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ABSTRACT: Asherman’s syndrome, which can occur during the regeneration of
damaged uterine tissue after surgical interventions, is a significant health problem in
women. This study aimed to acquire and characterize cyclodextrin-based hydrogels,
which can be used to prevent Asherman’s syndrome, and investigate their effectiveness
with biomedical applications. A series of hydrogels were synthesized from the cross-
linking of β-cyclodextrin and different polyphenols with epoxy-functional PEG. Their
chemical, physical, and biological properties were subsequently determined. The results
demonstrated that the cyclodextrin-based hydrogels had a porous structure, high swelling
ratio, good injectability, drug release ability, and antioxidant activity. Cell culture results
illustrated that the hydrogels had no significant cytotoxicity toward L929 fibroblast cells.
Considering all properties, the β-CD-PEG-600-Ec hydrogel showed the most satisfactory
properties rather than other ones. The potential of this hydrogel in preventing
Asherman’s syndrome was evaluated in a rat model. The results revealed that the β-
estradiol- and melatonin-loaded cyclodextrin-based multifunctional hydrogel group both structurally and mechanically showed an
antiadhesion effect in the uterus and a therapeutic effect on the damage with the β-estradiol and melatonin that it contains compared
to the Asherman (ASH) group. This double drug-loaded hydrogel can be a promising candidate for preventing Asherman’s
syndrome due to its versatile properties.

1. INTRODUCTION
Asherman’s syndrome, also known as intrauterine adhesions, is
one of the most common diseases in women.1−3 The general
consequences of Asherman’s syndrome are infertility, menstrual
irregularities, pelvic pain, and recurrent pregnancy loss.
Asherman’s syndrome may occur in many conditions that
require intrauterine surgery.1 During birth, cesarean, curettage,
removal of uterine cancer tissue, uterine fibroids, and polyp,
intrauterine bleeding, infections, removal of intrauterine cysts
(fibro cysts, fibroadenomas, chocolate cysts), and in post-
menopausal periods, damage in the uterine walls can occur
spontaneously4 (Figure 1a). The probability of these damages
increases considerably with age and weight gain in women. After
the operations performed in the uterus and ovary canal, cut areas
are formed. The resulting damage can lead to the destruction of
some layers of the endometrium and damage to the uterine
muscle layer.5 As these wounds heal, scar tissue forms (Figure
1b), and sometimes, because this area is too narrow, scar tissue
(scar crust tissue) adjoins and intrauterine adhesions may occur
(Figure 1c).1 Today, there is no treatment method other than
surgical intervention4 and hysteroscopy6 to treat and prevent
this negative case. The development of new methods, which will
provide an alternative to prevent any risks after surgical
interventions in the uterus, may help the treatment in the

relevant process. For example, designing an injectable hydrogel
and applying it to the relevant area (Figure 1d) to prevent
Asherman’s syndrome after surgery to be performed in the
uterus may prevent the uterine and ovarian ducts from sticking
together. In addition, the process can be completed when the
biodegradable hydrogel applied after tissue healing decomposes
and moves away from the relevant area (Figure 1e). In this way,
it is aimed to prevent or treat Asherman’s syndrome. Hydrogels
are cross-linked, hydrophilic, three-dimensional network poly-
mers that can hold significant amounts of water.7 They are
widely used in the pharmaceutical and biomedical fields due to
their excellent and tunable chemical and physical properties.8−14

The hydrogel structure to be obtained can be considered a safe
method that can be used as a precaution to prevent Asherman’s
syndrome in many cases such as birth, cesarean section,
curettage, removal of uterine cancer tissue, uterine fibroids,
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polyp, and intrauterine cysts, intrauterine bleeding, and
intrauterine examinations.15

Treatment approaches with the hydrogel for uterine diseases
and injuries are limited in the literature. In these studies,
hydrogels containing poly(vinyl alcohol)/carboxymethylcellu-
lose,16 polyzene,17 (poly(ε-caprolactone)-poly(ethylene gly-
col)-poly(ε-caprolactone)),18 poly(amidoamine) dendrimer-
PEG,19 gelatin/PEG,20 chitosan,21 methylcellulose,22 lip-
osome,23 hyaluronic acid,24 17β-estradiol heparin-poloxamer,25
and chitosan-heparin hydrogel26 have been employed. Espe-
cially, to prevent intrauterine adhesion, different hydrogel
structures have been tried in many academic studies. However,
these studies are still continuing to find the most suitable
hydrogel structure. Especially high swelling of the hydrogel
structure to be applied may create a foreign body effect inside
the uterus.Moreover, if the hydrogel structure is toxic or allergic,
it may cause some serious problems. For this reason, studies
continue to find the most suitable hydrogel structure. Recently,

gel structures such as heparin-poloxamer, aloe/poloxamer,
collagen, and hyaluronic acid have been used to prevent
intrauterine adhesion.25−32 However, no literature has been
found on cyclodextrin-based hydrogels to prevent uterine
damage and associated Asherman’s syndrome.
Here, biocompatible, injectable, with good antiadhesion

barrier ability, drug-releasing, antioxidant cyclodextrin-based
hydrogels to be used to prevent possible Asherman’s syndrome
after intrauterine surgery have been proposed. These hydrogels
contain β-estradiol and melatonin-loaded cyclodextrin-based
hydrogels that can eliminate oxidative stress in the uterine,
improve uterine damage, and prevent intrauterine adhesions.
First, hydrogels were prepared using epoxy-functional PEG, β-
cyclodextrin, and different polyphenols. The hydrogels’
structural, morphological, and thermal characterizations were
confirmed by FTIR, SEM, and TGA-DSC techniques,
respectively. Their swelling ratio, injectability, in vitro
biocompatibility, drug release properties, and antioxidant

Figure 1. Formation of Asherman’s syndrome and the hydrogel treatment method.

Figure 2. (A)Design of an experimental Asherman rat model and schematic representation of hydrogel treatment. (B) Schematic representation of the
hydrogel structures.
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activity were evaluated, and their most promising application
formulation was determined for in vivo studies. Then, the drug-
loaded hydrogel was injected into the uterine horns of rats
created with Asherman’s syndrome (Figure 2A), and its
potential in preventing Asherman’s syndrome was elucidated.
To the best of our knowledge, such a matrix containing the
cyclodextrin-based hydrogel has not been utilized to prevent
intrauterine adhesions yet. The aim of the study is to synthesize,
characterize, and determine the in vivo efficiency of cyclodextrin-
based hydrogels at different pore size and cross-linking ratios,
which can be used in postintrauterine surgical interventions and
reconstitution of damaged uterine tissue to prevent possible
intrauterine adhesions. Therefore, cyclodextrin-based injectable
hydrogels with mechanical barrier properties have been
synthesized to prevent the formation of Asherman’s syndrome
with this study. These hydrogel structures were prepared from
natural and nontoxic monomeric units in order to be injectable
into the uterine horns. The structures of these hydrogels consist
of PEG, polyphenols, and cyclodextrin groups as cross-linkers
(Figure 2B). For the synthesis of injectable, drug-carrying, and
mechanical barrier hydrogels, first the synthesis of epoxy
functional (diglycidylether) structures with the PEG structure
epichlorohydrin was carried out. In the second step, hydrogel
synthesis was carried out by interacting diglycidylether
structures with β-cyclodextrin and polyphenol structures. Two
basic pores were created in the structures of the synthesized
hydrogels to absorb melatonin and β-estradiol structures. In this
way, hydrogels will both prevent the formation of intrauterine
adhesions by acting as a mechanical barrier and will contribute
to wound healing by releasing the drugs they carry.

2. MATERIALS AND METHODS
2.1. Chemicals. PEG-600, β-cyclodextrin (β-CD), and

polyphenols (PPhs) [caffeic acid (CA), gallic acid (GA),
epicatechin (Ec), quercetin (Quer), and curcumin (Cur)]
used in the synthesis were purchased from Merck, TCI and,
Sigma-Aldrich, respectively. Melatonin and β-estradiol used for
drug release were acquired from TCI. Sodium hydroxide,
dimethyl sulfoxide (DMSO), 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT), disodium hydrogen
phosphate, and sodium dihydrogen phosphate were supplied
from Merck, and methanol and ethanol were obtained from
Sigma-Aldrich.
2.2. Synthesis of Hydrogels. PEG used in synthesizing

hydrogels had an average molecular weight of 600 g mol−1. A
two-step synthesis method was used to synthesize hydrogel
structures. In the first step, epoxy-functional PEG was obtained
from the reaction of the PEG-600, which will form a large part of
the hydrogel structure with epichlorohydrin. Then, in the
second step, ring-opening polymerization was performed with
epoxy-functional PEG, β-CD, and different PPh types (Figure
2B).
2.2.1. Synthesis of the Poly(ethylene glycol) 600 Diglycidyl

Ether Structure. Poly(ethylene glycol) diglycidyl ether (PEG-
600-DGE)was synthesized from the reaction of epichlorohydrin
and PEG-600. According to the method, 0.1 mol of PEG-600
was mixed with 0.6 mol of NaOH and 2.4 g of water. To this
solution, 0.6 mol of epichlorohydrin was added dropwise and
slowly at a temperature, not above 45 °C. Then, the mixture was
stirred for 2 h by adjusting the temperature to 40 °C. The
organic solution was filtered, washed with dichloromethane, and
concentrated in vacuum.34,35 1H NMR (CDCl3, 300 MHz): δ =
3.67−3.71 (m, 2H), 3.54−3.57 (m, 52.92H), 3.28−3.34 (m,

2H), 3.03−3.08 (m, 2H), 2.65−2.70 (t, 2H), 2.49−2.52 (m,
2H); 13C NMR (CDCl3, 75 MHz): δ = 71.86, 70.48, 50.70,
44.10; EA: C 54.11% (calculated 54.29%) and H 8.99%
(calculated 8.48%).
2.2.2. Determination ofMonomer Ratios and Temperature

Optimization in Hydrogel Synthesis. In order to optimize the
monomer ratios to be used before the synthesis studies, PEG-
600-DGE, β-CD, and PPhs were tested at different ratios. First,
the molar ratios of PEG-600-DGE, β-CD, and PPhs were
studied as 96:2:2, 90:3:5, 92:4:4, and 90/4/6 (Figure S1). The
determined optimummonomer ratio of PEG-600-DGE/β-CD/
PPhs was 90/4/6. The effect of temperature on hydrogel
synthesis was also investigated. The synthesis temperatures were
tested as 20, 30, 40, 50, 60, 70, and 80 °C (Figure S2). As a result
of this study, the desired hydrogel structure was achieved at 60
°C as the optimum temperature.
2.2.3. Synthesis of β-CD-Based Hydrogels. β-CD-based

hydrogels were obtained from the ring-opening polymerization
of PEG-600-DGE with β-CD and different PPhs. CA, GA, Ec,
Quer, and Cur were used as PPhs in the synthesis. The names
and contents of the synthesized hydrogels are presented in Table
1. The synthesis of the obtained hydrogels is given schematically

in Figure 2B. According to the synthesis method, 9.0 mmol
PEG-600-DGE was mixed with 0.6 mmol CA dissolved in
DMSO in the presence of concentrated NaOH solution for 1 h.
Then, 0.4 mmol of β-CD was added, and the reaction was
refluxed at 60 °C for 24 h. At the end of the reaction, different
colored hydrogels were obtained, they were washed with
distilled water and ethanol, and left to dry. The same procedure
was repeated with other PPhs to synthesize other hydrogels.36

All hydrogels obtained were dialyzed with ethanol and pure
water for 2 days and 5 days, respectively, to remove monomer
residues before analysis. A dialysis tubing cellulose membrane
(Sigma-Aldrich, avg. flat width 33mm,molecular weight cutoff =
14,000) was used for this procedure. Alcohol and water for
washing were replaced daily with fresh ones. Since dehydration
of hydrogels is difficult under normal conditions, they were first
frozen at −20° for 2 days and then lyophilized with a freeze-
dryer (Armfield) for 24 h.
2.3. Characterization of Poly(ethylene glycol) Digly-

cidyl Ether and Hydrogels. Fourier transform infrared
spectroscopy (FTIR; PerkinElmer Spectrum Two), Elemental
Analysis (EA; LECO CHNS-932 Analyzer), and nuclear
magnetic resonance spectroscopy (NMR; Bruker Avance 300)
techniques were used for the structural characterization of the
acquired epoxy-functional PEG structure. The FTIR spectra of
the samples were recorded in the wavenumber range of 400−
4000 cm−1. 1H NMR and 13C NMR analyses were performed at
300 and 75MHz, respectively. The structural andmorphological
characterizations of the hydrogels from PEG-600-DGE were
carried out using FTIR and scanning electron microscopy
(SEM; Leo-Evo 40 XVP), respectively. Their thermal features

Table 1. Names and Molar Ratios of the Hydrogels
Synthesized in the Study

PEG-600-DGE β-CD PPh PPh type

β-CD-PEG-600-CA 90 4 6 CA
β-CD-PEG-600-GA 90 4 6 GA
β-CD-PEG-600-Ec 90 4 6 Ec
β-CD-PEG-600-Quer 90 4 6 Quer
β-CD-PEG-600-Cur 90 4 6 Cur
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were determined by thermogravimetric analysis (TGA;
Shimadzu 50) and differential scanning calorimetry (DSC;
Shimadzu 60) analyses. TGAmeasurements of the samples were
carried out from 25 to 800 °C under an air atmosphere at a
heating rate of 10 °Cmin−1. DSC analyses were performed from
25 to 500 °C under a nitrogen atmosphere at a heating rate of 5
°C min−1.
2.4. Determination of Swelling Ratios and Injectability

of the Hydrogels. Before swelling studies, hydrogels were
dialyzed and dried using a freeze-dryer. Swelling studies were
performed in pH 7.4 phosphate buffered saline (PBS) at 37 °C.
Dry hydrogels were weighed asWd, immersed in PBS, and were
allowed to reach equilibrium for 48 h. At certain time intervals,
excess water on the swollen hydrogels’ surface was eliminated by
filter paper, and the hydrogels were weighed (Ws). The
percentage swelling of hydrogels was calculated according to
eq 1.19

= ×W W
W

swelling ratio (%) 100s d

d (1)

For the hydrogels’ injectability measurement, the samples
taken in certain amounts were allowed to swell in PBS. 18, 20,
22, 24, and 26 gauge needles were used during themeasurement.
Their injections were performed by filling the swollen hydrogels
into these syringe needles.37 Depending on whether the
hydrogels flowed from the needle or not, the most suitable
gauge needle for injection was determined. The injectability test
was carried out in PBS (pH 7.4) at 37 °C. Therefore, different
gauge sizes were used to select the most suitable needle. While
the thickest needle used is 18 gauge, the thinnest needle is 26
gauge.
2.5. Determination of In Vitro Biodegradability, Drug

Loading, Drug Release, and In Vitro Antioxidant Proper-
ties of the Hydrogels. In the study, first, 0.1 g of the hydrogel
samples were used for in vitro biodegradability studies. The
samples were incubated in 50 mM pH = 7.4 PBS buffer at 37 °C.
The samples were removed at certain time intervals, dried, and
weighed. Biodegradability levels were calculated from % lost
mass amounts.
Before the hydrogels’ drug loading and release studies were

carried out, solutions containing different concentrations of
melatonin and β-estradiol were prepared, and a calibration study
was performed. The hydrogels placed in dialysis bags were
separately immersed in an ethanol-PBS (1:10, v/v) solution
containing 0.25 mg mL−1 melatonin, ethanol-PBS-tween 80
(0.95:0.05:10, v/v) solution containing 0.1mgmL−1 β-estradiol,
and 0.25/0.1 mg mL−1 melatonin/β-estradiol solution at 37 °C.
After 24 h, the hydrogels were removed from the loading
solution. Their surface was rinsed with distilled water and dried.
The hydrogels containing melatonin were left in 20 mL of

ethanol-PBS solution at 37 °C for drug release studies. The
samples were withdrawn from the release medium at certain
times, and the absorbance of melatonin in the medium was
spectrometrically measured. Each withdrawn sample was
replenished with the same amount of fresh blank solution.
The amount of melatonin released was calculated with the help
of the calibration curve. The same procedures were repeated for
the release solution of β-estradiol, and the amount of released β-
estradiol was calculated.38 Absorbance values of melatonin and
β-estradiol were determined by reading by UV−vis spectropho-
tometer (UV-1601 Shimadzu, Japan) at 278 and 280 nm
wavelengths, respectively.39,40

The in vitro antioxidant properties with the free radical
scavenging effect of a melatonin-loaded hydrogel depending on
its release were investigated by 2,2′-diphenyl-1-picrylhydrazyl
(DPPH) assay. For melatonin-loaded hydrogel samples, the
release was performed in ethanol−water (1:10, v/v) solution
under stirring at +4 °C, and samples were withdrawn from the
release solution at regular intervals (0, 10, 30, 60, and 180 min).
16 mg of DPPH was dissolved in 100 mL of methanol. Samples
were added to the DPPH solution, and the absorbance of the
mixture was determined by reading against the blank at 517
nm.41

2.6. Determination of In Vitro Biocompatibility of the
Hydrogels. According to ISO-10993-5 (Biological Evaluation
of Medical Devices) standards, indirect cytotoxicity of the
hydrogel samples on mouse fibroblast cells (L929) was
determined with the MTT assay. First, the hydrogels were
washed with sterile PBS (pH 7.4) and exposed to UV light for 1
h to ensure sterility. DMEM was added to the samples and was
incubated under 5% CO2 at 37 °C for 72 h. During incubation,
fibroblast cells (5 × 104 cells/mL) were seeded in 96-well plates
and kept in an incubator containing 5% CO2 at 37 °C overnight.
After the incubation, the medium was removed from the
hydrogels, and the sample extracts were pipetted into the wells as
100 μL/well. Cells in the control group were treated with the
medium only. Plates were incubated in an oven for 24 h. After
incubation, the sample extracts were removed from the wells,
and fresh medium containing 10% MTT (5 mg mL−1, PBS)
solution was added. Plates were incubated in the dark for 4 h.
Then, the liquid part was removed from the wells, and 100 μL of
DMSO was pipetted into each well. The absorbance value in the
wells was measured at 540 nm using a microplate reader (Biotek,
USA). The data were expressed as a percentage of cell viability,
and the absorbances from the control wells were considered
100%.
2.7. Asherman’s Syndrome Model. Experimental animal

studies of the hydrogels were performed at Iṅönü University
Faculty of Medicine, Experimental Animal Production and
Research Center with the permission of the “Iṅönü University
Animal Experiments Local Ethics Committee” and the number
of 2015/A-27. Adult female Wistar Albino rats aged 9 months
(250−300 g) were used in the experimental modeling. Rats were
kept at a constant room temperature of 22 °C in a 12 h light and
12 h dark cycle. Rats were fed standard rat chow and tap water
throughout the experimental period without restriction. The
menstrual cycles of all rats were synchronized by taking vaginal
smears. The animals were divided into 6 groups (n = 8), and the
following procedures were applied to the animals in the groups.
In Group 1 (SHAM), the anterior abdominal wall and uterus of
the rat were opened by incision but closed without creating the
Asherman model. In Group 2 (ASH), in addition to the
procedures in Group 1, the Asherman model was created. In
Group 3 (ASH + HDJ), in addition to the procedures in Group
2, the hydrogel was injected into the uterus of the animals. In
Group 4 (ASH + HDJ + MEL), in addition to the procedures in
Group 2, the melatonin-loaded hydrogel was injected into the
uterus of the animals. In Group 5 (ASH + HDJ + EST), in
addition to the procedures in Group 2, the β-estradiol-loaded
hydrogel was injected into the uterus of the animals and in
Group 6 (ASH + HDJ + MEL + EST), in addition to the
procedures in Group 2, melatonin + β-estradiol-loaded hydrogel
injection was performed into the uterus of the animals.
Drug-loaded hydrogels were adjusted to contain 10 mg/kg

melatonin and 0.1 mg/kg β-estradiol daily. The rats were
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prepared for the operation under ketamine/xylazine anesthesia
(50 mg/kg) after the anterior abdominal wall was shaved and
stained with iodophor solution. Afterward, a vertical incision of
approximately 40 mm was made in the anterior abdominal wall,
midline, and the uterus was seen. In order to create the
Asherman model, an 18 gauge needle tip was separately inserted
to the right and left uterine horns from the cervix to the fallopian
tube. A wound was created by moving up and down. Wound
formation in the uterine horns in this model systemwas tested in
a pilot study and with histological findings. In the study, Group 2
was not treated, while Groups 3, 4, 5, and 6 were treated by
applying approximately 0.5 mL of the hydrogel (no-drug loaded,
melatonin, β-estradiol, and melatonin + β-estradiol) to each
horn (Figure 2A). The experiment was terminated under
sodium pentobarbital (50 mg/kg; intraperitoneal) anesthesia on
the 14th day following the formation of the Asherman model,
and uterine horns were harvested. Histological and biochemical
analyses were carried out on the tissue samples.
2.7.1. Histological Analysis. The uterine horn tissue samples

taken from the animals were fixed with 10% formaldehyde,
followed by routine histological procedures and embedded in
paraffin. Sections of 5 μm thick were taken from paraffin blocks,
and tissue sections were stained using hematoxylin-eosin (H-E),
periodic acid shiff (PAS), Masson trichrome (MT) staining
methods, and the preparations were examined with a micro-
scope and photographed with an image analysis system.
Histopathological damage parameters of the uterine horn
(epithelial damage, epithelial desquamation, congestion,
endometrial thickness, inflammation, and fibrosis) were scored
between 0 and 3 and assessed in 10 randomly selected areas
(×40 magnification) for each preparation. Accordingly, score 0,
score 1, score 2, and score 3 were classified as none (normal),
mild (0−25% damage), moderate (25−75% damage), and 3:
severe (>75% damage), respectively. All samples prepared for
histological measurements were examined and photographed
using a Leica DFC-280 light microscope and Leica QWin Image
Analysis System (Leica Microsystems Imaging Solutions Ltd.,
Cambridge, UK).
2.7.2. Immunohistochemical Evaluation. First, uterine

tissue samples taken from animals were routinely processed
and embedded in paraffin. Sections of 5 μm thick were cut from
paraffin blocks and stained with Ki-67, vascular endothelial
growth factor, and HOXA-10 antibodies. Preparations were
examined and photographed with a Leica 280 light microscope
and the Leica Q Win Image Analysis System (Leica Micro-
systems Imaging Solutions, Cambridge, UK). In evaluating the
immunohistochemical staining results, a semiquantitative
general evaluation was made by looking at the staining intensity
of surface epithelial and glandular epithelial cells and stromal
and vascular endothelial cells in three randomly selected regions
at 40× objective magnification. The intensity score was
determined as no staining: 0, weak: 1, medium: 2, strong: 3.
Data were summarized with median, minimum, and maximum
values. The Kruskal−Wallis test was used for group compar-
isons, and then the Conover method was used for pairwise
comparisons. The significance level was accepted as 0.05 in all
tests.
2.7.3. Biochemical Analysis. After homogenization and

sonification of tissues collected from the uterine horns of the
animals under appropriate conditions, supernatants were taken.
Then, in the tissue samples, activities of myeloperoxidase
(MPO),42 catalase (CAT),43 superoxide dismutase (SOD)44

enzymes, and total glutathione, (tGSH),45 nitric oxide (NO),

and MDA (lipid peroxidation)46 levels were biochemically
determined.
2.8. Statistical Analysis. Data for biochemical studies and

the in vitro biocompatibility test were expressed as mean ±
standard error. Statistical analyses were performed with
GraphPad 8 program using One-Way ANOVA test, and p <
0.05 was statistically considered significant. Histological scoring
data were expressed as median (minimum−maximum) values.
In comparison, the Kruskal−Wallis test and then the Conover
pairwise comparison method were used. Data were summarized
with the mean ± standard deviation, and One-Way analysis of
variance was used for comparison. The significance level was
accepted as 0.05 in all tests.

3. RESULTS AND DISCUSSION
Hydrogels were preferred in our study because of their key
characteristics for its usage in Asherman’s syndrome such as
biocompatibility, hydrophilicity, and slow drug release. In the
hydrogel structure, β-CD as a cross-linker, PEG as a
biocompatible and swellable polymer, and PPhs as oxidative
stress inhibitors were used. These hydrogels contain also β-
estradiol and melatonin that can eliminate oxidative stress in the
uterus, improve uterine damage, and prevent intrauterine
adhesions. There is only one study in the literature on CD-
based hydrogels, and it has aimed to treat cervical inflammation
using hydroxypropyl-γ-CD hydrogels.47 No studies were found
to prevent or treat Asherman’s syndrome using CD-based
hydrogels. There are limited studies involving hydrogels to
prevent or reduce Asherman’s syndrome in the current
literature. In these studies, attempts were made to prevent
adhesions using hyaluronic acid−based hydrogels,48−53 meth-
acrylated gelatin, methacrylated collagen composite hydro-
gels,54 and available spray gel kits.55 However, drug-loaded CD-
based hydrogels are also not available in the literature to prevent
uterine damage and Asherman’s syndrome. It has been
considered that these hydrogels containing melatonin56 and β-
estradiol57 to improve uterine damage, prevent intrauterine
adhesions, and eliminate oxidative stress in the uterus as a result
of damage may offer a significant advantage.
In the study, while designing the structure of hydrogels, polar,

linear, and water-soluble structures were preferred as monomers
to contribute to hydrophilicity. In the synthesis, CDs were used
to improve the drug carrier property by host−guest interaction
and to form a network structure with multiple bindings. Due to
biocompatibility, PPhs were utilized to increase the mechanical
barrier property of the hydrogel after degradation, while the
PEG structure was used to ensure intrabody safety and
flexibility. Their cross-linking and PPh ratios were kept low to
contribute the hydrogels to intrabody flexibility. In order to be
used easily in intrauterine applications, hydrogel structures with
high biocompatibility have been prepared not to create a feeling
of foreign body and obstruction in the applied structure. CD-
based hydrogels using epoxy-functional PEG and different PPhs
were synthesized, and their structural, thermal, morphological,
physical, biological, histological, and biochemical properties
were investigated using in vitro and in vivo studies. The structural
and thermal characterizations of the epoxy-functional PEG and
hydrogels are provided in the Supporting Information.
3.1. Structural Characterization of Poly(ethylene

glycol) 600 Diglycidyl Ether Structure. Before the synthesis
of the hydrogels, the poly(ethylene glycol) 600 diglycidyl ether
(PEG-600-DGE) structure from poly(ethylene glycol) 600
(PEG-600) and epichlorohydrin was confirmed using FTIR, 1H
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NMR, and 13C NMR, and the results are presented in Figures
3−5, respectively. According to the FTIR spectra (Figure 3), the
characteristic epoxide absorption peaks that are not found at
PEG-600 were seen as asymmetrical ring bending at 910 cm−1

and C−H bending at 759 cm−1 at PEG-600-DGE.34,35 In
addition, the epoxide peaks belonging to PEG-600-DGE were
symmetrical ring stretching at 1252 cm−1, C−H stretching at
2997 cm−1, and CH2 stretching at 3052 cm−1. These peaks

Figure 3. FTIR spectra of PEG-600 and PEG-600-DGE structures.

Figure 4. 1H NMR spectra of PEG-600-DGE.
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explained the binding of epichlorohydrin and proved that the
epoxy ring was closed. In addition, it was seen that the broad
hydroxyl peak around 3436 cm−1 belonging to PEG-600
disappeared after the formation of PEG-600-DGE. The
disappearance of this peak was another proof that the ring is
closed. The 1H NMR and 13C NMR data of the obtained epoxy-
functional PEG are given in Figures 4 and 5.

The 1H NMR and 13C NMR spectra of the obtained epoxy-
functional PEG structures are given (Figures 4 and 5).
According to the 1H NMR spectra, methylene and methine
groups in the PEG-600-DGE structure showed similar chemical
shifts. The characteristic peaks at 3.67−3.71 (m, 2H) and 3.28−
3.34 (m, 2H) ppm are thought to belong to methylene hydrogen
(c2 and c1). The peaks at 3.03−3.08 (m, 2H) ppm were the
methine hydrogen signal (b). The peaks at 2.65−2.70 (t, 2H)

Figure 5. 13C NMR spectra of PEG-600-DGE.

Figure 6. FTIR spectra of β-CD-PEG-600 hydrogels from different PPhs.
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and 2.49−2.52 (m, 2H) ppm were due to methylene hydrogen
(a2 and a1) (Figure 4). These results confirm that epichlorohy-
drin is chemically attached to both ends of the PEG chain.34

In the 13C NMR spectra, characteristic peaks in the PEG-600-
DGE structure are observed. In the 13C NMR results, after the
epichlorohydrin binding to PEG, distinct peaks belonging to C
atoms in the epoxy ring are observed at 44.10 ppm (a) and 50.70
ppm (b) (Figure 5).35,36

The PEG-600-DGE structure was obtained using a 2:1 ratio of
epichlorohydrin/PEG. In this way, hydrogel formation was
achieved at lower temperatures thanks to the epoxy-containing
PEG structure. In addition, the PPhs desired to be incorporated
into the hydrogel structure have bounded by covalent bonds
without decomposition. The synthesis of cyclodextrin-based
hydrogels was performed using epoxy-functional PEG, β-CD,
and different PPhs.
3.2. Structural and Thermal Characterization of the

Hydrogels. Hydrogel structures were synthesized using the
synthesized PEG-600-DGE structures and the monomer ratios
in Table 1. Their reaction yields were generally high, and
stability increased with the increasing cross-linking rate. First,
the resulting hydrogels were characterized by FTIR and thermal
analysis methods (TGA and DSC). The spectra of these

characterization are given in Figures 6 and 7, respectively. The
success of the polymerization was followed by FTIR spectros-
copy. According to the spectra, depending on the PEG groups in
the hydrogel structure, the aliphatic C−H stretching at 2840−
3050 cm−1, C−O−C etheric stretching at 1170 cm−1, and C−O
stretching vibrations at 1050 cm−1 were observed. The aliphatic
C−H shoulder peak at 2950 cm−1, free OH peak at 1650 cm−1,
C−H stretching peak at 1465 cm−1, and C−O−C peak at 1413
cm−1 originating from the β-CDwere observed. Peaks belonging
to PPhs were weaker because their ratio is less than PEG.
However, when the spectra were examined in detail, C−H and
C�C peaks originating from aromatic units were observed at
825 and 1505 cm−1, respectively. In addition, it was seen that the
C−H bending peak at 759 cm−1 and the asymmetrical ring
bending peak at 910 cm−1, which were the prominent peaks of
the epoxy ring, disappeared entirely in the spectra. These peaks
showed that the desired hydrogel structure was formed by
opening the ring. A large part of the hydrogel structure consisted
of PEG units in the hydrogels. The ratio of PEG during synthesis
was around 90%, so the change in the FTIR spectra were not
very clear. However, the swelling and elastic structure of the
product proved that the hydrogel was formed. Since most of the
hydrogel structures were structurally composed of PEG, peaks

Figure 7. TGA (a) and DSC (b) thermograms of β-CD-PEG-600 hydrogels from different PPhs.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03655
ACS Omega 2024, 9, 31957−31973

31964

https://pubs.acs.org/doi/10.1021/acsomega.4c03655?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03655?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03655?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03655?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


belonging to the −CH2−CH2−O−CH2 sequence were
generally seen in the FTIR spectra of hydrogels.
The thermal properties of β-CD-PEG-600 hydrogels with

different PPhs were examined with TGA and DSC analyses as
seen in Figure 7a,b. According to the thermal analysis results, it
can be stated that the thermal stability of all β-CD-PEG-600
hydrogels was around 300 °C. When the TGA thermograms of
the obtained hydrogels are examined, the TGA thermograms of
other hydrogels, except β-CD-PEG-600-GA, are seen to be
similar. However, two different mass losses were observed in β-
CD-PEG-600-GA and β-CD-PEG-600-Quer hydrogels. The
first mass loss is the mass loss caused by the removal of moisture
in the structure between 80 and 130 °C. The second mass loss is
due to the degradation of the hydrogel structure. In β-CD-PEG-
600-CA, β-CD-PEG-600-Cur, and β-CD-PEG-600-Ec hydrogel
structures, a basic mass loss is observed, which starts at
approximately 300 °C and completes at 420 °C. Although the
polyphenol groups bound to the structure are low in proportion,

they affect the thermal properties of the structures because
polyphenol groups change the cross-linking rates and affect the
pore structure, mechanical properties, and thermal stability of
polymers. The exotherm resulting from the degradation of the
hydrogel structure seen in the DSC curves of the hydrogel
structures is between approximately 310 and 400 °C. After 400
°C, another exotherm due to carbonization is observed. In the
DSC curves for β-CD-PEG-600-CA, β-CD-PEG-600-GA, β-
CD-PEG-600-Ec, β-CD-PEG-600-Quer, and β-CD-PEG-600-
Cur, degradation onset temperatures are around 320, 330, 370,
340, and 325 °C, respectively. The reason for this is that the
stability of the structure increases depending on the cross-
linking rate in the hydrogel structure. Since GA, Ec, and Quer
polyphenol structures carry more than two − OH groups, they
increased the amount of cross-linking and branching. Therefore,
hydrogel structures prepared with these PPhs (GA, Ec, and
Quer) are structurally more stable.

Figure 8. (A) General view of the hydrogels. (B) Time-dependent swelling images of β-CD-containing (β-CD-PEG-600-Quer) hydrogels. (C)
General views of β-CD-PEG-600-based hydrogels. (D) Injectability test images of hydrogel structures (β-CD-PEG-600-Cur) for 18, 20, 22, and 24
gauge needles. (E) % Swelling test results of β-CD-PEG-600 hydrogels from different PPhs. (F) SEM images of β-CD-PEG-600 hydrogels from the
different PPhs.
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3.3. Determination of Swelling Properties, Injectabil-
ity, and Morphological Structure of the Hydrogels. One
of the most critical stages of the study was the control of the
successful synthesis of the hydrogels. Their general appearance
was as in Figure 8A−C. The synthesized hydrogels were
obtained in a flexible, homogeneous, colorful, and rapidly
swelling form.
The basic monomeric units, PEG and , were colorless, and the

colored structures of the hydrogels were due to the various PPhs.
Since the colors of the hydrogels are not lost during washing,
swelling, and release stages, we understood that the PPhs are
covalently bound to the hydrogel structure. Hydrogel structures
prepared using only PEG and β-CD were light yellow, while
hydrogels prepared with PPhs were light yellow, yellow, or
orange. Since PEG has biocompatibility and high flexibility, it is
widely used in many biomedical applications and drug designs
today. For this reason, the PEG ratio was kept high in the
hydrogel synthesis. Furthermore, since the ring-opening
reaction occurs at low temperature, it was achieved to bind
the PPhs to the hydrogel structure without degradation. In the
study, five hydrogel structures were prepared using epoxy-
functional PEG-600, β-CD, and different PPhs. The structural
difference has been provided by diversifying these structures to
include CA, GA, Ec, Quer, and Cur. Hydrogel structures
obtained using β-CD, PEG-600-DGE, and different PPhs are
given in Figure 8C. These hydrogels were bright, homogeneous,
highly flexible, durable, and swellable. When they swelled, their
transparent appearances increased. They swelled and shrunk as
one piece. Their colors vary depending on the PPhs.
The aim of the study is to synthesize, characterize, and

determine in vivo efficiency of cyclodextrin-based hydrogels at

different pore sizes and cross-linking ratios, which can be used in
postintrauterine surgical interventions and reconstitution of
damaged uterine tissue to prevent possible intrauterine
adhesions. Therefore, cyclodextrin-based injectable hydrogels
(Figure 8A) with mechanical barrier properties have been
synthesized to prevent the formation of Asherman’s syndrome
with this study. The structures of these hydrogels are composed
of PEG, PPhs, and cyclodextrin groups as cross-linkers. Figure 8
shows the general structures, swelling test results, injectability
test images, and SEM images of these synthesized hydrogels. In
Figure 8A, it can be seen that the synthesized hydrogel structure
is flexible in the swollen state. In addition, it is clearly seen that
this swelling process is quite rapid and reaches the equilibrium
swelling structure in approximately 90 min (Figure 8B). In
Figure 8C images, it was seen that the hydrogels swell
homogeneously, and this high swelling behavior proved the
hydrogel structure of the material. These high swelling of
hydrogels is connected with the hydrophilicity of their
functional groups and the low cross-linking degree. The color
of the hydrogels originated from chromophore units of the PPhs.
Furthermore, the absence of any color during swelling in the
solution also indicated that the PPhs were covalently bound to
the hydrogels.
Hydrogels should be in an injectable form for application

inside the body. The thin injector tip is important for the patient
to feel less pain during the application. Therefore, 18, 20, 22, 24,
and 26 gauge needle tips were used to determine the injectability
of the hydrogels as seen in Figure 8D. Injectability test results of
the hydrogels are shown in Table S1 (the thickest needle is 18
gauge, while the thinnest needle is 26 gauge). According to these
results, the injectability of the hydrogels was high. It was

Figure 9. (A) In vitro biodegradability results of β-CD-PEG-600 hydrogels from different PPhs. (B) Melatonin and β-Estradiol release curve of the β-
CD-PEG-600-Ec hydrogel. (C) Antioxidant activity of the β-CD-PEG-600-Ec hydrogel depending on the result of melatonin release; a; 0−30 min, b;
0−60 min, c; 0−180 min, d; 10−30 min, e; 10−60 min, f; 10−180 min, g; 30−180 min, h; 60−180 min; p < 0.05. (D) Cell viability of β-CD-PEG-600
hydrogels from the different PPhs on L929 cells.
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determined that GA-, Ec-, Quer-, Cur-based hydrogels were
injectable in the 18, 20, 22, and 24 gauge injectors, and Ec-,
Quer-, Cur-based hydrogels were injectable in the 26 gauge
injector. The swelling graphs of the hydrogels are shown in
Figure 8E. According to the swelling test results, it was seen that
the swelling capacity of the hydrogels was high, and most of
them reached equilibrium swelling values in about 5−6 h,
depending on their structure. Especially β-CD-PEG-600-Ec has
the highest swelling capacity with a value of 1600%, while β-CD-
PEG-600-GA, β-CD-PEG-600-Cur, β-CD-PEG-600-Quer, and
β -CD-PEG-600-CA had a swelling rate of 700, 550, 300, and
100%, respectively. Feng et al. reported the swelling capacity of
the 3D printed GelMA/ColMA hydrogel as 19%,54 and Wenbo
et al.26 reported the swelling capacity of the chitosan-heparin
hydrogel with SDF-1α controlled release manner for intra-
uterine antiadhesion.33 Wenbo et al.26 showed that SDF-1α-
controlled release chitosan-heparin hydrogels were effective
after a 7-day treatment in rats with uterine damage.33

Obtained hydrogel structures have two different pores in their
structure. These are porosity resulting from β-CD groups and
porosity resulting from cross-linking. In the study, porosity
resulting from β-CD groups serves to transport melatonin
groups through host−guest interaction. The large pore structure
formed by cross-linking enables the absorption of β-estradiol
structures. In this way, the hydrogel structures obtained release
β-estradiol and melatonin in the uterus, allowing the damaged
uterus and uterine horns to heal faster.
The resulting hydrogel structures were lyophilized while

swollen and their pore structures were examined by SEM
analysis (Figure 8F). In addition, morphological characteristics
of hydrogels were investigated by SEM, and their low and high
magnification images are illustrated in Figure 8F. From the
images, it was observed that the surfaces of the lyophilized
hydrogels were not smooth. Porous and cavity structures and
distinct holes were observed. Besides, the hydrogels’ homoge-
neity, surface cavities, and pore structures were seen. These
images were similar to the morphologies of hydrogels available
in the literature. The high swelling ability of hydrogels could be
due to their porous structures.
3.4. Determination of In Vitro Biodegradability, Drug

Release, and In Vitro Antioxidant Properties of the
Hydrogels. In the in vitro biodegradability test, it was
determined that all hydrogels were degraded by approximately
80−90% at the end of the 9-day period (Figure 9A). The main
purpose of the hydrogels synthesized in the study is to prevent
adhesions that may occur due to scar tissues formed during the
healing process after intrauterine damage. For this reason, the
synthesized gels are primarily gels with mechanical barrier
properties. They prevent the damaged uterine walls from
adhering. In intrabody wounds, the healing time of the wound is
generally determined as 4−7 days. For this reason, the gel must
remain in the area where it is applied throughout this period.
Therefore, the synthesized hydrogel must remain in the
application area for at least 8−9 days. The second purpose of
the synthesized hydrogels is to ensure faster healing of wounds
and damage in the uterus. For this reason, drug loadings have
been made to accelerate wound healing. In order to quickly
trigger wound healing, the hydrogel structure was designed to
rapidly release the drug it absorbs. According to the
biodegradability results, the hydrogels started to degrade during
the wound healing period and showed a peak degradation after
this period. On the 15th day, it was seen that the hydrogels were

completely degraded and this was an indication of no hydrogel
residue left.
Melatonin and β-estradiol release studies of the β-CD-PEG-

600-Ec hydrogel, which has the highest biocompatibility, were
performed, and the results are shown in Figure 9B. During the
release, in the first 10 min, the absorbance of the solution was
read every min and then every 10 min. Generally, hydrogels had
a rapid release within the first 60 min but then a slower one. β-
estradiol released around 40% in 80 min while melatonin
released around 55% in 220 min from the hydrogel, and these
release levels were sufficient for biological applications. Chen et
al. found that approximately 30% of β-estradiol was released in
24 h from the human amniotic extracellular matrix scaffold for
endometrium regeneration.58 Melatonin contributes to uterine
healing,59,60 but there is no melatonin-loaded hydrogel design in
the literature. Torabi et al. synthesized thermosensitive
melatonin-loaded conductive pluronic/chitosan hydrogel for
myocardial tissue engineering and reported that ∼60% of
melatonin was released in 70 h.61 Xiao et al. reported the
releasing of melatonin as 85−90% in 5 days from gelatin
methacryloyl-dopamine liposomes.62

The radical-scavenging power of the melatonin-loaded β-CD-
PEG-600-Ec formulation was determined by the DPPH test. In
the experiment, it was checked whether the released melatonin
preserved its activity at certain time intervals. As seen in Figure
9C, melatonin was released depending on time as 90, 96.8,
153.4, 185.4, and 224.3 μg at 0, 10, 30, 60, and 180 min,
respectively. Increasing melatonin level over time was consistent
with the release studies, and it also preserved its radical-
scavenging effect. The decreases in absorbance at 30th, 60th,
and 180th min were significant compared to the zeroth and 10th
min (p < 0.05). The decrease in absorbance at the 180th minute
was found to be significant compared to the 30th and 60th min
(p < 0.05). An absorbance decrease was observed at the 10th
min compared to the zeroth min, but this result was not
significant (p > 0.05). The significant trend of the decreases also
showed that melatonin did not lose the activity due to its release
with time.
3.5. In Vitro Biocompatibility Studies. The cytotoxicity

tests of the hydrogels were performed using the indirect method
for assessing biocompatibility. According to the results, the cell
viability values of the hydrogels are depicted in Figure 9D. In the
biocompatibility test on L929 cells, it was observed that the cells
exhibited viability of about 125.2, 95.6, 125.9, 75.6, and 75.9%
for β-CD-PEG-600-CA, β-CD-PEG-600-GA, β-CD-PEG-600-
Ec, β-CD-PEG-600-Quer, and β-CD-PEG-600-Cur, respec-
tively. It was determined that all samples showed cell viability
greater than 70% of the untreated control as recommended by
the ISO10993-5. In vitro biocompatibility results showed that
especially β-CD-PEG-600-CA and β-CD-PEG-600-Ec hydro-
gels’ extract had no toxicity, and they could serve as a safe
antiadhesion material.
Since the β-CD-PEG-600-Ec had the highest biocompati-

bility, highest swelling degree, and injectability in all injectors,
this formulation was chosen for the Asherman’s Syndrome rat
model.
3.6. Application of Hydrogels in the In Vivo Asherman

Rat Model System. At this stage of the study, based on in vitro
experiment results, the β-CD-PEG-600-Ec hydrogel, which has
the most optimum properties among the hydrogels, was selected
and applied in the Asherman rat model system (Figure 10).
During the 14-day application period, the viability ratio of the
animals was 100%. After the application, it was determined that
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uterine horns contained a certain amount of hydrogel,
depending on the size (Figure 10D).
3.7. Histological Evaluation. H-E, PAS, and MT stainings

were performed on tissue samples taken from rat uterine horns
after β-CD-PEG-600-Ec hydrogel application. Histopatholog-
ical parameters such as epithelial damage, epithelial desquama-
tion, congestion, endometrial thickness, inflammation, and
fibrosis were evaluated.
3.7.1. Epithelial Damage, Desquamation, and Congestion.

The H-E staining method was applied to determine the
epithelial damage, desquamation, and congestion, which were
the criteria to observe the Asherman’s syndrome created in the
experimental model and the effectiveness of the substances given
afterward. The PAS staining method was applied to evaluate the
basal lamina between the epithelium and the lamina propria.
Light microscope examination results are given in Figures 11
and 12A.

Figure 10. (A) Detection of uterine horns of rats. (B) Injury of the
uterine horns with an 18 gauge needle tip to induce Asherman’s
syndrome. (C) Hydrogel injection into injured uterine horns. (D)
Image of uterine horns of rats after 14 days (n = 8).

Figure 11. (A) H-E staining of tissues belonging to the SHAM group (A2; H-Ex40, arrow: epithelial nucleus positioned in the same plane). (B) H-E
staining of tissues belonging to the ASH group [(B1) thick arrow: severe epithelial desquamation, thin arrow: epithelial sequestration and thinning,
(B2) thick arrow: epithelial damage and thinning, (B3) decreased glands and congestion in the endometrial mucosa, arrow; congestion, and (B4)
Asterisk; hemorrhagic areas]. (C) H-E staining of tissues belonging to the ASH + HDJ group [(C2) thick arrow: damage and thinning of the
epithelium, thin arrow: some small epithelial nuclei and (C3) thick arrow: damaged epithelium]. (D) H-E staining of tissues belonging to the ASH +
HDJ + MEL group (thick arrow: exfoliated epithelial cell in the lumen, thin arrow: damaged epithelium). (E) H-E staining of tissues belonging to the
ASH + HDJ + EST group [(E2) thin arrow: epithelial thinning].(F) H-E staining of tissues belonging to the ASH + HDJ + MEL + EST group.
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In the general view of the SHAM group, the uterine horn
sections were in a normal histological structure, the perime-
trium, myometrium, and endometrium layers were in order and
regular, the lumen was uninterrupted, and glands were in a
normal structure. At the same time, congestion, one of our
criteria, was not observed in any area. It was observed that the
contours of the epithelium covering the surface of the
endometrium were straight, the size and shape of the cells,
and the nucleus shapes and positions were normal (Figure
11A1,A2). The basal membrane structure, which was examined
by PAS staining, and on which rested both the endometrial
surface epithelium and the gland epithelium, were uninterrupted
(Figure 12A). As a result of the median (min−max) evaluations
in the scoring of this group, epithelial damage was 0 (0−1),
epithelial desquamation was 0 (0−2), and congestion was 0 (0−
2) (Table S2).
In the general view of the ASH group, the perimetrium,

myometrium, and endometrium layers were thinned and
thickened in some places and exhibited an abnormal appearance,
while the lumen was found to be irregular and intermittent due
to both epithelial damage-desquamation and degeneration of
the layers. Damaged areas on epithelial examination were seen
quite commonly. In addition, desquamation in many areas due
to damage, stainings in the lumen depending on the
desquamation, irregular epithelial borders, degeneration in
surface epithelial cells, contour irregularity due to swelling,
decrease in their height, flattening-like shape changes in the
nuclei, andmarked congestion were observed (Figure 11B1,B2).
A noticeable decrease in the density of the glands was detected
locally (Figure 11B3,B4). It was observed that the basal
membrane examined with PAS staining was thinned from
place to place, partly separated from the endometrial epithelium,
damaged, and interrupted (Figure 12A). The same findings were
also detected in the basal membrane of the gland epithelium in
sections belonging to this group. These findings demonstrated
that damage depending on Asherman’s syndrome could be

created in the experimental group. As a result of the median
(min−max) evaluations in the scoring of this group, epithelial
damage was 3 (2−3), epithelial desquamation was 1 (0−3), and
congestion was 2 (1−3) (Table S2).
In the uterine horn sections of the ASH + HDJ group, the

damage and desquamation observed in the Asherman group
continued. The shrinkage, flattening in nuclei of some surface
epithelial cells, contour irregularity in their shapes due to
swelling, and a decrease in their height in some cells were
observed (Figure 11C1−C3). Generally, it was determined that
the severity of epithelial damage, desquamation, and congestion
decreased. It was observed that the thinning and irregularities
seen in the ASH group in the basal membrane examined by PAS
staining and the irregularities in the basal membranes of the
gland epithelium decreased (Figure 12A). As a result of the
median (min−max) evaluation in the scoring of the ASH +HDJ
group, epithelial damage was 2 (1−3), epithelial desquamation
was 0 (0−2), and congestion was 1 (0−2) (Table S2).
In the uterine horn sections of the ASH + HDJ + MEL group,

perimetrium, myometrium, and endometrium layers were found
to be close to normal in general view. The parameters of
epithelial damage, desquamation, and congestion were signifi-
cantly reduced but persisted, although their severity was reduced
in some areas (Figure 11D). Furthermore, improvements were
observed in shape changes due to degeneration detected in the
epithelial cells of the ASH group. In the PAS staining, it was
observed that the basal membrane of the glands of the
endometrium was thinned in some areas, as in the ASH +
HDJ group, but this thinning was not evident as in the ASH
group (Figure 12A). As a result of the median (min−max)
evaluation in the scoring of ASH +HDJ +MEL group, epithelial
damage was 1(0−2), epithelial desquamation was 0 (0−2), and
congestion was 1 (0−2) (Table S2).
Although the damage to the endometrial epithelium in the

uterine horn sections of the ASH + HDJ + EST group was
reduced compared to the ASH group, it was observed that the

Figure 12. (A) PASx40 staining of tissues (SHAM: thin arrow: epithelial basal membrane, thick arrow: glandular epithelial basal membrane, ASH: thin
arrow: desquamation of basal membrane and epithelium, thick arrow: disappeared glandular epithelial basal membrane, ASH + HDJ: arrow:
disappeared glandular epithelial basal membrane, ASH + HDJ + MEL: thin arrow: desquamation of endometrial basal membrane, thick arrow:
desquamation of gland epithelium) and (B) MTx20 staining of tissues.
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thinned surface areas and the congestion continued. It was
determined that the density of the glands increased in the
endometrial mucosa (Figure 11E1,E2). In the PAS staining of
the group, basal membrane findings similar to the ASH +HDJ +
MEL group were seen (Figure 12A). As a result of the median
(min−max) evaluation in the scoring of the group, epithelial
damage was 2 (0−2), epithelial desquamation was 0 (0−2), and
congestion was 1 (0−2) (Table S2).
When the uterine horn sections of the ASH + HDJ + MEL +

EST groupwere examined, it was determined that all histological
parameters of the uterine horn were similar to the SHAM group
in H-E staining (Figure 11F1,F2). In the PAS staining of the
ASH + HDJ + MEL + EST group, normal histological findings,
same as the H-E staining, were observed in the basal membrane
structure of the endometrial epithelium and glands (Figure
12A). In the scoring of the group, as a result of the median
(min−max) evaluation, epithelial damage was 0 (0−1),
epithelial desquamation was 0 (0−2), and congestion was 0
(0−1) (Table S2).
3.7.2. Endometrial Thickness. The H-E staining method was

applied to the sections to determine the endometrial thickness.
As a result of light microscopy examination of the SHAM group,
the uterine horn sections were in the normal histological
structure. The perimetrium, myometrium, endometrium layers,
and endometrial thickness were normal (Figure 11A1,A2). The
endometrial thickness of the SHAM group was 570.56 ± 144.7
μm (Table S3). The endometrial thickness of the ASH group
decreased in all sections and was measured as 425.28 ± 86.39
μm but it was not statistically significant (Table S3). In the ASH
+ HDJ group, no thickness decrease was found as much as the
ASH group and the endometrial thickness was measured as
503.21 ± 50.51 μm (Table S3). Furthermore, endometrial

thickness increased in the ASH + HDJ + MEL (510.65 ± 71.25
μm), ASH + HDJ + EST (454.47 ± 123.40 μm), and ASH +
HDJ +MEL + EST (517.26 ± 82.79 μm) compared to the ASH
group, but it was not statistically significant (Table S3).
3.7.3. Cell Infiltration. The H-E staining method was applied

to determine the cell infiltration, which is one of the necessary
criteria, to observe the Asherman’s syndrome and the
effectiveness of the substances given afterward. There was no
finding suggestive of cell infiltration in the SHAM group. In all
other groups, mild cell infiltration was observed but in the ASH
group, more abundantly, according to the scoring. However, the
differences were not statistically significant (Figure 11A−C).
3.7.4. Fibrosis Level.TheMT staining method was applied to

determine the fibrosis. In the uterine horn sections of the SHAM
group, the lamina propria, which was a loose connective tissue
structure just below the surface epithelium of the endometrial
layer, was observed in the normal histological structure. It was
observed that the myometrium contained inner circular and
outer longitudinal muscle layers, while the perimetrium
contained vessels and nerves, which were the structures and
features of loose connective tissue (Figure 12B, Table S4).
Findings of fibrosis were rarely observed in the uterine horn

sections of the ASH group, but no statistically significant
differences were found as a result of the scoring (Figure 12B,
Table S4). Endometrial fibroblasts, macrophages, lymphocytes,
leukocytes, and connective tissue fibers were observed in the
uterine horn sections of the ASH + HDJ, ASH + HDJ + MEL,
ASH + HDJ + EST, and ASH + HDJ + MEL + EST groups. No
signs of fibrosis were observed in all groups, and the SHAM
group was consistent with the histological structure of the
endometrium connective tissue (Figure 12B, Table S4).

Figure 13. Effect of hydrogels on (A) MDA, (B) MPO, (C) NO levels and (D) CAT, (E) SOD, (F) tGSH activities in uterine horn tissues against
Asherman’s damage.
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3.8. Biochemical Evaluation. In biochemical studies, six
parameters, includingMDA, MPO, NO, CAT, SOD, and tGSH,
were investigated. MDA, MPO, and NO represent inflamma-
tion, while CAT, SOD, and tGSH represent the level of defense
against inflammation
3.8.1. MDA, MPO, and NO Levels. MDA is an important

parameter in the evaluation of tissue inflammation. As seen in
Figure 13A, the MDA level of the ASH group increased
significantly compared to the control (SHAM) (p < 0.05). It was
an indication that tissue damage had occurred. On the other
hand, MDA levels were significantly lower in all ASH + HDJ,
ASH + HDJ + MEL, ASH + HDJ + EST, and ASH + HDJ +
MEL + EST groups compared to the ASH group (p < 0.05).
There was no difference in MDA levels between the hormone-
free hydrogel and hydrogel groups containing the hormone.
These results considered that the hormonal effect of the
improvement is not reflected in theMDA level, and the hydrogel
mechanically kept the uterine canal open. In addition, a decrease
was observed in ASH + HDJ + MEL + EST group compared to
ASH + HDJ + MEL and ASH + HDJ + EST, but it was not
significant (p > 0.05).
MPO is another significant parameter in the evaluation of

tissue inflammation. All hormone-containing groups except the
hormone-free hydrogel group showed a significant decrease in
MPO results compared to the ASH group, as illustrated in
Figure 13B (p < 0.05). Here, the hormonal effect in healing was
remarkable. However, no change was observed between
hormones. The ASH group showed an increase in MPO level
compared to the control group (SHAM), but this change was
not significant (p > 0.05).
Another important parameter for determining inflammation

is the measurement of NO level. In the results, the NO level of
the ASH group increased compared to the SHAM group, but
this increase was not significant. There was no difference
between the ASH-HDJ and ASH groups while ASH + HDJ +
MEL, ASH+HDJ + EST, and ASH+HDJ +MEL+EST groups
showed a decrease compared to the ASH group, but these
decreases were not significant (p > 0.05) (Figure 13C).
However, it is known that melatonin protects tissues against
intrauterine adhesion damage.52 MDA, MPO, and NO results
were parallel with each other and supported the histological
results.
3.8.2. CAT and SOD Activity and the tGSH Level. CAT is an

important enzyme in the antioxidant defense system. According
to the results of CAT enzyme activity, a significant decrease was
observed between the ASH group and all other groups
containing hydrogel, as depicted in Figure 13D (p < 0.05).
The low activity of the control and treatment groups against the
damage groupmay be due to the fact that the ASH group did not
cause enough damage to increase the CAT activity. On the other
hand, the significant difference between the ASH group and the
hydrogel groups could be interpreted as the activation of the
organism’s defense mechanism since the damage in the ASH
group was not very high. In addition, also no significance of the
increase between the SHAM and ASH groups indicated that the
level of damage was low and the defense mechanism was
activated (p > 0.05). Here, no statistics were found between the
hormone-free hydrogel and the hormone-containing groups (p
> 0.05). This was because the absorbed hormones were released
from the hydrogel rapidly (∼3 h) and could not show their effect
after 14 days.
Another important enzyme in the antioxidant defense system

is SOD. It functions in the organism by reducing superoxide

radicals to hydrogen peroxide, a less reactive species. According
to the results, although the increase in the ASH group was not
significant compared to the control (p > 0.05), the decrease in
the hydrogel-containing groups was significant compared to
ASH group, as displayed in Figure 13E (p < 0.05). No significant
difference between the hydrogel-containing groups was
determined (p > 0.05). These results seemed parallel to CAT
results and could be interpreted similarly.
Glutathione is one of the important molecules in the

antioxidant defense system and generally shows similar results
to CAT and SOD enzymes.63 As depicted in Figure 13F, an
increase in glutathione level was observed in the ASH group,
while a decrease was observed in the control and treatment
groups. However, none of these differences were found to be
significant (p > 0.05). According to these results, it was thought
that the hydrogels mechanically kept the uterine canal open and
prevented damage.
After β-CD-PEG-600-Ec hydrogel application, the immuno-

histological results were obtained and the statistical evaluation of
these results are given in Figure S3 and Table S5. As a result, it
was seen that the β-CD-PEG-600-Ec hydrogel structure was a
nontoxic and injectable gel with mechanical barrier properties in
preventing intrauterine adhesion.

4. CONCLUSIONS
In the present study, the β-CD-based multifunctional hydrogels
were reported in order to prevent Asherman’s syndrome or
intrauterine adhesions and improve its damage. The β-CD-
based hydrogels were successfully prepared, characterized, and
their potential availability on Asherman’s syndrome was
investigated in rat models. The CD-based hydrogels held
advantages of porous structure, high swelling, injectability,
excellent biocompatibility, drug-releasing properties, and
antioxidant activity. Furthermore, the β-CD-PEG-600-Ec
hydrogel exhibited the most satisfactory properties rather than
other ones. The potential of this hydrogel in preventing
Asherman’s syndrome was evaluated in rat models. Overall,
the experiment’s findings suggest that the prepared double drug-
loaded β-CD-PEG-600-Ec hydrogel can potentially be used to
prevent Asherman’s syndrome due to its promising properties.
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