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ABSTRACT: Intrauterine adhesion (IUA) is a common and prevailing complication
after uterine surgery, which can lead to clinical symptoms such as a low menstrual
volume, amenorrhea, periodic lower abdominal pain, infertility, and so on. Placing a
three-dimensional printing hydrogel between the injured site and the adjacent tissue is
considered to be a physical barrier to prevent adhesion, which can isolate the damaged
area during the healing process. In this work, a tissue hydrogel with various proportions
of a methacrylated gelatin (GelMA) and methacrylated collagen (ColMA) composite
hydrogel loaded with amniotic mesenchymal stem cells (AMSCs) was constructed by
using three-dimensional biological printing technology. Compared with the single
GelMA hydrogel, the composite antiadhesion hydrogel (GelMA/ColMA) showed an
appropriate swelling ratio, enhanced mechanical properties, and impressive stability. Meanwhile, the microstructure of the GelMA/
ColMA composite hydrogel showed a denser and interconnected microporous structure. In addition, the cytotoxicity study indicated
that the GelMA/ColMA hydrogel has a cytocompatibility nature toward AMSCs. Finally, the fabrication of stem cell encapsulation
hydrogels was studied, and the cells could be released continuously for more than 7 days with the normal cell function. The results of
in vivo experiments indicated that the GelMA/ColMA/hAMSC (human amnion mesenchymal stem cell) hydrogel can prevent
cavity adhesion in a rat IUA model. Therefore, bioprinting a biodegradable hydrogel cross-linked by blue light has satisfactory
anticavity adhesion effects with excellent physical properties and biocompatibility, which could be used as a preventive barrier for
intrauterine adhesion.

1. INTRODUCTION

Intrauterine adhesion (IUA) is known as Asherman syndrome
and refers to damage of the basal layer of the endometrium
caused by artificial abortion, curettage, and other factors,
resulting in local or complete adhesion of the uterine cavity
and the cervical canal.1−3 A small amount of menstruation,
recurrent abortion, and amenorrhea are major clinical
manifestations, which seriously harm the reproductive health
of females.4 With the development of hysteroscopy technology,
hysteroscopic electroresection of adhesions with minimally
invasive, safe, and effective treatments has become the preferred
choice for the treatment of IUA.5 However, after postoperative
wound exudation, infection, and other factors, the recurrence
rate of secondary IUA is still very high. Therefore, after
hysteroscopic electroresection of adhesions, enhancing endo-
metrial repair and preventing readhesion remain the focus of the
current treatment of IUA.6 Development of an effective
prevention strategy is a major challenge to intrauterine adhesion.
Recently, stem cell therapy has become a new method for the

treatment of tissue injury and fibrosis, which has attracted much
attention as a new and effective method for promoting the repair
and regeneration of the endometrium.7 Prior studies have shown
that bone marrow-derived hematopoietic stem cell (BMDSC)

transplantation can improve the fertility of IUA model mice,
which can repair a damaged endometrium.8 Previous research
has shown that BMDSCs can differentiate into endometrial
tissues in vivo.9 Li et al. have found that humanmenstrual blood-
derivedmesenchymal stem cells (hEnSCs) can repair a damaged
endometrium, induce angiogenesis, and enhance the fertility of
endometrial damaged mice.10 Zhao et al. found that adipose-
derived stem cells (ADSCs) can promote the regeneration of
endometrial cells and muscle cells and angiogenesis, resulting in
achieving a better pregnancy outcome by transplanting cells to a
locally resected uterus.11 Zheng et al. found that human
umbilical cord-derived mesenchymal stem cells (hUC-MSCs)
may play a therapeutic role in chronic endometrial injury in rats
by inhibiting excessive fibrosis and inflammation and enhancing
endometrial cell proliferation and vascular remodeling.12

Human amnion mesenchymal stem cells (hAMSCs) obtained
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from a human amniotic membrane are easily available and
abundant, which have self-replication and multidirectional
differentiation potential.13 The cytokines secreted by hAMSCs
have the effects of anti-inflammation and antifibrosis, promoting
angiogenesis and promoting cell growth, and are expected to
become a new treatment way for uterine adhesion.14 Previous
studies have shown that hAMSCs can contribute to the repair of
the endometrium in rats, which proves the effectiveness of
hAMSC transplantation in improving IUA.15 However, the
question of how to effectively transplant hAMSCs into the
uterine cavity, retain its cell activity, and promote endometrial
repair remains to be addressed.
Recently, a variety of physical films (electrospun fiber films,

hydrogels, and sponges) have been used as barriers to minimize
the complex process of adhesion formation.16,17 However, the
traditional tissue engineering membrane still has many short-
comings, such as a low cell implantation rate, a low matching
degree between themembrane and tissue defects, and inaccurate
localization of many kinds of cells. 3D printing technology can
accurately control the material in time and space from the
bottom forming unit and can also carry out personalized
manufacturing according to the tissue defect site to achieve
better tissue repair.18 Moreover, 3D printing hydrogels based on
cross-linking polymers have attracted wide attention because of
their excellent biological and physical properties, such as
excellent biocompatibility, high cell encapsulation efficiency,
an in situ cross-linking ability, and controllable mechanical,
swelling, and degradation properties.19 Currently, hydrogels
based on natural materials such as chitosan, gelatin, and
hyaluronic acid have been used to prevent adhesion.20−22 Due to
their poor mechanical properties and rapid degradation, they are
not yet able to achieve satisfactory treatment outcomes. In order
to improve the physical properties of natural polymers and
enhance their resistance to enzyme attacks,23 light-activated
materials play an increasingly important role in three-dimen-
sional (3D) bioprinting technology. Prior research suggests that
a GelMA hydrogel has good biological and adjustable physical
properties, which allows cell proliferation and diffusion in
GelMA hydrogel-based materials.22,24 Collagen is the main
component of the extracellular matrix (ECM), which is widely
used in the field of biomaterials because of its good physical and
chemical properties.25−27However, a pure collagen hydrogel has
a single structure, simple properties, and poor mechanical
properties.28 Composite materials can have simultaneous
advantages of both and avoid their own defects.
In this work, an effective and safe hydrogel for uterine

adhesion prevention was developed by using 3D printing
technology to encapsulate hAMSCs. Based on two natural
biopolymers, gelatin (Gel) and collagen (Col) with high
biocompatibility and biodegradability, GelMA and ColMA
polymers were synthesized. Through using blue light to initiate a
cross-linking reaction, a stable 3D printing hydrogel was
prepared under mild conditions, which overcame the deficiency
of UV light cross-linking leading to lower cell proliferation and
viability. The swelling, rheological, and mechanical properties of
the antiadhesion 3D printing hydrogel were studied. In addition,
the biocompatibility and in vitro degradation were evaluated.
Then, the cell release performance of the 3D printing hydrogel
was further studied by stem cell encapsulation experiments in
vitro. Finally, the anticavity adhesion efficacy of the 3D printing
hydrogel was further evaluated in vivo in a rat IUA model.

2. RESULTS AND DISCUSSION
2.1. Material Synthesis. To obtain a photopolymerizable

material, we chemically modified gelatin and collagen by
nucleophilic substitution of carbonyl groups on methacrylic
anhydride (MA)with nitrogen atoms on amino groups of gelatin
or collagen. The reaction diagram and 1H NMR spectra of the
reaction products are shown in Figure 1A,B. The 1H NMR

spectra of GelMA and ColMA had two peaks at 5.4 and 5.89
ppm compared with the unmodified gelatin and collagen,
representing the hydrogen absorption peak of methacryloyl,
indicating that the methacrylic group was successfully grafted
onto the molecular backbone of gelatin and collagen. According
to the ratio of the integral area of the methacrylate proton
integral to the methyl hydrogens of GelMA and ColMA, it can
be calculated that the graft ratios of GelMA and ColMA are 59.6
and 36.7%, respectively.

2.2. Characterization of the 3D Printed Hydrogel.
Using an extruded 3D biological printer, we successfully printed
a biological construct with a diameter of 14 mm and a height of 2
mm (Figure 1C1). It can be seen that the GelMA/ColMA
hydrogel has good structural fidelity and can be stably cross-
linked after being irradiated by blue light for 10 s. The 3D
printed scaffolds showed excellent mechanical performances:
supporting its own weight (Figure 1C2) and twisting (Figure
1C3). As shown in Figure 1C4, the filament diameter of the
GelMA/ColMA hydrogel is 100 μm. It is worth mentioning that
in the process of three-dimensional printing, the thickness of a
water-solidified wire is affected by many parameters, such as
temperature, air pressure, needle aperture, printing head moving
speed, and so on. We stabilize the printed wire at a higher
resolution by adjusting different parameters.

2.3. Swelling Analysis. The swelling ratio of each hydrogel
was evaluated by the gravimetric method. The swelling
phenomenon of a hydrogel in PBS is actually due to the
diffusion of water molecules in PBS into the polymer of the
hydrogel, and then, the molecular chain segment gradually
extends and increases in the hydrogel through the interaction
between water molecules and hydrogel molecular chains and
finally shows the increase in polymer volume and mass
macroscopically. As shown in Figure 2B, the measured swelling

Figure 1. (A) 1H NMR spectra of Gel and GelMA. (B) 1H NMR
spectra of Col and ColMA. Macroscopic appearance of the printed
porous GelMA/ColMA hydrogel (C1−C4). 3D printed GelMA/
ColMA hydrogel showing excellent mechanical performances:
supporting its own weight (C2) and twisting (C3).
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ratios for GelMA, GelMA/0.5%ColMA, GelMA/1.0%ColMA,
and GelMA/1.5%ColMA were 25.2, 22.9, 20.9, and 19.0%,
respectively. With the increase in ColMA concentration, the
swelling ratio of the hydrogel decreased gradually. The slightly
lower swelling ratio in GelMA/ColMA was due to the existence
of ColMA increasing the cross-linking degree of composite
hydrogels compared with pure GelMA hydrogels, which leads to
the reduction of porosity. However, a low swelling ratio is still
beneficial to prevent the swelling of the material from causing
organ damage.
2.4. Rheological Properties. Rheological tests were

performed to characterize the viscoelastic properties of hydro-
gels. As shown in Figure 2C, the storage modulus of the GelMA/
ColMA hydrogel increases with the increase in ColMA
concentration, indicating that the cross-linking degree between
GelMA and ColMA increases. As shown in Figure 2D, the
frequency dependence of theG′ andG″ confirmed hydrogel-like

behavior as G′ is higher than G″ with the shear frequency from
0.1 to 10 rad/s, indicating that the hydrogels are stable and
exhibit good mechanical properties.

2.5. Compression Modulus. An ideal material for intra-
uterine adhesion prevention should be equipped with suitable
mechanical properties to remain its integrity during use. Gelatin
and collagen are suitable biomaterials as they are biocompatible,
biodegradable, and easy to manufacture, which have been widely
used in tissue regeneration.29,30 As shown in Figure 3A, the
measured compression moduli for GelMA, GelMA/0.5%
ColMA, GelMA/1.0%ColMA, and GelMA/1.5%ColMA were
24.7 ± 7.7, 40.0 ± 1.7, 43.63 ± 2.9, and 50.1 ± 3.5 kPa,
respectively. It was shown that the compression modulus
increased with increasing ColMA concentration when the
GelMA concentration was fixed, which was due to a more
compact structure within the GelMA/ColMA hydrogel. The
compressibility of the GelMA/ColMA hydrogel increased with

Figure 2. (A) SEM images of the printed porous GelMA and GelMA/ColMA hydrogels. (B) Swelling ratios of hydrogels. (C) Rheological properties.
(D) Hydrogel viscosity with frequency ranging from 0.1 to 10 Hz.

Figure 3. (A) Compressibility of hydrogels. (B)Weight loss rate of antiadhesion printed hydrogels in PBS solution containing a 1000U/mL lysozyme.
SEM images of the surface morphology of printed porous GelMA hydrogel (C) and GelMA/1.0%ColMA hydrogel (D) at day 8.
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the maximum strain reaching ∼60% compared to ∼35% in the
GelMA hydrogel. A prior study reported that the compression
modulus of a collagen scaffold used in a wounded rat uterus was
62.86 ± 6.23 kPa.31 Our results indicated that the compression
moduli of GelMA/1.0ColMA and GelMA/1.5%ColMA hydro-
gels were similar to the collagen scaffold, which had a good
elasticity. Considering that the high compression modulus may
cause extrusion to the uterus, the GelMA/1.0ColMA hydrogel is
more suitable for application to intrauterine adhesion
prevention.
2.6. In Vitro Degradation Study. An ideal and most useful

antiadhesion material should have a degradation rate that
matches the formation rate of injured tissue healing. As shown in
Figure 3B, the GelMA hydrogel exhibited the fastest degradation
rate and totally degraded after 16 days, which was very
unfavorable to the repair of tissues in vivo. However, the
degradation rate of the GelMA/ColMA hydrogel group reached
63.54% of the weight after 16 days, which is very much in line
with the requirements of the adhesive tissue in terms of material
degradation.32,33 The results show that the GelMA/ColMA
hydrogel group can maintain its relative integrity and stability
during the degrading procedure in vitro, which accords with the
standard of a material as a “physical barrier”.25 As shown in
Figure 3C,D, some tiny pores began to appear on the surface of
the hydrogel after 8 days but still maintained its structural
integrity. In clinical uterine surgery, medical antiadhesion
materials generally need to stay in the body for at least one
week, so the GelMA/ColMA hydrogel is basically suitable for
the antiadhesion effect in the uterus.
2.7. Biocompatible of Cells in the Hydrogel. In order to

verify the biocompatibility of the hydrogel, we seeded stem cells
on two types of hydrogels, namely, one was printed using 8%
GelMA and the other was printed using GelMA/1.0%ColMA.
To further observe the activity of cells on the hydrogels after the
addition of ColMA, the cells on the hydrogels were observed by
live/dead staining (green fluorescence indicates living cells, and
red fluorescence represents dead cells). As shown in Figure 4A,
most of the cells were alive in GelMA and GelMA/ColMA
hydrogel groups and exhibited no obvious dead cells with time in
culture. At day 1, stem cells were attached to all hydrogels, which
showed similar morphology. After 3 and 7 days of culture, the
stem cells grew freely, and the cell density increased gradually. It
is worth noting that the cell density increased significantly in the
GelMA/ColMA hydrogel group. The results showed that the
GelMA/ColMA hydrogel had good biocompatibility, which was
beneficial to the growth and proliferation of stem cells. As shown
in Figure 4B, stem cells seeded on GelMA and GelMA/ColMA

groups maintained a high proliferation rate during the culture
period, indicating that cells can adhere to and proliferate on
hydrogels. This is mainly because gelatin itself can promote cell
adhesion and proliferation.34 At day 7, the OD value of the
GelMA/ColMA hydrogel increased significantly, indicating that
the addition of ColMA can better support cell proliferation and
growth, which was consistent with the results of live/dead
staining. This is mainly due to the good biocompatibility of
collagen and the highly porous structure of the hydrogel, which
can promote cell proliferation.35,36

2.8. Morphology Analysis of hAMSCs. As shown in
Figure 5, hAMSCs maintain high viability and are uniformly

distributed inside the predefined 3D circular microchannels,
which were further confirmed by cytoskeleton staining of the
hAMSC monolayer. It can be seen that hAMSCs seeded on the
channel surface formed a confluent monolayer and maintained
their normal cellular phenotype, with normal expression of F-
actin and the nucleus. In addition, it was noticeable that the
morphology of hAMSCs grown on the GelMA/1.0%ColMA
hydrogel was different from that on the pure GelMA hydrogel,
which exhibited more elongation and thicker actin filaments.

2.9. Cell Delivery Properties of the GelMA/ColMA
Hydrogel. hAMSCs have been shown to have the ability to
repair the endometrium, which is promising in preventing
postsurgical peritoneal adhesion.37 Therefore, we selected
hAMSCs to test the cell delivery capacity of hydrogels. The
cells were tested for 7 days, and the cell release was monitored.

Figure 4. (A) Live/Dead staining images of hAMSCs cultured in the printed GelMA and GelMA/1.0%ColMA hydrogels at day 1, day 3, and day 7.
Green fluorescence indicates living cells, and red fluorescence represents dead cells. (B) Proliferation of hAMSCs in the printed GelMA and GelMA/
1.0%ColMA hydrogels by CCK-8 assay at day 1, day 3, and day 7.

Figure 5. Cell morphology of hAMSCs in the printed GelMA and
GelMA/1.0%ColMA hydrogels. Blue and red fluorescence represents
the nucleus and actin filaments, respectively.
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As shown in Figure 6A, it was clear that most of the released
HAMSCs were alive. As shown in Figure 6B, the HAMSC
release curve shows a cumulative increasing monotonic trend,

which implies that these hydrogels can provide a stable cell
supply to tissue repair. As shown in Figure 6C, the released
hAMSCs inside the GelMA/1.0%ColMA hydrogel network at

Figure 6. (A) Live/Dead staining images of delivered cells in the printed GelMA and GelMA/1.0%ColMA hydrogels at days 1, 3, 5, and 7. Green
fluorescence indicates living cells, and red fluorescence represents dead cells. Scale bar = 200 μm. (B) Cumulative delivery profiles of hAMSCs inside
the printed GelMA and GelMA/1.0%ColMA hydrogels at days 1, 3, 5, and 7. (C) Morphology of released hAMSCs from GelMA and GelMA/1.0%
ColMA hydrogels at day 7. Scale bar = 200 μm. Each group includes three experimental repeats.

Figure 7. (A) Photographs of the used hydrogels and the process of the surgery. A1, Opening the abdomen; A2, scratching the endometrial tissue; A3,
placing the 3D printing GelMA/ColMA/hAMSC hydrogel inside the uterus; A4, suturing the uterus. (B) Representative H&E staining images of
cavity adhesion in the rat IUA model. The nucleus was blue, while muscle fibers and the cytoplasm were red. (C) Representative Masson staining
images of cavity adhesion in the rat IUA model.
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day 7 show normal cell morphology, indicating that the cell
function has been restored when the cell is released from the
encapsulated 3D printing GelMA/1.0%ColMA hydrogel.
2.10. In Vivo Antiadhesion of the GelMA/ColMA/

hAMSCHydrogel in the Rat IUAModel.The photographs of
the used hydrogels and the process of the surgery are shown in
Figure 7A. After placing the 3D printing GelMA/ColMA/
hAMSChydrogel inside the uterus and suturing the uterus, there
was no redness and swelling reaction in the uterus, which
indicated that the 3D printing hydrogel has no side effects on the
uterus. As shown in Figure 7B, the shapes of the uterine cavity
and the endometrial gland were normal in the sham operation
group. However, the uterine cavity had partial atresia, intimal
atrophied, and the number of glands decreased in the model
group, which indicated that the IUA model was successfully
established. Compared to the model group, the hysteric cavity in
the GelMA/ColMA hydrogel group is closed, and the degree of
intimal atrophy was mild. A prior study reported that 3D
printing hydrogels could prevent postsurgical peritoneal
adhesion.38 Compared to the model group, the uterine cavity
in the GelMA/ColMA/hAMSC hydrogel group is large, and
there was no atrophy of the endometrium. Meanwhile, the
recovery effect of the GelMA/ColMA/hAMSC hydrogel group
was basically consistent with the sham operation group. As
shown in Figure 7C, substantial collagen fiber deposition was
observed in the model group, which indicated that the model
was established successfully. Meanwhile, the percentage of the
fibrotic area was significantly lower in the GelMA/ColMA/
hAMSC hydrogel group compared to that of the model group. A
prior study indicated that hAMSCs could have the potential of
endometrial cell differentiation and promote rat endometrial
repair.15 All results indicated that the GelMA/ColMA/hAMSC
hydrogel has a superior antiadhesion capability in the rat IUA
model.

3. MATERIALS AND METHODS

3.1. Materials. Gelatin (Gel, BioReagent, from cold water
fish skin) was purchased from Sigma-Aldrich Co., Ltd.
(Darmstadt, Germany). Collagen (Col, type I collagen, MW =
100−200 kDa) was obtained from Haishen Biotechnology Co.,
Ltd. (Fuzhou, China). Methacrylic anhydride (MA) was
purchased from Maclean Biochemical Technology Co., Ltd.
(Shanghai, China). A photoinitiator (lithium phenyl-2,4,6-
trimethylbenzoylphosphinate, LAP) was purchased from
Shanghai Yingchang Biotechnology Co., Ltd. (Shanghai,
China). Cell Counting Kit-8 (CCK-8) and Live/Dead cell
staining kits were purchased from BestBio Co., Ltd. (Shanghai,
China). TRITC phalloidin and 4,6-diamidino-2-phenylindole
(DAPI) were obtained from Biyuntian Biotechnology Co., Ltd.
(Shanghai, China). Human amnion mesenchymal stem cells
(hAMSCs) derived from a human amnion were purchased from
Fuyuan Biotechnology Co., Ltd. (Shanghai, China). Unless
otherwise stated, all chemicals were of analytical reagent grade.
3.2. Synthesis of Methylacrylated Gelatin (GelMA).

GelMA was synthesized according to a previous report.39 In
brief, 10 g of gelatin was dissolved in 100 mL of deionized water
at 50 °C to make a 10% w/v homogeneous solution. Then, 0.6
mL of methacrylic anhydride (MA) per gram of gelatin was
added dropwise into the gelatin solution, and the solution was
stirred for 6 h. The reaction solution was dialyzed in deionized
water for 3 days using a 12−14 kDa dialysis tubing to remove the
impurities and methacrylic acid. The solution was then freeze-

dried, protected from light, and stored at −80 °C until further
use.

3.3. Synthesis of Methylacrylated Collagen (ColMA).
Collagen was modified with methacrylic groups based on a
method as described previously.40 In brief, 2 g of collagen was
dissolved in 100 mL of deionized water at 37 °C to make a 2%
w/v homogeneous solution. Then, 1.2 mL of methacrylic
anhydride (MA) was added dropwise into the collagen solution,
and the solution was stirred for 12 h. The pH of the mixed
solution was maintained between 8 and 9 using 5MNaOH. The
reaction solution was dialyzed in deionized water using a 12−14
kDa dialysis tubing for 3 days with the dialysate being refreshed
three times daily. The final dialyzed product was then freeze-
dried, protected from light, and stored at −20 °C until further
use. 1H NMR spectra were taken using a 500 MHz NMR
spectrophotometer (Bruker, Rheinstetten, Germany).

3.4. Preparation of GelMA/ColMA Composite Hydro-
gels. For precursors of the GelMA/ColMAhydrogel, the freeze-
dried GelMA foams and ColMA foams were dissolved in PBS
solution. The final precursors were composed of 8% GelMA, 8%
GelMA + 0.5% ColMA, 8% GelMA + 1.0% ColMA, and 8%
GelMA + 1.5%ColMA. The 0.1% (w/v) photoinitiator LAPwas
added into the pregel solutions and were then covalently cross-
linked through blue light irradiation (wavelength = 405 nm,
intensity ≈ 1 mW/cm2).

3.5. Rheological Characterization. Dynamic rheological
experiments were measured using a TA rheometer instrument
(Kinexus, Ma Erwen Instruments, Britain) equipped with a plate
with a diameter of 20 mm and a 0.5 mm gap. To measure the
stiffness, hydrogels were measured by a time sweep test at a 1%
strain and a 1 Hz frequency for 600 s at 25 °C. To measure the
storage modulus (G′) and loss modulus (G″), hydrogels were
measured by a frequency sweep test with a constant strain of
0.5% and changing the frequency from 0.1 to 10 Hz at 25 °C.

3.6. Compression Tests. For compression tests of hydro-
gels, the samples were prepared into cylinders (11 mm in
diameter and 8 mm in height) and measured using a universal
testing machine (ELF3200; Bose, America). The crosshead
speed was set at 0.05 mm/s. The compressive moduli were
calculated from a strain of 60% in the stress−strain curve.

3.7. Measurement of Dynamic Swelling Behavior of
Hydrogels. The swelling ability of the hydrogels was measured
using a conventional gravimetric method. Test hydrogels were
weighed to record their initial wet weights and then separately
immersed in PBS at 37 °C. At specified time intervals (t = 2, 4, 6,
8, 16, and 24 h), PBS on the surface of each sample was gently
blotted followed by weighting the swollen wet mass. The
swelling ratio of the hydrogels was calculated according to the
following formula

=
−W W
W

Swelling ratio t i

i

where “Wi” and “Wt” are the weight of the initial hydrogel and
the swollen hydrogels at time t (t is the time that the hydrogel
was immersed in distilled water), respectively.

3.8. Morphological Examination. The printed strands,
pore sizes, and the top-section morphologies of the freeze-dried
3D printed hydrogels were observed using a scanning electron
microscope (SEM; EVO MA 15/LS 15, Carl Zeiss, Germany).
The lyophilized samples were coated with gold using a sputter
coater for 30 s and observed under an accelerating voltage of 5
kV.
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3.9. In Vitro Degradation Test. To mimic the in vivo
microenvironment, the biodegradation behavior of hydrogels
was evaluated in enzymatic degradation experiments. The 3D
printed hydrogel samples were immersed in PBS (0.01 M, pH =
7.4) containing a 1000 U/mL lysozyme with constant shaking
(50 rpm) at 37 °C. After predetermined time intervals, the
samples were carefully taken out and rinsed with deionized water
for 5 times then lyophilized and weighted. The degradation rate
was calculated according to the following formula

=
−

×
M M

M
Degradation ratio 100%t0

0

where “M0” and “Mt” are the weight of the initial hydrogel and
the hydrogel after degradation at a certain time interval,
respectively.
3.10. 3D Bioprinting Hydrogel. A commercial 3D printer

(EFL-BP-6800, Suzhou Intelligent Manufacturing Research
Institute, Suzhou, China) was used to print the 3D hydrogel
constructs. Before printing, we designed a layer-by-layer lattice
structure (16 mm × 16 mm, 2 layers). During printing, the fiber
diameter was 100 μm, the printing speed was 20 mm/s, the
temperature of the base plate was 4 °C, and the nozzle
temperature was 20 °C. After the printing process, 3D hydrogels
were blue light-cross-linked for 10 s.
3.11. In Vitro Biocompatibility Characterization.

Human amnion mesenchymal stem cells (hAMSCs) were
cultured in the fresh Dulbecco modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),
1% penicillin (100 units/mL), and streptomycin (100 μg/mL).
Cells were propagated in a 175 cm2 tissue culture flask and
incubated at 37 °C in 5% CO2. The media were refreshed every
other day, and cells were passaged every 4 to 7 days with 0.25%
trypsin and 1% EDTA. An hAMSC cell suspension with a
density of 2 × 104 cells/mL was added to the surface of the
sterilized 3D printed hydrogel (one hydrogel in each well of 24-
well plates). The cell-seeded hydrogels were incubated at 37 °C
in 5% CO2, and the media were refreshed every other day. After
being cultured for 1 day, 3 days, and 7 days, samples were then
washed three times with PBS. The viability and proliferation
were assessed using the Live/Dead staining and Cell Counting
Kit-8 (CCK-8) according to the manufacturer’s instructions.
Live and dead cells on the surface of 3D printed hydrogels

were visualized using the Live/Dead assay kit according to the
manufacturer’s protocol. After cell implantation, the hydrogels
were gently rinsed with 1× PBS for 3 times and then immersed
in a Live/Dead working solution (2 μMcalcein AM, 8 μMPI) at
37 °C for 45 min in the dark. Subsequently, the 3D constructs
were rinsed with 1× PBS for 1 time and added with the
fluorescence-quenching agent. Finally, the cells on 3D printed
hydrogels were observed by laser scanning confocal microscopy
(Olympus FV3000, Tokyo, Japan). Viable cells (green
fluorescence) were stained with calcein AM, whereas dead
cells (red fluorescence) were stained with PI.
For CCK-8 colorimetric assay, 50 μL of a CCK8 solution and

1450 μL of DMEMmedia were added to each well, and the cells
were further incubated in an incubator for 3 h. Finally, the final
solutions were transferred to a 96-well plate (200 μL per well) to
measure the OD values at 450 nm using a microplate reader
(Molecular Devices, Sunnyvale, CA).
3.12. Cytoskeleton Immunofluorescence Staining.

Cytoskeletons in the 3D printed hydrogels were visualized
using TRITC phalloidin and DAPI according to the

manufacturer’s protocol. Briefly, the 3D printed hydrogels
were fixed in 4% paraformaldehyde for 30 min, washed three
times with 1× PBS, soaked in 0.5% Triton X-100 for 10 min, and
washed 3 times with 1× PBS. Next, the samples were incubated
in 4 μg/mL TRITC phalloidin followed by PBS washes for 3
times. Nuclei were stained with 1 μg/mL DAPI solution in the
dark for 15 min followed by PBS washes for three times and
added with the fluorescence-quenching agent (G1401, Service-
bio Co., Ltd., China) at 4 °C protected from light. Finally, the
images were acquired by laser scanning confocal microscopy
(FV 3000, Olympus, Japan). The cytoskeleton (red fluo-
rescence) was stained with TRITC phalloidin, and the cellular
nuclei (blue fluorescence) were stained with DAPI.

3.13. In Vitro Cell Delivery Property of the 3D Printed
Hydrogels. First, GelMA and GelMA/ColMA hydrogels
containing hAMSCs (1 × 107 cells/mL) were 3D printed.
Then, hydrogels were placed in 24-well plates, and 1.5 mL of
DMEMwith 10% FBS was added into each well. At various time
points, the released cell survival and the number in hydrogels
weremeasured using the Live/Dead cell kit and a Countess II FL
automated cell counter (Life Technologies, Carlsbad, CA,
USA). Meanwhile, the released cells were observed using an
optical microscope (Shanghai Optical Instrument Factory,
Shanghai, China) at day 7.

3.14. Establishment of the Intrauterine Adhesion
(IUA) Model. All animal experiments were approved by the
Jinan University Institutional Animal Care and Use Committee.
The scratching method was used to construct the IUA model as
described previously with slight modifications.41 The rats were
examined for an estrous cycle by vaginal smear tests. Under an
aseptic environment, rats were anesthetized with pentobarbital
(45 mg/kg), and their abdomen was disinfected with iodine. A
3−4 cm longitudinal incision was made along the abdominal
white line to enter the abdominal cavity, separate the tissue, and
confirm the location of the uterus. Taking the right uterine horn,
a 2 mm diameter incision was crosscut at the junction of the
uterine body and the uterine horn about 1 cm. Then, the
endometrial tissue was scratched up and down by a curette with
a diameter of 2 mm. The length of the uterine injury is about 3−
4 cm. To prevent scratching through the myometrium, the
curettage is stopped when the uterine wall is thin and
translucent. The left uterine horn is treated with the same
method. The abdominal cavity was rinsed with normal saline,
and the abdomen was closed layer by layer. The rats were
subdivided into 4 groups: (1) the sham operation group (sham
group, n = 3), where the abdomen was opened and the
abdominal cavity was exposed about, the abdomen was closed
layer by layer after 15 min, and the uterus was not treated; (2)
the PBS model group (model group, n = 3), where the IUA
model was built according to the above method and the rats
were injected with 10 μL of PBS in each of the two uterine horns;
(3) the GelMA/ColMA hydrogel-treated group (GelMA/
ColMA group, n = 3), where the rats were placed with the 3D
printed GelMA/ColMA hydrogel in each of the two uterine
horns; (4) the GelMA/ColMA/hAMSC hydrogel-treated group
(GelMA/ColMA/hAMSC group, n = 3), where the rats were
placed with the 3D printed GelMA/ColMA/hAMSC hydrogel
in each of the two uterine horns.
Rats were sacrificed at day 14 post treatment, and the double-

layer uterine tissue was collected. Uterine tissue samples were
routinely fixed with 4% paraformaldehyde for 24 h, embedded in
paraffin, and cut into sections with a thickness of 4 μm.
Subsequently, sections were stained with hematoxylin and eosin
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(H&E) according to the manufacturer’s protocol. The stained
sections were observed with a light microscope (RM2016, Leica,
Shanghai, China).
3.15. Statistical Analysis. All determinations were

performed at least in triplicate, and the results were expressed
as means ± standard deviation (mean ± SD). Statistical
comparisons were subjected to one-way ANOVA statistical
analysis using SPSS 22.0 software (SPSS, Chicago, USA). Values
of *p < 0.05, **p < 0.01, and ***p < 0.001 were considered to
demonstrate statistical significance.

4. CONCLUSIONS
A composite GelMA/ColMA hydrogel for intrauterine adhesion
prevention was developed by using 3D printing technologies.
The presented antiadhesion hydrogel has a porous 3D structure,
improved mechanical properties, and prolonged degradability.
The results of in vitro experiments demonstrated that stem cells
can realize liable attachment and uniform spreading on the
surface of the inner wall of the channels, showing high survival
rates, normal proliferation rates, and good cell morphology.
Moreover, in the 3D printed GelMA/ColMA hydrogel, stem
cells were continuously released for at least 7 days in vitro. The
results of in vivo experiments demonstrated that the GelMA/
ColMA/hAMSC hydrogel has an antiadhesion capability in the
rat IUA model. Furthermore, the finding of this work indicated
that the 3D printed GelMA/ColMA hydrogel may offer a
biocompatible, feasible, and efficient way for the study of tissue
engineering development.
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