin positive signal in the
CSMA-RC-Zn-PNS group was almost recovered to the level of the sham
group while other treatment groups still had significantly fewer stromal
cells. ER and PR are expressed in the nuclei of endometrial epithelial
cells and stromal cells and play key roles in the regulation of repro-
duction, including menstruation and pregnancy. Since the stromal and
epithelial cells in the CSMA-RC-Zn-PNS group recovered better, the
expression levels of ER and PR were also more similar to those of the
sham group. Overall, uterine tolerance and functionality were better
restored in the CSMA-RC-Zn-PNS group, which facilitated the uterus to
be able to conceive and give birth normally in the later stages.
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2.7. Assessment of fertility, live birth, and hydrogel safety after different
treatment

Restoration of fertility is considered the ultimate purpose of repair
and regeneration of damaged endometrium, therefore, a series of ex-
periments were used to validate postoperative fertility recovery in each
treatment group. Five weeks postoperatively, eight rats in each treat-
ment group were anesthetized with isoflurane and the abdominal cavity
was opened to expose the uterus and photographs were taken to observe
their gross morphology (Fig. S12). Varying degrees of effusion or atro-
phy occurred in the uterus of the control group, and to a lesser extent in
the CSMA group, the uterus of the CSMA-RC group had no significant
abnormalities in general but was dark reddish in color, however the
uterine morphology of the CSMA-RC-Zn-PNS group was more similar to
that of the sham-operated group, with no significant trauma or abnor-
malities. After suturing and continued rearing for one week, these fe-
male rats were mated 1:1 with SD males and mating success was verified
by means of vaginal smears. Each treatment groups were sampled on the
21st day after conception to count the pregnancy rate, the number of
fetal rats and fetal weights, as well as the heart, liver, spleen, lungs,
kidneys and blood of female rats. Three of the female rats in each group
were sacrificed before giving birth, and fetal rats were extracted and
examined for stillbirths, absorbed fetuses, or malformations. One rat in
the CSMA group had a stillborn fetus in uterine and one rat in the CSMA-
RC group had an absorbed fetus in uterine (Fig. S13) and there were no
abnormalities in fetal rats in the sham group and CSMA-RC-Zn-PNS
groups. (Fig. 8C). The other five rats in each group produced naturally
and counted overall normal pregnancy rate. The pregnancy rate was
100 % in the sham group compared to 0 % in the control group, and only
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Fig. 7. In vivo effects of CSMA-RC-Zn-PNS in endometrial re-epithelialization, proliferation and angiogenesis. A-C) Representative immunohistochemical staining
image of CK17 as a re-epithelialization marker, PCNA as a proliferation marker, CD31 as an angiogenesis marker at 3 and 7 days postoperatively in different groups.
Bar = 200 pm. D-E) Quantification positive area of CK17, PCNA and CD31 marker. n = 6. G-J) Representative immunohistochemical staining image and quanti-
fication of vimentin as an endometrial stromal cells’ marker, ER as an estradiol receptor marker and PR as progesterone receptor marker. n = 6. Bar = 200 pm.

12.5 % in the CSMA group, while the pregnancy rate was 75 % in both
the CSMA-RC and CSMA-RC-Zn-PNS groups (Fig. 8B). The CSMA group
had a significantly lower number of 4 embryos compared to the sham
group of 12.17. On the other hand, the CSMA-RC group had an average
number of 6.17 embryos while the CSMA-RC-Zn-PNS group had 9.83
embryos which was closer to the data of the sham group (Fig. 8D). The
body weights of the fetuses were examined, and the average body
weight was 5.98 g in the sham group, 5.64 g in the CSMA-RC group, and
5.91 g in the CSMA-RC-Zn-PNS group, while the CSMA group showed a
significant decrease in body weight to 3.26 g (Fig. 8F). In addition, the
development of offspring in the sham group, CSMA-RC group and
CSMA-RC-Zn-PNS group were monitored, during the subsequent 14-day
growth cycle, the fetal rats grew up healthily with no malformations or
deaths (Fig. 8E).

In addition, blood biochemical tests for liver and kidney function
(Fig. 8G-J) and Elisa tests for inflammatory factors (Fig. S14) were
performed on serum collected from female rats. Serum creatinine and
urea nitrogen were used to assess maternal kidney function, as well as
ALT and AST to assess maternal liver function. The results showed no
statistical difference of the four indicators in each treatment group,
which proved that there was no abnormality in the liver and kidney
functions of the female rats. Meanwhile, inflammatory levels of IL-6, IL-
1p, and TNF-a were examined, and there were also no significant dif-
ferences between the groups, demonstrating that there is no significant
long-term biotoxicity in vivo for the materials in each group. Further-
more, H&E staining sections of the heart, liver, spleen, lungs and kidneys
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also showed no lesions or other abnormalities in the female rats of each
treatment group (Fig. S15). Basically, the female rats in all groups were
in a relatively healthy state, with no factors affecting fertility other than
the uterine damage repair treatment.

3. Conclusion

This study presents an innovative injectable double-network com-
posite hydrogel (CSMA-RC-Zn-PNS) aimed at promoting endometrial
regeneration and improving fertility recovery. Simultaneously, the ul-
trasonic cavitation effect will enhance the efficiency of transdermal drug
delivery in vivo when sonication is applied to the hydrogel. CSMA-RC-Zn
forms a dual-network structure via metal coordination and photo-
crosslinking, ensuring an optimal pore structure for loading the drug
PNS while facilitating its sustained release during tissue repair. CSMA-
RC-Zn-PNS hydrogel forms an adhesive layer on the surface of the
injured tissue, creating a physical barrier that protects the wound from
secondary injury and bacterial infection. Meanwhile, CSMA-RC-Zn-PNS
demonstrates good biosafety, and its ability to promote cell prolifera-
tion, angiogenesis, re-epithelialization, and other aspects of tissue
regeneration was confirmed through in vitro cell studies and rat endo-
metrial injury models. Moreover, the cavitation effect facilitated the
penetration of some of the solution into the tissue matrix, enhancing the
absorption and utilization of the active ingredients, thereby improving
the reparative effect of the hydrogel. Overall, the combined application
of CSMA-RC-Zn-PNS hydrogel and ultrasonic cavitation effectively
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respectively.

promotes endometrial injury repair and fertility restoration, offering
promising prospects for clinical applications in endometrial recovery.

4. Experimental section
4.1. Materials

Chitosan, methacrylic anhydride, ethanol and zinc sulfate (99 %)
were purchased from Sigma Aldrich (USA). Recombinant type III
collagen (RC) was purchased from Shanxi Jinbo Bio-Pharmaceutical Co.
Ltd (China). Panax notoginsenosides (PNS, UV > 90 %) was purchased
from Shyuanye Bio (Shanghai, China). Lithium phenyl (2,4,6-trime-
thylbenzoyl) phosphinate (LAP, 99.8 %) was purchased from EFL-Tech
(Suzhou, China). The Cell Counting Kit-8 (CCK-8) assay kit, Calcein-
AM/PI Live-Dead Cell staining kit, Triton X-100, Elisa kit was pur-
chased from Solarbio Science & Technology (Beijing, China). Matrigel
matrix was procured from Corning (USA). Dulbecco’s modified Eagle’s
medium/Nutrient Mixture F-12 (DMEM/F12), Fetal Bivone Serum (FBS)
was purchased from Gibco (USA). Endothelial Cell Medium (ECM),
Penicillin/Streptomycin solution (P/S), Endothelial Cell Growth sup-
plement (ECGS) was purchased from ScienCell (USA). 1,1-Diphenyl-2-
picrylhydrazyl radical 2,2-Diphenyl-1-(2,4,6-trinitrophenyl)hydrazyl
(DPPH) and 2,7'-dichlorofluorescein diacetate (DCFH-DA) were pur-
chased from Beyotime Biotechnology (Shanghai, China). Blood
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biochemistry kits were purchased from Njjcbio (Nanjing, China). All
chemical reagents were used without further purification.

4.2. Cells and animals

Human endometrial stromal cells (HESCs), human umbilical vein
endothelial cells (HUVECs) and RAW264.7 macrophage cells were
purchased from the National Experimental Cell Resource Sharing Plat-
form. Staphylococcus aureus (S. aureus, ATCC 25923) and Escherichia
coli (E. coli, ATCC 25922) were used for the antibacterial studies.
Sprague-Dawley (SD) rats (8-9 weeks old, female) were obtained from
Beijing HFK Bioscience CO., Ltd. All protocols for animal care and
treatment were approved by the Ethical Committee of National Research
Institute for Family Planning (NRIFH 21-2308-3).

4.3. Synthesis of RC-Zn, CSMA-RC, CSMA-RC-Zn, CSMA-RC-Zn-PNS

1g RC was dissolved in 10 mL deionized water and then stirred for 30
min to form 10 wt% RC solution. Zinc sulfate solution (100 pg/mL) was
added into the RC solution and stirred for 2-3h at room temperature to
obtain RC-Zn. CSMA was synthesized according to previous studies and
dissolved in deionized water to form 5 wt% CSMA with 0.1 wt% LAP.
CSMA-RC was synthesized by mixing RC solution and CSMA solution
according to the ratio 1:1 and stirred for 60 min at 4 °C in the dark.
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Meanwhile, CSMA-RC-Zn precursor hydrogel solution was synthesized
by mixing RC-Zn solution and CSMA solution according to the ratio 1:1
and stirred for 60 min at 4 °C in the dark. Subsequently, PNS solution
(10 mg/mL) was added to CSMA-RC-Zn to form CSMA-RC-Zn-PNS pre-
cursor hydrogel solution, followed by ultrasonic dispersion. Then, the
hydrogel system was irradiated by a visible light (405 nm, 5 W) for 60 s.

4.4. Characterization

The structure and architecture of the freeze-dried hydrogels were
observed using SEM (SU8010, Hitachi, Japan). Structural and functional
group analyses of the RC, CSMA and ZnSO4 powders and the freeze-
dried CSMA-RC, CSMA-RC-Zn hydrogels were recorded by Fourier
transform infrared spectroscopy (FT-IR, VERTEX 70, Bruker, Germany)
in the range 4000 - 600 cm L.

4.5. Rheological testing of the hydrogel

Rheological Characterization of Photopolymerization Processes: Hydro-
gel solutions (1 mL) were carried out on a stress-controlled Discovery
DHR-2 rheometer (TA Instruments, USA) with time sweep. The alternant
strain sweep of hydrogels was carried out at alternant strains of 1 %. The
test was performed at room temperature and the angular frequency was
fixed at 5 rad/s.

Strain sweep measurement: Hydrogels (1em? x 1 mm) was mounted on
the rheometer stage, and strain sweep tests (0.1 %-100 %) were per-
formed to monitor the evolution of storage modulus (G) and loss
modulus (G’*), with angular velocity maintained at 5 rad/s throughout
the measurement.

Frequency sweep measurement: Hydrogels (1em? x 1 mm) was
mounted on the rheometer stage, and frequency sweep tests (0.1-100
rad/s) were performed to monitor the evolution of storage modulus (G
and loss modulus (G’’), with strain maintained at 1 % throughout the
measurement.

Shear-thinning characteristic: Hydrogels (1ecm? x 1 mm) was mounted
on the rheometer stage, and strain sweep tests (0.1 %-100 %) were
performed to monitor the evolution of viscosity.

Viscosity: Hydrogels (1cm? x 1 mm) was mounted on the rheometer
stage, and shear rate maintain at 0.1/s throughout the measurement to
evaluate the viscosity, and perform the calculation of the average value.

Strain-stress measurement: Hydrogels (1em? x 1 mm) was mounted on
the rheometer stage, and strain sweep tests (0.1 %-3000 %) were per-
formed to monitor the evolution of shear stress.

4.6. The swelling and degradation behavior of the hydrogels in vitro

The gravimetric method was used to test the swelling ratio and water
retention of different hydrogels. The simulated uterine fluid was used to
simulate the real physiological environment in rat uterus [68], and the
configuration method is shown in the Supplementary Material. A certain
mass (Wy, 1 g) of hydrogels were soaked in 10 mL simulated uterine
fluid at 37 °C. The swollen hydrogels were taken out and weighed (W)
at different time points. The swelling ratio was calculated by the
following equation:

Swelling Ratio (%) = W,/W;,*100.

For the water retention test, a certain mass (Mo, 1 g) of hydrogels
were put in the centrifuge tube and dried in the 37 °C environments, and
the mass of different time points was measured (M). Water Retention
was calculated by the following equation:

Water Retention (%) = M,/M,*100.

The degradation property was carried out in a similar way. A certain
mass (Wj, 1 g) of hydrogels was soaked in 10 mL simulated uterine fluid
at 37 °C. The centrifuge tube was centrifuged and the mass of remain
hydrogel (W,) was measured at different time points. Then 10 mL
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simulated uterine fluid was added again. The remaining mass ratio was
calculated by the following equation:

Remaining Mass (%) = W, /W;*100.

The test was repeated three times.
4.7. Invitro release analysis of PNS

A certain mass (1 g) of CSMA-RC-Zn-PNS hydrogels were was soaked
in 10 mL simulated uterine fluid at 37 °C, the centrifuge tube was
centrifuged and the solution was taken out at different time points. The
cumulative release rate of PNS was measured using the vanillin-
perchloric acid colorimetric method. After evaporating the solvent,
0.2 mL of 5 % vanillin-glacial acetic acid and 0.8 mL of perchloric acid
were added. The mixture was heated in a thermostatic water bath at
60 °C for 20 min and then cooled in a cold-water bath for 5 min before
adding 5 mL of glacial acetic acid. Finally, PNS concentration was
measured at 545 nm using a spectrophotometer.

4.8. Characterization of complex hydrogels for ROS scavenging in vitro

A certain mass (1 g) dried sample was soaked in 1 mL PBS in a
centrifuge tube and incubated in a water bath at 40 °C for 30 min. The
mixture was then centrifuged at 6000 rpm for 10 min, and the super-
natant was placed on ice for further testing. To the test tube, 50 pL of the
supernatant and 950 pL of DPPH reagent were added. In the control
tube, 50 pL of the supernatant and 950 pL of anhydrous ethanol were
added, while the blank tube received 50 pL of PBS and 950 pL of DPPH
reagent. Absorbance was measured using a UV spectrophotometer at a
wavelength of 515 nm. The DPPH free radical scavenging rate was
calculated using the following equation:

DPPH Clear Rate = (Ablank — Asample + Acontrol) /Ablank *100 %

4.9. Evaluation of cytotoxicity and effect of hydrogels on cell behavior in
vitro

HESCs and HUVEC were used to evaluate the cell cytotoxicity and
cell proliferation. HESC was cultured at 37 °C in DMEM/F12 supple-
mented with 1 % P/S and 10 % FBS in a 5 % CO, atmosphere, and
HUVEC was cultured at 37 °C in ECM supplemented with 1 % P/S, 1 %
ECGS and 5 % FBS in a 5 % CO5 atmosphere. RAW264.7 macrophage
cells were used to evaluate the antioxidant efficiency of the hydrogels,
and were cultured at 37 °C in DMEM supplemented with 1 % P/S and 10
% FBS in a 5 % CO, atmosphere. The hydrogel and the cell culture
medium were co-cultured in the 37 °C constant temperature incubators
at the ratio of 0.1 g/mL for 48h to obtain the hydrogels’ leach liquor.

Cell proliferation assay: HESCs and HUVEC were seeded into 96-well
plates at a 1 x 10° cells/well density, and then different hydrogel ex-
tracts replace the normal cell culture medium. After being cultured for 1,
3, and 5 days, CCK-8 was added to each well and incubated for 2 h.
Subsequently, the absorbance at a wavelength of 450 nm was measured
using a microplate reader.

Cell cytotoxicity: HESCs was seeded into 6-well plates at a 1 x 10°
cells/well density, and then different hydrogel extracts replace the
normal cell culture medium. After being cultured for 1 and 3 days, Live/
Dead staining was added to assess the cell cytotoxicity. Live cells were
stained by Calcein-AM with green fluorescence, and the dead cells were
stained by PI with red fluorescence.

Cell migration assay: HESCs were seeded into 6-well plates at a 3 x
10° cells/well density and cultured with the normal medium until
reaching confluence. The 6-well plates were drawn with several parallel
lines on the back in advance, and then the cells were scraped using the
tip of a 200 pL micropipette perpendicular to the parallel line. After
different time points co-cultured with the hydrogel extracts, images
were captured again using the microscope. The cell migration rate was
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quantified by Image-J software, 5 random fields of view were selected
within each group.

Tube formation Assays: The Matrigel was mixed with ECM medium at
a 1:1 ratio and then 50 pL was added to each well of a 96-well plate and
cultivated in a 37 °C cell incubator for 60 min. HUVEC that had been
starved for 12 h was seeded into the 96-well plate on the surface on the
Matrigel at a 4 x 10* cells/well density. After 4 h co-cultured with the
different hydrogel extracts, images were captured using the microscope.
The captured images were analyzed by ImageJ with the Angiogenesis
Analyzer plugin.

Antioxidant efficiency: The experiment involved seeding RAW264.7
macrophage cells (1 x 10° cells in 1 mL of DMEM) into a 6-well plate.
After 12 h of cell adherence, each group received a 6 h-exposure to
different hydrogel extracts containing 100 pM H2Os. After rinsing three
times with PBS, cells were treated with 10 pM 2',7"-dichlorofluorescein
diacetate (DCFH-DA) for 20 min. The Hy05 level of different incubation
buffers was evaluated using a fluorescent microscope.

4.10. In vitro blood compatibility

A hemolysis activity assay was performed to evaluate the blood
compatibility of the different hydrogels. In brief, whole blood was
collected from healthy rats by sodium citrate collection tubes, then
centrifuged at 4 °C, 3500 rpm for 5 min. The lower red blood cells were
centrifuged another 3 times and re-suspended with 5 mL PBS. Then, 100
mg hydrogel samples were mixed with 1 mL erythrocytes in the tubes
and placed in constant temperature and humidity incubator with 37 °C
for 4 h. A negative control (PBS) and a positive control (Triton X-100)
were also included in the experiment to calculate the degree of hemo-
lysis. All of the samples were centrifuged at 3500 rpm for 5 min and the
upper solution was taken to detect the absorbance at 545 nm by
microplate reader. The hemolysis rate was calculated using the equation
as follows:

Hemolysis Rate (%) = (A; — Aq / A, - A,) x 100%

Where A; and A, indicate the absorbance of the negative control and the
positive control, respectively, As indicates the absorbance of the
hydrogels samples.

4.11. In vitro antibacterial activity

Gram-positive bacteria (S. aureus) and Gram-negative bacteria (E.
coli) were used as model bacteria to evaluate the in vitro antibacterial
activity of the different hydrogels. Different hydrogels put in the 48-well
plate and mixed with bacteria solution which concentration was 1 x 10°
CFU/mL, the ratio was 0.1 g/mL. The orifice plates were placed in a
constant temperature shaker and cultured at 37 °C, 100 rmp for 6 h. At
the end of the culture, the bacterial solution in each hole in the orifice
plate was diluted 10,000 times. 100 pL of the diluted bacterial liquid was
dropped on the solid medium and spread evenly. Put the culture in the
incubator at 37 °C for 24 h. Finally, take photos of the solid medium,
count the number of colonies on the medium, and calculate the survival
rate. The experiment was repeated three times. The formula is as
follows:

Bacterial inhibition rate =[1 - (N /N.)] x 100%

In the formula, Ng was the number of colonies in the hydrogel sample
group (CFU/mL), and N, was the number of colonies in the control group
(CFU/mL).

4.12. In vivo endometrial injury model construction and treatment

A rat model of endometrial injury was established by injecting 95 %
ethanol into the uterus as described previously. In brief, pregnant horse
serum was injected into the rats two days before the experiment to
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regulate the physiological cycle. After anesthetized with isoflurane, and
the uterine horns were exposed via an abdominal incision. The sham-
operated rats were injected in the uterine horns with 100 pL of saline.
Rats in the control group and treatments group (CSMA, CSMA-RC,
CSMA-RC-Zn-PNS) were injected in the uterine horns with 100 pL of
95 % ethanol, and distal portions of the uterus were clamped with
vascular clamps to their full capacity and retained for 60 s to induce
endometrial injury, and the uterine cavity was gently flushed with saline
to remove residual ethanol. For the treatment’s groups, 100 pL precursor
hydrogel solutions were injected into the uterus, a US transducer was
immersed into the solution, applying US for 60 s at 1 mm distance from
the endometrial and 405 nm light irradiation was subsequently given. A
US frequency of 25 kHz was used, and the hydrogels were administered
as a single intraoperative injection, demonstrating in vivo adhesion and
controlled degradation throughout the repair cycle.

Additionally, we conducted experiments involving US-only treat-
ment and CSMA-RC-Zn-PNS monotherapy. Specifically, after establish-
ing rat endometrial injury models, subjects received either US exposure
(60 s) or CSMA-RC-Zn-PNS hydrogel injection alone, followed by sur-
gical closure for postoperative recovery. Tissue samples were harvested
at postoperative day 7 for endometrial repair assessment.

Finally, the muscle layer and skin were stitched using 5-0 unab-
sorbable sutures. Rats were euthanized at different time points after
surgery, and the uterine tissues and blood were harvested for down-
stream analysis.

4.13. The effect of ultrasound on transdermal delivery efficiency in vivo

After the rat model of endometrial injury was established, the FITC-
BSA labeled CSMA-RC-Zn-PNS precursor hydrogel solution was injected
into the uterus, a US transducer was immersed into the solution,
applying US for 60 s at 1 mm distance from the endometrial and 405 nm
light irradiation was subsequently given. Another group prepared
without US treatment were tested as the no-US control. Rats were
euthanized immediately and 1 day after the surgery, the uterine tissues
were collected for a frozen section and the nuclei were stained with
DAPI. 1 mL of CSMA-RC-Zn-PNS hydrogel precursor solution was placed
in a centrifuge tube. The US transducer was immersed in the solution for
sonication, and a probe thermometer was inserted to record temperature
changes.

4.14. Histologic and immunohistochemical analysis

The rat uterine were fixed in a 4 % paraformaldehyde solution for 72
h, after dehydration in graded concentration ethanol, then embedded in
paraffin. Finally, tissue sections (5 pm) were mounted on slides for
histological and immunohistochemical analysis.

The slices were baked at 65 °C for 1.5 h and then put in xylene for
dewaxing and hydrated with graded concentration ethanol. Endometrial
structure and thickness, number of glands were examined by H&E
staining, and collagen deposition area was assessed by Masson staining.

For the immunohistochemical analysis, 1 x citrate buffer was pre-
pared as the antigen repair solution, which was heated to >90 °C, and
the tissue sections were placed in the citrate buffer for high-temperature
repair for 20 min. After the repair, it was naturally cooled to room
temperature. Sections were incubated for 16 h at 4 °C with different
primary antibodies: Collagen I (1:200, ABclonal), a-SMA (1:200,
ABcam), CK17 (1: 2000, CST), PCNA (1: 200, CST), CD31 (1:3000,
ABcam), Vimentin (1:200, CST), ER (1: 200, ABcam) and PR (1: 200,
ABcam). And then goat anti-rabbit serum was extracted from the rabbit
two-step detection kit for incubation at 37 °C for 1 h, followed by DAB
chromogenic reaction and hematoxylin staining. Image acquisition was
performed under Panoramic Slide Scanners (3D HISTECH) and the
percent positive rate were analyzed by ImageJ software.
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4.15. Fertility and live birth assessment

After 5 weeks of the endometrial injury treatment surgery, the rats
were anesthetized by isoflurane, the uterine horns were exposed via an
abdominal incision and took photos to observe their status, and then
sutured to continue feeding. One week later, SD male rats were paired
1:1 with the treatment female rats, and successful mating was confirmed
by vaginal smear and the day was recorded as 0.5 days of gestation. Half
rats were euthanized at the 21days of gestation, the number and rate of
live births were observed, and the weight of the offspring was measured.
Another half of the rats gave birth naturally and were continuously
observed for subsequent growth of the fetal rats, and the maternal rats
were executed three weeks later. Heart, liver, spleen, lung, kidney and
blood were collected for downstream analysis.

4.16. Kidney, liver function and serum inflammatory factors assessment

Abdominal aortic blood was collected in tubes without anticoagulant
in each group of rats. The serum was collected after centrifugation, then
the serum concentrations of creatinine (CRE) and urea nitrogen (BUN)
were measured to assess kidney function according to instructions of
kidney function kits. Meanwhile, the serum concentrations of aspartate
amino transferase (AST) and alanine amino transferase (ALT) were
measured to assess the liver function according to instructions of liver
function kits. The rat Elisa kit of IL-6, IL-1p, TNF-o were measured to
assess the serum inflammatory factors change.

4.17. Statistical analysis

Statistical analysis was conducted using GraphPad Prism 9.0. Stu-
dent’s t-test was used to compare two groups, while one-way ANOVA
followed by Bonferroni’s tests was employed to compare three or more
groups. *p < 0.05, **p < 0.01 and ***p < 0.001 were considered dif-
ference and significant difference, respectively, which was statistically
significant, ns means no significance.
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