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A hollow MnO; nanozymes empowered injectable hydrogel for
intrauterine adhesions therapy by alleviating oxidative stress and
promoting endometrial repair

Ying Xu, T2 Zi Ye, 2P Sentao Hu,2? Lichao Chu,® Liaobing Xin,*® Wangyan He,® Weijun Tong,*?
Songying Zhang, *® Lie Ma*2®

Intrauterine adhesion (IUA) is an important cause of infertility and posese a challenge to women's reproductive health.
Conventional clinical treatments fail to fundamentally repair the function of the endometrium. While stem cell therapy
represents a promising breakthrough in IUA treatment, its clinical application remains limited. Recent studies highlighted
the pivotal roles of oxidative stress and inflammatory immune response in I[UA pathogenesis, underlining the requirement
of excessive reactive oxygen species (ROS)-scavenging ability where nanozymes demonstrated distinctive advantages.
Herein, we reported a nanozyme-empowered injectable hydrogel (HME) by integrating hollow estradiol-loaded MnO,
nanoparticles (MnO,@E2 NPs) with hyaluronic acid-based hydrogel to explore its therapeutic effect in IUA. In vitro studies
demonstrated that MnO,@E2 NPs exhibited catalase (CAT)-like and superoxide dismutase (SOD)-like enzymatic activities,
effectively scavenging ROS. HME hydrogel possessed optimal mechanical properties, biocompatibility, robust antioxidant
activities and regulatory properties of macrophages, thereby protecting human endometrial stromal cells (HESCs) and
enhancing their proliferation. In a rat endometrial injury model, HME treatment regulated the uterine inflammatory
microenvironment, suppressed M1 macrophage expression and further promoted the endometrial repair. In conclusion,
HME hydrogel offers a novel and effective therapeutic approach for IUA, with potential clinical implications for women of

reproductive age.

1. Introduction

Intrauterine adhesion (IUA), which is an important cause of
female infertility, refers to the condition that the basal layer of
endometrium is damaged, replaced by inactive fibrotic tissue.!
The clinical treatment for IUA is hysteroscopic adhesiolysis
combined with physical barriers such as intrauterine devices,
uterine balloons, along with oral drug therapy of estrogen.

The primary biological processes for the repair of

endometrium include influx of inflammatory cells, re-

epithelialization and remodeling of the ECM.? Traditional
clinical treatments only focus on the physical isolation, thus
failing to regenerate endometrium radically. While the cutting-
edge researches regarded immune regulation and remodeling of
endometrial tissues as critical factors, and have developed stem
cell therapy.?# In our previous research?, a construct of umbilical
cord-derived mesenchymal stromal cells (UC-MSCs) laden
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collagen scaffold (CS/UC-MSCs) was applied for IUA
treatment, where UC-MSCs can exert effects through paracrine
action, resulting in favorable efficacy on IUA. In case of side
effect resulting from differentiation of stem cell, afterwards
researches applied acellular therapy such as introducing
derivatives of stem cells in IUA. For example, on the basis of
CS/UC-MSCs we ulteriorly replaced UC-MSCs with exosome
(Exos) secreted by UC-MSCs through paracrine action and
obtained CS/Exos°®, which could take effect more effectively and
safely. However, the transformation cycle of active factor
therapy is long and costly, so new methods still need to be
developed.

The main pathogenesis-based cause of IUA is mechanical
injury of the endometrium.” After suffering damage, the
endometrial microenvironment produces excessive reactive
oxygen species (ROS). Elevated levels of ROS may disrupt the
endogenous antioxidant system, contributing to oxidative stress,
triggering abnormal inflammatory responses,® and further
inducing the aggregation of immune cells such as macrophages
and releasing inflammatory cytokines, for instance, IL-13 and
TNF-0.% 10 If the transition from the inflammatory stage to the
proliferative and remodeling stage does not occur in time,
functional loss of the endometrium may occur.! Therefore,
alleviating excessive ROS can effectively achieve the purpose of
regulating immune inflammatory responses.
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ROS-scavenging biomaterials are an effective therapeutic
approach to alleviate oxidative stress damage. Some studies have
modified biomaterial systems and added active antioxidant
Scheme. Schematic diagram of the hollow MnO, nanozymes
empowered injectable hydrogel (HME) for the endometrial
repair on IUA.

molecules to endow them with antioxidant capacity.'!- 12 Another
more controllable strategy is to prepare nanozyme composite
material systems.! 4 Nanozymes are inorganic nanomaterials
that can simulate the multiple catalytic abilities, compensating
for the poor stability and single antioxidant property of other
methods, thus having research potential. The common types of
nanozymes mainly include metal-based (Mn-based'> and Ce-
based!® nanostructures), carbon-based (carbon quantum dots!”)
and metal-organic framework (MOF)-based (ZIF-8'%)
nanozymes.!” Nanozymes have been proven effective in
numerous inflammatory diseases, for instance, myocardial
injury?® 2! and inflammatory bowel disease?> 23. However,
researches involving nanozymes in the field of reproductive
repair, which deserve exploration, are relatively limited.
Residence time of nanozymes in uteri is relatively short in
comparison with the requirement. Hence, many studies have
combined drug-loaded nanozymes with carriers to prolong the
treatment time. Compared with the clinical materials, injectable
hydrogel has advantages such as appropriate mechanical
modulus, shape adaptability, and injectability. In our previous
study?*, covalently cross-linked hyaluronic acid (HA) hydrogel
was prepared through the Diels-Alder (D-A) reaction, and UC-
MSCs were loaded into the hydrogels, successfully achieving
injectability and promoting endometrial regeneration. The D-A
reaction is a type of click reaction, which requires simple
reaction conditions and does not produce by-products,

2| J. Name., 2012, 00, 1-3

demonstrating unique bioorthogonality. HA is ap, impostant
component of the extracellular matrix PAHd OHEPIAIEEMERISRH
physiological functions in the body, which is often used as an
adhesion barrier after surgery.?s 26

In this study, a collaborative delivery therapy platform was
prepared for the adjustment of the uterine microenvironment and
further remodeling of endometrial functionalization after I[UA.
First, we designed hollow MnO, nanoparticles (NPs) with
enzyme-like activities and loaded drug B-estradiol (E2) to
prepare MnO,@E?2 NPs. E2 is a type of natural estrogen, which
possesses strong biological activity of promoting endometrial
proliferation angiogenesis, which has been widely applied in the
treatment of TUA.2”-2° Then, MnO,@E2 NPs were mixed with
maleimide-modified hyaluronic acid (HA-A) and methylfuran-
modified hyaluronic acid (HA-F), and injected into the uterus by
minimally invasive method to form hydrogel in situ. In vitro and
in vivo experiments have revealed that in the active phase of
inflammation, while the system served as a physical isolation
barrier, MnO, eliminated excessive ROS, inhibited abnormal
inflammatory responses by decreasing M1 macrophage
polarization. Besides, the sustained-release E2 from the hydrogel
promoted the later recovery of physiological functions. The
hydrogel realized in situ drug administration and covered the
entire immune stage, achieving precise treatment in both spatial
and temporal dimensions. The nanozyme-empowered hydrogel
provides a novel strategy for the structural and functional repair
of the endometrium after IUA, and has the value of further
research.

2. Experimental section
2.1. Synthesis of MnO, and MnO,@E2 NPs

SiO, NPs were synthesized by hydrolyzing TEOS using the Stober
method?®® and the synthesis processes of MnO, and MnO,@E2 NPs
were described in the supplementary information.

2.2. Preparation and characterizations of HME hydrogel

HA-A and HA-F were prepared in accordance with the reported
method?* which was displayed in the supplementary information.

The degree of substitution of maleimide or methylfuran groups
was determined by proton nuclear magnetic resonance spectroscopy
("H NMR, AVANCE II 500, Bruker, Germany). 3.5 wt% HA-A and
HA-F solutions (1:1, v/v) and MnO,@E2 mother liquor were mixed
at 37 °C to form hydrogel. The hydrogel without nanoparticles was
named as H, the hydrogel with MnO, NPs was named as HM, and
the hydrogel doped with 200 pg/mL MnO,@E2 NPs was named as
HME200. Fracture morphology of the hydrogel was characterized by
SEM. The basic physicochemical properties of the hydrogels were
tested as followed.

Rheological properties: The hydrogels were scanned the
rheological behavior using a rotational rheometer (Mars 60, Haake,
Germany). Time scanning was performed to characterize the
crosslinking process with a 35 mm parallel plate, applying a strain
amplitude of 1% and a frequency of 1 Hz at 37 °C. Frequency
scanning was exerted with the diameter of 20 mm and the height of 2
mm under a 20 mm parallel plate with a strain amplitude of 1% and
a frequency range of 0.01-100 rad/s at 25 °C.

This journal is © The Royal Society of Chemistry 20xx
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Mechanical properties: The stress-strain curves of hydrogels
were measured by a mechanical testing machine (AGS-X-10kN,
Shimadzu, Japan), and the strain curves ranging 5-10% were
selected to calculate the compression moduli.

Drug release property: Hydrogel was added to dialysis bag
(Mw = 8-14 kDa), which was immersed in another 10 mL PBS (pH
=7.4,0.1% Tween 80), and incubated at 37 °C for 120 rpm (r). The
following steps were the same as those for the drug release test of
MnO,@E2 NPs.

2.3. Antioxidant properties

H,0, removal: Hydrogels were immersed in 100 uM H,0, (200 pL
hydrogel/mL) and incubated at 37 °C and 120 r for 4 h. The
following steps were the same as those of MnO,@E2 NPs.
Inhibition of *O,™: Hydrogels were immersed in the mixture of L-
methionine (65 mM), riboflavin (100 pM) and NBT (375 uM) (200
pL hydrogel/mL), irradiated with a white light lamp for 30 min. The
absorbance of supernatant was measured at 560 nm by Ultraviolet-
Visible spectrophotometer (UV-Vis, UH5300, Hitachi, Japan).
Scavenging of 1, 1-diphenyl-2-trinitrophenylhydrazine radical
(DPPH"): The hydrogels were immersed in 100 pM DPPH ethanol

solution (400 puL hydrogel/mL) and incubated at 37 °C, 120 r for 4 h.

The absorbance of supernatant was measured at 517 nm.
Scavenging of 2, 2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) radical cation (ABTS™"): The experiment was conducted
using the Total Antioxidant Capacity Assay Kit with ABTS method
(Beyotime, Shanghai, China). The hydrogels were immersed in the
ABTS working solution (250 pL hydrogel/mL) and incubated at

37 °C, 120 r for 30 min. The absorbance was measured at 734 nm.

2.4. Cell isolation and culture

All the procedures were approved by the Ethics Committee of Sir
Run Run Shaw Hospital, Zhejiang University School of Medicine
(ethics numbers: SRRSH202402295). Written informed consents
were obtained from all patients prior to tissue collection of human
endometrial stromal cells (HESCs). Endometrial samples were
collected from healthy women aged 2540 years old who underwent
hysteroscopic endometrial biopsy 3—7 days after the completion of
menstruation. HESCs were isolated from endometrial specimens
according to the previously reported method.?!

2.5. In vitro cytocompatibility

The cytocompatibility of hydrogels was evaluated by the cell
viability of HESCs cultured with the extraction of the hydrogel. The
extraction was prepared by soaking the hydrogel in DMEM/F12
medium (0.1 g hydrogel/mL) at 37 °C for 24 h. HESCs were
cultured with extraction at a seeding density of 8<103 cells per well
for 1, 2 and 3 d. At every preset time, the cell viability was tested by
Cell Counting Kit-8 (CCK-8, TargetMol, USA) and the absorbance
at 450 nm was measured by a microplate reader (Multiskan FC,
USA).

Bone marrow-derived macrophages (BMDMs) were extracted
from bone marrow of female C57BL/6 mice (6 weeks old) and
cultured in 1640 medium containing 20ng/mL granulocyte-
macrophage colony stimulating factor (GM-CSF, Novoprotein,
CKO02) for 5 days.

This journal is © The Royal Society of Chemistry 20xx
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Selection of H,O, concentration: HESCs were cultured with
medium containing 50 puM, 100 uM, 200 uM H,O, for 24 h. The cell
viability was tested by CCK-8 method.

The protective effect of HME on HESCs under H,O, condition:
After seeding and attachment, HESCs were cultured with the
hydrogels using a transwell system with DMEM/F12 medium
supplemented with H,O,. Experimental groups were set as followed:
(DControl group: no H,0, was added; (2)H,0, group: No treatment
was applied; 3)H group: 100 uL of H precursor solution; (4)HM
group: 100 pL of the HM precursor solution; (5)HME group:100 uL
of HME precursor solution. (The content of MnO, in HM and HME
groups was the same, and the same was true in the following
experiments.) After 3 days, the cell viability was tested by CCK-8
method.

Intracellular scavenging of ROS: After seeding and attachment in a
6-well plate, HESCs were cultured with the hydrogels using a
transwell system with 2 mL/well medium supplemented with 100
uM H,0,. The experimental groups were the same as above, and the
volume of the hydrogel precursor solution was 200 uL. After
culturing at 37 °C for 24 h, medium containing 2.5 puM CM-
H,DCFDA probe (Beyotime, Shanghai, China) was added and
incubated at 37 °C in the dark for 30 min. Subsequently, HESCs
were trypsinized and centrifugated for detection by a flow cytometer
(Cyto FLEX, Beckman Coulter, USA).

Intracellular reduction of oxidative stress damage: HESCs were
seeded in a 12-well plate pre-laid with cell climbing sheets. HESCs
were cultured with the hydrogel in a transwell chamber under the
condition of 100 uM H,0, for 24 h. Groups were set as the
experiment of intracellular ROS scavenging. After fixation and
blocking, cells were incubated with 4-Hydroxynonenal primary
antibody (4-HNE, 1:50, Invitrogen, MAS5-27570), Alexa Fluor 488
labeled goat anti-mouse secondary antibody (1:500, Invitrogen, A-
11029) and Hoechst (1:500, Invitrogen, H3570) in turn.
Fluorescence images were photographed under a confocal
fluorescence microscope (CFM, LSM800, Carl Zeiss, Germany).

2.7. Intracellular regulatory effect on the phenotype of
macrophages

BMDMs were treated with hydrogels using a transwell system for 6
h, followed by the addition of 200ng/mL LPS to induce an
inflammatory model (M1) for 18 h. Experimental groups were set as
followed: (1)Control group: no LPS was added; (2)LPS group: No
treatment was applied; @H group; @HM group; @HME group.
The following experimental methods were adopted to characterize
their properties.

Flow cytometry: Cells were stained with antibodies including
anti-Mo F4/80 FITC (eBioscience, 11-4801-82), anti-Mo CD86
(eBioscience,12-0862-82) and anti-Mo CD206 PE-Cy7 (Biolegend,
141720) to detect the macrophage phenotypes.

Quantitative polymerase chain reaction (qPCR): Total RNA
was purified from BMDMs using TRIzol (Vazyme, Nanjing, China).
1 g RNA was reverse transcribed with HiScript II Q RT SuperMix
for gPCR (Vazyme, Nanjing, China), and qPCR was performed
using 2 X ChamQ Universal SYBR qPCR Master Mix (Vazyme,

J. Name., 2013, 00, 1-3 | 3
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Nanjing, China) on the CFX96 and CFX384 systems (Bio-Rad,
USA). Primer sequences were listed in Supplementary Table S1. The
relative expression levels were quantitatively determined by the 2-
AACT method.

Western blot (WB): Ice-cold radioimmunoprecipitation assay
(RIPA) lysis buffer (Solarbio, Beijing, China) supplemented with
1% phenylmethanesulfonyl fluoride (Beyotime, Shanghai, China),
protein phosphatase inhibitor (Solarbio, Beijing, China), and
protease inhibitor mixture (Solarbio, Beijing, China) were applied on
BMDMs to obtain protein samples. Protein samples were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride membranes. Membranes were
blocked with 5% skim milk, incubated with primary antibodies
including nuclear factor-kB (NF-kB, 1:5000, Proteintech, 80979-1-
RR), phosphorylated NF-kB p65 (Ser536) (p-NF-«B, 1:1000, Cell
Signaling Technology, 3033) and GAPDH (1:5000, Proteintech,
60004-1-Ig) overnight at 4 °C, and then incubated with horseradish
peroxidase (HRP) conjugated goat anti-rabbit secondary antibody
(1:5000, Jackson ImmunoResearch, 111-035-003) after washing.
Protein bands were visualized by enhanced chemiluminescence
(Millipore, USA), and photographed with a ChemiDoc Touch
Imaging System (Bio-Rad, USA).

2.8. In vitro cell proliferation assay

The proliferation of HESCs was investigated by culturing with
hydrogels in a transwell chamber by CCK-8 assay. HESCs were
seeded in a 24-well plate at a density of 1x10* cells/well and
cultured for 24 h at 37 °C. Experimental groups were set as
followed: (1)Control group; (2)H group; 3)HM group; (4)HME
group. At every preset time, the cell viability was tested by CCK-8
method.

2.9. In vivo establishment of a rat endometrial damage model

Animal experiments were approved by the Animal Ethics Committee
of Zhejiang University and the Ethics Committee of Sir Run Run
Shaw Hospital, Zhejiang University School of Medicine (ethics
numbers: SRRSH202402295). All experimental female Sprague
Dawley rats (SD rats, 250 g, 9 weeks old) were purchased from
Zhejiang Academy of Medical Sciences. SD rats were
intraperitoneally anesthetized and disinfected with iodophor. An
incision was made along the ventral midline to find the uterus. An
incision of the uterine horn was made close to the vagina, and the
other end close to the ovary was secured with hemostatic forceps.
95% ethanol was injected and filled the uterine horn, lasting for 90 s.
Subsequently, the uterine horn was thoroughly rinsed with PBS. The
rats were divided as followed: (1)Natural repair (NR) group: No
subsequent treatment was given after injury; 2)H group: 100 pL
hydrogel precursor solution was injected; (3)HM group: 100 pL
hydrogel precursor solution containing MnO, NPs; (4)HME group:
100 puL hydrogel precursor solution containing 200 pg/mL
MnO,@E2 NPs. Since we highlighted holism of MnO,@E2 NPs
and the efficacy of E2 in IUA has been confirmed and widely
recognized, no additional E2 group was set in animal experiments.
After treatment, the wound was sutured.

4| J. Name., 2012, 00, 1-3

2.10. Histological, immunohistochemical and immunoflyarescence
evaluation DOI: 10.1039/D6BM001098B

SD rats were euthanized and uterine tissues were collected for
paraffin embedding. Histological evaluation included H&E staining
and Masson’s trichrome staining, immunohistochemical staining of
estrogen receptor (ER, 1:1000, Abcam, ab32063) and
immunofluorescence staining of F4/80 (1:2000, Proteintech, 29414-
1-AP), CD86 (1:200, Proteintech, 13395-1-AP), CD163 (1:100,
Proteintech, 16646-1-AP) and 4-HNE (1:400, Abcam, ab46545)
were analyzed by Image J.

2.11. Fertility test

To evaluate the effect of HME hydrogel on fertility recovery, 42
female SD rats were employed for the experiment. The endometrial
injury model was established on the right uterine horn which was
further treated while the left horn with no extra treatment was set as
the normal control group. After 45 days of repair, all female SD rats
were mated with proven fertile male SD rats. The appearance of
vaginal plugs indicated gestational day (GD) 1 and the rats were
euthanized at GD 16. The number of embryos and the pregnancy rate
of rats were analyzed.

2.12. Real-time quantitative polymerase chain reaction (RT-qPCR)

Total RNA of uterine samples at 3 d and 7 d after the operation was
extracted and reverse transcribed into cDNA using All-in-One First-
Strand cDNA Synthesis SuperMix for qPCR Kit (TransGen Biotech,
Beijing, China). The quantitative PCR reaction was determined
using SYBR Green qPCR Master Mix Kit (APExBIO, USA). With
GAPDH as the internal reference, the relative expression levels were
quantitatively determined by the 2-2ACT method. Primer sequences
were listed in Supplementary Table S2.

2.13. Statistical Analysis

The data (presented as mean + SD) were evaluated by one-way
analysis of variance (ANOVA) following Tukey’s post hoc test, and
Fisher’s exact test was applied to analyze fertility result of relative
embryos implantation using GraphPad Prism. Significance levels
were set as * for p < 0.05, ** for p <0.01, and *** for p < 0.001.

3. Results and discussion
3.1. Characterizations of MnO; and MnO,@E2 NPs

Firstly, TEM and SEM images (Fig. 1A) showed that MnO, NPs
possessed a rough hollow spherical structure with an average size of
182.8 nm. XPS fine scanning of the Mn2p and Mn3s orbital of
MnO, NPs (Fig. 1B and S1A) revealed two binding energy peaks at
653.2 eV and 641.5 eV, corresponding to the Mn2p;; and
Mn2p;/,.3% 33 Combined with FT-IR spectrum (Fig. S1B) and XRD
pattern (Fig. S1C), the NPs were identified as MnO,. The nitrogen
adsorption-desorption isotherm and the pore size distribution plot
(Fig. 1C) proved that there were mesopores with average size of 10.6
nm in MnO,. The presence of mesoporous and hollow structures
increased the specific surface area of NPs, which was conducive to
the efficient loading of drugs.

This journal is © The Royal Society of Chemistry 20xx
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After drug loading, MnO,@E2 NPs were obtained. TEM (Fig.
1D) and SEM (Fig. S2) images showed that the morphology
remained same as MnO, NPs. MnO,@E2 NPs had a particle size of
309.9 nm and a zeta potential of -22.9 mV (Fig. 1E). Fig. 1F and
Fig. S1B revealed the successful loading of E2. In order to filter the
optimal condition, drug loading properties were tested (Fig. 1G).
Considering the utilization rate of E2, feeding ratio of 1:1 was finally
selected while loading efficiency of MnO,@E2 NPs was 32.7% and
the encapsulation efficiency was 48.7%. H,0, and O, are
important ROS induced oxidative stress, thus tests about scavenging
ability of them were conducted. Fig. 1H and I displayed that MnO,
NPs and MnO,@E2 NPs showed good concentration-dependent
scavenging ability. The drug release profile of MnO,@E2 NPs in
neutral environment (Fig. 1J) showed E2 released rapidly initially,
gradually slowed down and entered the plateau phase of 51.1%,
proving that MnO, NPs was a good nanocarrier for sustained release.

3.2. Characterizations of HME hydrogel

The '"H NMR spectra (Fig. S3) showed that the degree of
substitution of HA-A and HA-F were 33% and 39%. Fig. 2A showed
that the precursor solution was injectable before gelation through the
D-A reaction. From the SEM images (Fig. 2B and S4), H and HME
exhibited three-dimensional network structure with uniform pore
size, and the increase in the proportion of M, N, and C elements of
HME also confirmed the incorporation of MnO,@E?2 NPs.
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Fig. 1. Characterizations of MnO; and MnO,@E2 NPs. A) TEM, SEM
and EDS elemental mapping images of MnO; NPs. B) XPS spectrum
of Mn2p of MnO; NPs. C) Pore-size distribution curve (inset) and N,
adsorption/desorption isotherm of MnO; NPs. D) TEM image of
MnO,@E2 NPs. E) Particle size and zeta potential of SiO,, MnO; and
MnO;@E2 NPs (n = 3). F) UV-vis spectra of MnO; NPs, E2 and
MnO,@E2 NPs. G) E2 loading properties in MnO, NPs at different
MnO,:E2 feeding weight ratios (n = 3). H) H,02 and |) ¢O,~
scavenging efficiency of MnO, and MnO,@E2 NPs (n = 3). J) In vitro
E2 release property of MnO,@E2 NPs in neutral environment (n =
3).

In order to achieve the injectability, the precursor solution is
required to crosslink rapidly under physiological environment.
Therefore, the time scanning test (Fig. 2C) of rheological properties
was first carried out, showing the storage modulus (G') and the loss

This journal is © The Royal Society of Chemistry 20xx
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modulus (G") of the precursor solution started from a spalk yalvug, ine
with G' < G", where the system exhibited flund2like Ehdeeeristiiso8
As the reaction went on, the time point of G' = G" was defined as the
gelation time (t.)**, which represented the system transformed to
solid-like behavior.3® The t. of hydrogel was about 7 min. Fig. 2D
showed that G' was greater than G", independent of the applied
frequency, which marked the formation of hydrogel.*
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Fig. 2. Characterizations of HME hydrogel. A) Injectability and
gelation process. B) SEM and EDS elemental mapping images of
HME hydrogel. C) Time sweeping and D) frequency sweeping tests.
E) Stress-strain curves and F) compression moduli (n = 3). G) H20,,
H) 0,7, 1) DPPH* and J) ABTS* scavenging efficiency (n = 3). K) Cell
viability of HESCs cultured with the hydrogel extracts (n=3). L) In
vitro E2 release properties from HME hydrogel in neutral
environment (n = 3).

The designated application scenario is uterine cavity, while the
elastic modulus of endometrium is about 250 Pa.?¢ The mechanical
tests in Fig. 2E showed that as the strain increased, the stress also
increased. The compression modulus of H was 15.8 kPa, and that of
HME was 14.6 kPa (Fig. 2F). Compared with intrauterine devices
and scaffolds in IUA treatment, HME hydrogel performed closer
mechanical properties to usage scenario and reduced the
compression of tissues.

The swelling ratios of H and HME (Fig. S5) indicated that
hydrogel had excellent swelling property, which indicated the
potential to absorb excess tissue exudate in vivo.

3.3. Antioxidation properties, drug release behavior,
cytocompatibility and degradation properties of HME hydrogel

The formula of HA-A and HA-F in HME hydrogel referred to the
previous work?*. Additionally, it is necessary to optimize better
antioxidant capacity on the basis of biocompatibility, mainly by
adjusting the concentration of MnO,@E2 NPs for the treatment of
IUA.
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Firstly, the antioxidant properties of HME were examined from
multiple aspects. Fig. 2G-J showed that the hydrogels had
scavenging abilities on H,O,, *O,~, DPPH* and ABTS"* with a
concentration dependent growth of MnO,@E2 NPs. It could be
concluded that H itself had certain antioxidant properties on H,O,,
DPPH* and ABTS"*, which might be attributed to the reduction
properties conferred by the modified groups of HA. There were
significant differences among the methacrylated hyaluronic acid
hydrogel (HAMA) group, H group and HME group on H,0,
scavenging (Fig. 2G). The addition of MnO,@E2 NPs significantly
enhanced the *O,~ scavenging ability of the hydrogel (Fig. 2H).
DPPH* and ABTS"" are free radicals often used to detect the
antioxidant properties of hydrogels, which were explored
subsequently. The scavenging rate of DPPH" for all groups reached
70%, and the scavenging rate of ABTS"" for HME200 was 86.5%,
which further indicated that the incorporation of MnO,@E2 NPs
was beneficial to improve the antioxidant properties of the
hydrogels.

We demonstrated the biocompatibility of the hydrogel through
cytotoxicity firstly for further application in vivo. The results (Fig.
2K) showed that there were no significant differences among the
groups at 1 d and 2d. Though the P-value between control and
HME300 group was less than 0.05 at 3d, HME generally
demonstrated good cellular safety.

On the basis of above experimental results, HME200 was finally
selected as the subsequent experimental group and abbreviated as
HME in the following text.

The hydrogel was anticipated for implantation without secondary
surgery, which meant the degradation properties were of great
significance. Under the influence of hyaluronidase, HME gradually
disintegrated and degraded completely at 30 d (Fig. S6A). Fig. S6B
showed that MnO,@E2 NPs in HME could be decomposed to
soluble Mn?*, and the decomposition rate of MnO,@E2 NPs
significantly accelerated under the condition of 100 uM H,0,, pH =
5. It indicated that HME hydrogel owned appropriate degradation
properties and could be excreted from the body.

E2 was loaded in the hydrogel for long-term release to promote
endometrial repair, and its release kinetics curve could reflect its
effective treatment duration. The E2 release trend of HME in neutral
environment (Fig. 2L) was the same as that of MnO,@E2 NPs, but
the sustained-release was more effective and reached the plateau
later. The sustained-release platform superposition of hydrogel and
MnO, NPs was beneficial to reduce the biological toxicity and
prolong the effect time in vivo.

3.4. Intracellular antioxidation properties, regulatory effect on
the phenotype of macrophages and cell proliferation of HME
hydrogel

To select the effective concentration of H,O,, the cell viability of
HESCs under different H,O, concentrations was first investigated.
Results (Fig. S7A) showed that cell viability was dose-dependent of
H,0,. The P-values between HME 100, 200 and the control group
were all less than 0.001. Therefore, 100 uM was ultimately chosen
as the experimental condition. Furthermore, Fig. S7B showed that
HME was conducive to maintaining the cell viability of HESCs
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under H,O,, whose effect was generally dependent on the, A icic oniine
concentration of MnO,@E2 NPs. DOI: 10.1039/D6BM001098

The antioxidant properties of HME have been verified previously
and further investigated at the cellular level in this section. First, the
ability of the hydrogels to scavenge intracellular ROS was tested.
Representative images of ROS positive rate of HESCs and the
quantitative analysis (Fig. 3A and C) illustrated that the levels of
ROS in H, HM, and HME groups decreased in turn compared with
H,0, group, manifesting that the ability of ROS scavenging in the
hydrogel groups increased, especially in HM and HME groups
attributed to MnO, nanozymes.

Moreover, the degree of oxidative stress damage caused by ROS
to HESCs was evaluated by immunofluorescence staining of 4-HNE.
4-HNE is a marker of lipid peroxidation and cytotoxicity induced by
oxidative stress.3” Representative confocal fluorescence images and
the relative fluorescence intensity (Fig. 3B and D) showed that
oxidative stress model was successfully established and the
fluorescence intensity of HME group weakened, indicating it could
protect cells from oxidative stress damage.

The intracellular ROS scavenging experiment simulated the
environment of high concentration of ROS, while the intracellular
oxidative stress damage reduction experiment further simulated the
cell conditions after oxidative stress, which was an extension of the
former experiment in the time dimension. It could be concluded that
the hydrogels had a certain degree of intracellular antioxidant
capacity, which protected HESCs from damage of ROS.

To further evaluate the effect of the hydrogels on the phenotype
polarization, the expressions of CD86 (marker for M1 phenotype)
and CD206 (marker for M2 phenotype) on the surface of BMDMs
were detected by flow cytometry analysis (Fig. 3G). A significant
decrease in the ratio of CD86"CD206- macrophages (Fig. 3E) and an
increase in the ratio of CD86-CD206* macrophages (Fig. 3F) of the
hydrogel groups, especially HM and HME, compared with LPS
group were observed. Specifically, Fig. S8 showed similar trends in
CD86 and CD206 positive cells, while expressions of CD206 of
hydrogel groups were lower than LPS group. Ulteriorly the
expressions of CD86, pro-inflammatory cytokines (IL-6, IL-1B),
CD206 and anti-inflammatory cytokines (IL-4, IL-10) were analyzed
by qPCR (Fig. 3H). The variation trends of each group in CD86 and
CD206 were consistent with those in the flow cytometry analysis.
The expression levels of IL-6 and IL-1$ of HME weakened
compared with LPS group, which revealed that HME was capable to
alleviate inflammation. Besides, there was no significant difference
in IL-4 and IL-10 between HME and control group. These results
proved that HME could inhibit pro-inflammatory responses and
achieve anti-inflammatory effects to a certain extent.

To explore the relevant signaling pathway regulating
macrophages, WB experiment of BMDMs was carried out. NF-kB is
a key mediator regulating innate and adaptive immune responses,
and may enhance the expression of pro-inflammatory cytokines.3%: 3
NF-«B usually refers to the inactive state that binds to inhibitor of
NF-«B (IkB) while p- NF-«xB indicates the activation of the NF-xB
pathway. Fig. 31 showed that the upregulation of p-NF-xB
expression of LPS group indicated that intracellular inflammation
was induced. The expressions of p-NF-kB were significantly
reduced after treatment with HM and HME hydrogels. While the
expressions of NF-kB of hydrogel groups relatively decreased

This journal is © The Royal Society of Chemistry 20xx


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6bm00109b

Page 7 of 11

Open Access Article. Published on 13 March 2026. Downloaded on 3/14/2026 4:35:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

compared with LPS group. In general, the role of HME in alleviating
the inflammatory response of M 1-phenotype BMDMs may be
achieved by regulating the NF-«B signaling pathway.

The effect of E2 on the proliferation of HESCs was examined.
Fig. 3] showed that at 2 d and 3 d, the cell viability of HME was
significantly better than that of HM, with no significant difference
with control group, which demonstrated that the introduction of E2
had a relatively proliferative effect on HESCs.

A

Control H,0, H HM
| . .

HME

SSC-A

DCF

Control H,0, H HM HME

NE-kB| - gy o= — ==

PNFB | o —-—

GAPDH | e e s —

Pap—.

Fig. 3. Intracellular antioxidation properties, regulatory effect on
the phenotype of macrophages and cell proliferation of HME
hydrogel. A) Representative flow cytometry plots of ROS positive
cells (%) of HESCs cultured with the hydrogels and C) quantitative
analysis (n = 4). B) Representative 4-HNE immunofluorescence
images of HESCs after different treatments and D) the quantified
analysis results (n = 3). E, F) Quantitative analysis of the ratio of
CD86 and CD206 positive cells (%) of BMDMs cultured with the
hydrogels (n = 3) and G) representative flow cytometry plots. H)
Relative expression of CD86, pro-inflammatory cytokines (IL-6, IL-
1B), and CD206, anti-inflammatory cytokines (IL-4, IL-10) of BMDMs
after different treatments (n = 3) by qPCR. I) Western blot analysis
of BMDMs with different treatments, including p-NF-«kB, NF-kB and
GAPDH. J) CCK-8 assay assessing HESCs proliferation with different
treatments (n = 4).
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3.5. HME hydrogel promoted endometrial repair ina rat. . o.

ne

endometrial damage model DOI: 10.1039/D6BM00109B

Methods for establishing endometrial injury model include
mechanical damages*, electrical burns and chemical damages*!.
Most methods are complex and unstable. However, 95% ethanol
perfusion can not only effectively induce the development of [UA
but also maintain the sample stability.*> Therefore, 95% ethanol
perfusion method was ultimately selected for use.

We firstly tested the biocompatibility of HME group in rats. Fig.
S9 showed that there was not distinct toxicity, inflammation or
edema indication in HME group compared with the control group,
which met the basic requirements for in vivo implantation.

A Immunomodulation result Fertility test
—_—
i 5 4 5 4 L 5
I T T T T T T
0d 3d Td 15d 304d 45d 61d
(GDD) (GD16)
¥ Endometrial damage
K & treatment Recovery result
B NR " HM HME C

& N

= F

w
%

HM HME

15d

Jd

Fig. 4. The endometrial repair in the rat endometrial damage
model. A) The diagram for animal experiment arrangement. B)
Representative images of H&E staining and quantitative analysis of
C) endometrial thickness (n = 5) and D) number of glands (n = 5) of
uteri at 15 d, 30 d and 45 d after different treatments. E)
Representative images of Masson’s trichrome staining and F)
quantitative analysis of endometrial fibrotic area (n = 6). G)
Quantitative analysis of ER positive area by immunohistochemical
staining (n = 6).

Furthermore, the uterine tissues were collected for histological
and immunohistochemical evaluation. The uterine tissue
morphology was shown in Fig. S10. /n vivo degradation profile of
HME (Fig. S11) showed that HME hydrogel gradually degraded and
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no hydrogel residue was detected at 45 d. In the later stages, the
blockage and edema caused by IUA in NR group was getting severe,
which did not exist in other groups. At 15 d, 30 d and 45 d, the
endometrial thickness of HM and HME slightly increased compared
to NR (Fig. 4B and C). There was a significant difference between
HME and NR at 30 d. At 45 d, HME and H were significantly
different, indicating that MnO,@E?2 NPs was beneficial for
promoting endometrial thickening through ROS eliminating and E2
release. Glands are important secretory structures in the
endometrium, which can secrete active substances and participate in
regulating the embryo implantation.*? Fig. 4D showed that hydrogels
increased the number of endometrial glands, and there were
significant differences in HME and NR at 15 d, 30 d and 45 d,
manifesting that HME could stimulate the formation of endometrial
glands. Besides, the fact that glands have not invaded the
endometrial myometrium proved that the phenomenon was not
pathological proliferation. Masson’s trichrome staining (Fig. 4E and
F) displayed that there were significant differences between each
experimental group and the NR group, revealing that the
implantation of the hydrogels was generally beneficial for reducing
collagen deposition and fibrotic area. ER is an essential secretory
structure in the endometrium, with which E2 binds and exerts
regulatory effect on uterine physiological activity.** After selecting
the endometrial tissue area with less influence of luminal and
glandular epithelium, Fig. S12 and 4G showed that the ER positive
area of HME had significant differences with NR, which meant that
HME was conducive to accelerating the regeneration of ER as the
repair proceeded. Overall, the above experimental results have
demonstrated in multiple dimensions that the composite hydrogels
have recovery effect on the structure and function repair of the
endometrium.

A NR H HM HME 13 w
2em T

Fig. 5. Effect of HME hydrogel on fertility recovery. (A)
Representative morphological images of the uterine horns and (B)
violin plots analysis of embryo number in right uteri after different
treatments at GD 16 (n = 11 in the NR group, n = 10 in the H group,
n =10 in the HM group, n = 11 in the HME group).

S

3.6. Effect of HME hydrogel on fertility recovery

Fertility recovery test is an important indicator to evaluate uterine
functional repair after [IUA. Therefore, the pregnancy rate and the
number of embryos in the right uteri of rats were checked at GD 16.
Fig. 5A was the representative images of the uterine horn of each
group. The left uterine horn as the control group achieved the
implantation of embryos, while the number of embryos in the right
uterine horn was affected by treatments, as shown in Fig. 5B and
Table S3. Compared with the NR of 9.1%, the right uterine
pregnancy rates of HM and HME increased, which were 40% and
45.5%. The number of right uterine embryos in HME also increased
compared with NR, reflected in the increase of relative embryos
implantation with significant difference, however, there was no

8 | J. Name., 2012, 00, 1-3

significant difference in right uterine embryo numbers. In, addition; .
the difference in abortion rate (Table S4) in fight WéFanneRg 001098
different groups is not significant. Generally, HME hydrogel might
be beneficial to fertility recovery of uteri to some extent.

3.7. In vivo immunomodulation of HME hydrogel

After the endometrial damage, excessive ROS will be produced,
forming an oxidative stress microenvironment, which causes harm to
HESCs. The oxidative stress microenvironment ulteriorly triggers
inflammatory responses and induces macrophages to M1 phenotype,
releasing inflammatory factors and intensifying local inflammatory
responses.

Therefore, the protective effect of the hydrogels on tissues under
oxidative stress condition was evaluated first. The expression of 4-
HNE at 3 d postoperatively was detected by immunofluorescence
staining. As shown in Fig. 6A and B, the relative fluorescence
intensities of H, HM and HME decreased to varying degrees,
showing significant differences from NR, which indicated that on the
basis of regulatory effect on oxidative stress of H, the addition of
MnO, and MnO,@E2 NPs further enhanced the ability of HM and
HME to protect tissues from oxidative stress damage.

A NR " HM HME B

Fig. 6. In vivo immunomodulation of HME hydrogel. A)
Representative immunofluorescence images of 4-HNE of HESCs
after different treatments and B) the quantitative analysis (n = 5). C)
Representative immunofluorescence images of macrophages co-
stained with F4/80 (green), CD86 (red), and CD163 (pink) at 3 d and
7 d after different treatments. Quantified statistical analysis results
of D) ratio of F4/80* cells and E) ratio of CD 163* cells relative to
CD86* cells (n = 5). Relative expression levels of cytokines (pro-
inflammatory cytokines: IL-6, IL-1B and TNF-a; anti-inflammatory
cytokines: IL-10, IL-4 and angiogenic factor: VEGF-A) in uteri at F) 3
d and G) 7 d after different treatments (n = 3).
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To evaluate the effect of the hydrogels on the phenotype
polarization of macrophages in the endometrium, the expressions of
F4/80 (marker for macrophage), CD86 (marker for M1 phenotype),
and CD163 (marker for M2 phenotype) at 3 d and 7 d after surgery
were detected by immunofluorescence staining. After collecting the
endometrial tissue area with less influence of luminal and glandular
epithelium, representative fluorescence images (Fig. 6C) and
analysis results (Fig. 6D) demonstrated that the fluorescence
intensity of F4/80 in HME enhanced compared to NR, which meant
HME might recruit macrophages. At 7 d there was a significant
difference of the proportion of CD163 cells to CD86 cells (Fig. 6E)
between HME and NR, underlining that HME could regulate
macrophages by increasing the ratio of M2 to M1 phenotype, which
might be conducive to the transition from the inflammatory to the
remodeling and regeneration phase of tissues.

To evaluate the effect of the hydrogels on cytokine secretion, the
relative expression levels of pro-inflammatory factors (IL-6, IL-18,
TNF-a), anti-inflammatory factors (IL-10, IL-4), and vascular
endothelial growth factor (VEGF-A) at 3 d and 7 d after surgery
were detected by RT-qPCR. As shown in Fig. 6F, the expression
levels of IL-6, IL-1p and TNF-a at 3 d in NR and hydrogel groups
(H, HM and HME) decreased generally, implying that the uterine
pro-inflammatory microenvironment was suppressed by the
hydrogels. However, anti-inflammatory factors and VEGF-A did not
show patterns. As shown in Fig. 6 G, the expression level of IL-6 of
HME at 7 d were significantly lower than those in NR, while IL-1f
and TNF-a in hydrogel groups were higher, which might be
attributed to the reason of foreign body reaction triggered by
incompletely degraded hydrogels. The expression of IL-4 of HM and
HME slightly increased. The complex expressions of cytokines were
associated with physiological environments and immune
mechanisms. Additionally, HME possessed the ability of promoting
the secretion of VEGF-A, resulting in the significantly higher
expression level compared with NR, indicating the pro-angiogenic
potential. In general, HME hydrogel had regulatory effect on the
secretion of cytokines.

Conclusions

In summary, from the perspective of pathogenesis of ITUA, we
constructed a MnO,@E2 NPs empowered injectable hydrogel
system to regulate the inflammatory microenvironment of the
uterus after [IUA. The hydrogel had an appropriate gelation time,
properties,
biocompatibility. In vitro experiments have demonstrated that

mechanical antioxidant  performance and
HME hydrogel could eliminate intracellular ROS, alleviate the
cellular damage under oxidative stress, regulate phenotype of
macrophages through NF-kB signaling pathway and promote the
proliferation of HESCs. In the rat endometrial injury model,
HME could regulate inflammatory responses and improve the
endometrial microenvironment to a certain extent through MnO,
in the inflammatory stage and releasing the drug E2 to stimulate
the regeneration and repair of endometrial structure, function,
and even influence the recovery of fertility. This hydrogel
integrating multiple functions demonstrates that there are
research and application prospects in [UA treatment from the

perspective of the pathogenesis.

This journal is © The Royal Society of Chemistry 20xx
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