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a visible light, cross-linked GelMA
hydrogel containing decellularized human
amniotic particles as a soft tissue replacement for
oral mucosa repair

Qiang Zhang, ab Chunyu Qian,a Wanshu Xiao,a Huajun Zhu,a Jun Guo,b Zili Ge*a

and Wenguo Cuic

Early effective treatment of oral mucosal defects is the key to ensuring defect healing and functional

recovery. The application of human amniotic membrane (HAM) in promoting wound healing has been

shown to be safe and effective. However, amniotic membrane is thin, easy to tear and difficult to handle.

Combined with the natural forces at play in the oral cavity, this has restricted the clinical applications of

HAM for healing of mucosal defects. Methacrylated gelatin (GelMA) has good mechanical strength and

adhesion, and can be used as a bionic repair film to attach to the damaged surface of oral mucosa, but

GelMA lacks bioactive substances and cannot promote the rapid repair of oral mucosal defects. The aim

of this study was to design a type of composite GelMA hydrogel mixed with decellularized human

amniotic particles (dHAP) as an oral mucosa substitute, to promote regeneration of defective mucosa by

stimulating rapid angiogenesis. The composite substitute GelMA–dHAP was easy to synthesize and store,

and easy to operate for repair of oral mucosal defects. We show the angiogenic potential of GelMA–

dHAP on chick chorioallontoic membrane and the curative effect of GelMA–dHAP as a treatment in the

rabbit oral mucosa defect model. In conclusion, this study confirms the effectiveness of GelMA–dHAP as

an ideal soft tissue substitute for the repair of oral mucosal defects, overcoming the shortcomings of

using HAM or GelMA alone.
Introduction

Oral mucosal defects are a kind of irreversible, or reversible,
damage caused by health disorders, trauma or surgery, and
include cuts, tears or delayed repair of the affected parts.
Wound healing is a progressive repair process of injured tissue.1

Many researchers are trying to develop an ideal biomaterial as
an oral mucosal replacement that can, not only promote the
repair of mucosal defects, but also has the ability to resist
infection. An ideal biomaterial should have good biomechan-
ical properties, which are similar to the oral mucosa, should
promote cell adhesion, proliferation, migration and differenti-
ation, should degrade at comparable rates to the formation of
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new oral mucosa, and should prevent infection.2,3 So far, there
is no such product, but there are some scaffold biomaterials,
such as silicon-based sheets and acellular bovine collagen-
based membranes (Integra™). Unfortunately, these materials
are very expensive, so research in the eld of oral mucosal
regeneration has not yet met the needs of clinical application.4

Since the beginning of the 20th century, human amniotic
membrane (HAM) has been successfully used for trauma and
reconstruction purposes.5 At present, HAM is still a research
hotspot in tissue engineering: for example, Lai et al. used photo-
cross-linked AM as a bioengineered limbal epithelial cell
carrier.6 Many studies have also conrmed the effectiveness and
safety of human amnion in wound treatment, and more than
200 cases of skin burns treated with human amniotic
membrane have been reported.7

HAM is also widely used in the treatment of venous ulcers,
neurovascular ulcers in diabetes, various types of post-
traumatic wound dehiscence, etc.8–10 In many clinical cases,
the amniotic membrane is placed on the wound and held in
place with glue, sutures, or additional bandages. HAM appears
to be benecial in these clinical settings, whereas for routine
clinical applications for oral mucosal repair it is a difficult
material. Compared with skin substitutes, tissue-engineered
This journal is © The Royal Society of Chemistry 2019
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oral mucosa must resist the natural forces of the oral cavity and
should have maximum stability to keep their structure during
wound healing. Although HAM has attractive biological and
biochemical properties, its biodegradation rate and biome-
chanical properties have limited its application for regenerative
medicine and tissue engineering. In order to overcome these
disadvantages, HAM has been modied to adjust its perfor-
mance by chemical cross-linking or innovative stratication,
thus adding hybrid materials and tissue preparation strategies
into the HAM.11,12

Despite the unique characteristics of HAM as a wound
dressing, there are still signicant limitations in delivering
complete amniotic membranes to irregular or large defects.
This is due to the fact that, in most treatment cases, the
amniotic membrane does not conform to the irregular topology
or size of the defect.7 In addition, due to the high cost of pro-
cessing, transportation, and storage of living cellulosic tissue,
the clinical applications of HAM have been limited. It has been
reported that there are anti-angiogenesis and angiogenesis
characteristics derived from the epithelial and mesenchymal
layers of HAM.13 Decellularization not only eliminates the
immunogenicity of HAM, but also exposes its extracellular
matrix proteins, ultimately improving its biological
characteristics.13,14

In recent years, a variety of hydrogel biomaterials have been
widely used in tissue engineering, including as carriers for
proteins, drugs and living cells.7,15,16 In the meantime, some
researchers have successfully assembled dHAM and the broin
protein produced by electrostatic spinning into three-
dimensional double-layer articial skin.11 dHAM coated with
polyester polyurethane on both sides, to improve its biome-
chanical strength and to produce a biocompatible surgical
mesh structure, has also been reported.17 Van den Bulcke et al.
reported a GelMA synthesis protocol in 2000.18 Because of its
excellent performance and the preparation of hydrogels that
avoid the use of a chemical cross-linking agent, GelMA has been
widely used in different biomedical applications and proven to
have good biocompatibility.19 Photolithography and three-
dimensional printing technologies can be used to fabricate
micro-patterned 3D cell-laden GelMA hydrogels containing
single or multiple cell lines for engineering different tissues.20

Through a detailed study of GelMA characteristics, our research
group also claried a series of properties for GelMA, marking it
as an ideal biomaterial for tissue engineering.21,22

In this paper, to overcome the disadvantages associated with
HAM graing alone, we present a new composite class of semi-
synthetic scaffold for the clinical management of oral mucosal
defects. The scaffold is a photo-cross-linked GelMA-
decellularized HAM particle composite (GelMA–dHAP), pro-
cessed into cell-free products while maintaining a high
concentration of dHAP-derived extracellular matrix proteins.
Although ultraviolet light has been extensively used in the
optical cross-linking of different biopolymers, it has been re-
ported to be associated with DNA and tissue damage.23,24 In
addition, Lai found that the duration of ultraviolet irradiation
had a great inuence on the biological stability and matrix
permeability of photo-cross-linked AM materials.25 Here, we
This journal is © The Royal Society of Chemistry 2019
describe for the rst time the engineering of composite the
GelMA–dHAP scaffold through visible light-mediated photo-
cross-linking. The use of a photoinitiator system activated by
visible light eliminates the biosafety issues associated with UV
light, while yielding mechanical properties similar to or better
than those of UV-cross-linked hydrogels.26 In this paper, we
show that dHAP and GelMA can be effectively cross-linked into
a biocomponent, 3D bulk structure scaffold that resulted in
better biomechanical properties while preserving the desired
properties of the original dHAM components (Fig. 1).
Materials and methods
HAM collection and decellularization

Pregnant women were screened serologically for the possi-
bility of infectious diseases, such as human immunode-
ciency virus type II, hepatitis B virus, hepatitis C virus,
syphilis, gonorrhea, toxoplasmosis, cytomegalovirus, etc. Aer
informed consent of the donors, fetal membrane was removed
by aseptic operation. The chorionic tissue was removed by
blunt separation and the amniotic layer was retained. All of the
procedures were performed according to Mazaher et al.
(2015).13 The fresh placenta was rinsed with sterile distilled
water three times. Residual blood was discarded from the
placenta and washed several times with sterile distilled water.
HAM was isolated from the chorionic layer and transferred to
sterile phosphate-buffered saline (PBS) (pH 7.4) and treated
with antibiotics and antifungal agents. The HAM was then
treated in 0.2% EDTA for 30 min at 37 �C, and, thereaer, with
0.5 M sodium hydroxide for 30 s. The tissue was then trans-
ferred to 5% ammonium chloride and shaken vigorously. The
cells of the HAM were removed by vigorous shaking and
scraping and then washed with sterile PBS three times. The D
tissue (dHAM) was lyophilized and pulverized using a tissue
grinder (Tissuelyser-64, Jingxin, Shanghai, China) to form
dHAP. The dHAP was sealed with nylon and preserved at
�80 �C until further use. All steps were performed under
aseptic conditions. An overview of this process is shown in
Fig. 1.
Synthesis of methacrylated gelatin (GelMA)

GelMA was synthesized using the methods described previ-
ously.21,22 Type A gelatin extracted from porcine skin was mixed
in 10% (w/v) PBS at a constant temperature of 60 �C with stir-
ring, until the gelatin was completely dissolved. Methyl meth-
acrylate (MA) was dropped into the gelatin solution over
a period of one hour. Aer the addition of MA, the reaction
solution was covered with aluminum foil to avoid light and
reacted in darkness for 3 hours. Aer dilution with 40 �C PBS,
ve times, the reaction stopped. Then, dialysis was performed
with 10–14 kDa cut-off membranes for one week to remove
unreacted MA and other salts from the solution. Aer dialysis
for one week, the solution was vacuum ltered via a membrane
with a pore diameter of 0.22 mm. The ltered solution was then
lyophilized to obtain a white spongy foam, GelMA. The foam
was stored in a desiccator until needed.
RSC Adv., 2019, 9, 18344–18352 | 18345
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Fig. 1 Schematic preparation of the 3D porous structure scaffold, angiogenic potential of the GelMA–dHAP on CAM and efficacy of GelMA–
dHAP as a wound treatment on the rabbit oral mucosa defect model. HAM: human amniotic membrane; dHAM: decellularized human amniotic
membrane; dHAP: decellularized human amniotic particles; CAM: chick chorioallontoic membrane.
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Preparation of dHAP–GelMA bicomponent 3D bulk structure
scaffold

GelMA foam (400 mg) and dHAP (200 mg) were prepared. The
GelMA foam was dissolved in PBS to obtain GelMA solution
with a concentration of 10% (w/v), and dHAP was added and
stirred evenly. Acylphosphinate photo-initiator (AP, L0290,
Tokyo Chemical Industry, Japan) at 0.1% (w/v) was added to the
solution as a photoinitiator. Following addition of L0290, the
solution was mixed and exposed to a visible light, dental curing
device (Ultradent Products, 395–480 nm, 10.5 mm curing tip)
for 20 s to form a 0.2 cm thick membrane. The synthesized
GelMA–dHAP scaffold was washed with PBS and kept at �80 �C
until further use. The schematic of the GelMA–dHAP oral
mucosa scaffold preparation is illustrated in Fig. 1.27
Surface characterization using scanning electron microscopy
(SEM)

GelMA–dHAP was taken from the �80 �C refrigerator, lyophi-
lized and sputter-coated with Au–Pd (2 nm) and examined with
Fig. 2 (A) HAM before decellularization. (B) HAM after decellularization, H
surface. (C) Under scanning electron microscope, acellular matrix show

18346 | RSC Adv., 2019, 9, 18344–18352
an S-4800 scanning electron microscope (Hitachi, Japan). The
SEMwas used to evaluate the surface of the freeze-dried scaffold
and to achieve image collection. A total of 100 pores were
randomly selected to measure their diameters.
Fourier-transform infrared (FTIR) spectroscopy of GelMA,
dHAM and GelMA–dHAP

The molecular conformations of GelMA, dHAM and GelMA–
dHAP were determined by FTIR spectroscopy (ThermoFisher,
Nicolet 6700).28 For this purpose, the dried GelMA, dHAM and
GelMA–dHAP powders were mixed with potassium bromide
(KBr) and analyzed in the spectral region 4000–400 cm�1, with
a resolution of 4 cm�1.
Mechanical testing

A universal tensile strength tester at a cross-head speed of 10
mm min�1 with a specied sample size (length ¼ 26 mm and
width ¼ 10 mm; stress ¼ force/[3� thickness]; strain ¼ length/
26) was used to measure the biomechanical behavior of dHAM,
&E staining showed that there was no blue stain on the acellular matrix
ed no residual cells, while fibrous structures are observed.

This journal is © The Royal Society of Chemistry 2019
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GelMA and GelMA–dHAP (n ¼ 3). The ends of the samples were
xed with a metal clip and then subjected to a force gradient of
0.25 N min�1, starting from a 2 mN preload force until the
sample fractured. The stress–strain curve was collected for each
specimen, and the results for strain to fracture were calculated.
Cytotoxicity assessment

Cytotoxicity of GelMA–dHAP was assessed according to previous
reports.29,30 Briey, according to the ISO10993-5 standard,
GelMA–dHAP composite was added into fresh cell culture
medium at 6 cm2 mL�1 and incubated for 48 h at 37 �C and the
supernatants were collected as extracts. The extracts were
diluted at volume ratios of 100%, 50%, and 25% to produce
a working solution, using fresh cell culture media. Meanwhile,
cell culture medium was used as negative control and 5%
dimethyl sulfoxide as positive control. Human broblasts (HFF,
Stem Cell Bank, Chinese Academy of Sciences) in logarithmic
growth phase were digested and seeded on a 96-well plate at 104

cells per 100 mL per well at 37 �C and 5% volume fraction of CO2

overnight. Then, each well medium was aspirated and 100 mL
extraction solution was added, 5% positive control using
dimethyl sulfoxide, and continuing cultivation for 24 h. Adding
100 mL cck-8 reaction solution (90 mL medium + 10 mL cck-8) to
each well and to the blank hole, as cck-8 only, at 37 �C for 2 h
incubation, the absorbance of the culture medium was
measured at 450 nm. Each test group included six different
experimental samples. Relative cell survival rate ¼ (experi-
mental group A value � blank group A value)/(negative control
group A value � blank group A value) � 100%.
Angiogenic potential of GelMA–dHAP

The angiogenic potential of GelMA–dHAP was studied with
a chick chorioallontoic membrane (CAM) assay. Specic-
pathogen-free (SPF) eggs were obtained from Beijing Tech-
nology Co., Ltd (China). GelMA, GelMA–dHAP and absorbable
sponge with an internal diameter of 5 mm were prepared, with
the absorbable sponge as the control group. At embryonic
development day 4 (EDD), material from the same group was
placed on the CAM surface at opposite sites. At EDD 4, 2.5 mL
Fig. 3 (A) SEM image of pore size distribution in the composite GelMA–d
the dHAP are adhered and wrapped. (B) The distribution of pore size in

This journal is © The Royal Society of Chemistry 2019
4% paraformaldehyde xing solution was added to the pseu-
dochamber and xed at room temperature for 15 min. Using
tweezers and scissors, the CAM lm was removed from the
window and placed in a Petri dish with normal saline. Then, the
CAM lm was stuck to the lter paper and photographs taken
under the stereoscope. Thereaer, the CAM lm was xed in
10% formaldehyde, embedded in paraffin and 3 mm sections
were cut. According to a previous report,31,32 the total vascular
area of all traced vessels was calculated by ImagePro Plus 6.0.
Aer conventional hematoxylin and eosin (H&E) staining, the
vascular and inammatory responses in the CAMwere observed
under a light microscope.
In vivo oral mucosa repair

New Zealand white rabbits (2 kg, male and female, animal
service center of Suchow University) were randomly separated
into three groups. Oral mucosal defects were covered with
GelMA or GelMA–dHAP, with an oiled gauze dressing outer
covering, while the control group was only covered with an oiled
gauze dressing. There were four rabbits for each group, and
eight samples per group (le and right sides of the oral mucosa
were both sampled). The experiments were approved by the
Soochow University Board for Animal Experiments. According
to previous reports,33,34 the main observation indices were as
follows (with one rabbit sacriced in each group randomly,
observing the rabbit general situation and the wound condi-
tion). (1) Changes to the buccal mucosa wound diameter:
observed at days 3, 5, 7, and 14 post-surgery. (2) Cell number
and morphological observation of the defect repair site:
observed at 3, 5, 7 and 14 days aer surgery, the wound margin
and normal wound tissue were xed with 4% formaldehyde,
and paraffin-embedded sections were stained with H&E to
observe morphological changes at the defect repair site.
Statistical analysis

Statistical analysis was performed using the GraphPadPrism7
program and SPSS 17.0, the mean between groups was analyzed
using one-way analysis of variance (ANOVA), and the q test
(Newman–Keuls method) was statistically processed to
HAP scaffold. The scaffold has a 3D porous network structure in which
the GelMA–dHAP scaffold.

RSC Adv., 2019, 9, 18344–18352 | 18347
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Fig. 4 The infrared spectra of GelMA, dHAM and GelMA–dHAP. No significant absorption peaks of new groups appeared in the GelMA–dHAP
infrared spectra.
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determine the signicant differences. All values are expressed
as mean � standard deviation. Differences were taken to be
signicant for P < 0.05.
Results
dHAM

The decellularization of HAM was described previously.13

Complete removal of the cells and cellular debris was conrmed
using H&E staining (Fig. 2). H&E staining showed that there was
no blue stain on the acellular matrix surface. Under SEM, the
acellular matrix showed no residual cells, while brous struc-
tures are observed.
Fig. 5 (A) Stress–strain curves of dHAM, GelMA, and GelMA–dHAP. (B) C
dHAP (*P < 0.05, **P < 0.01).

18348 | RSC Adv., 2019, 9, 18344–18352
GelMA–dHAP characterization

Morphology. The morphology of GelMA–dHAP was observed
under SEM. The composite scaffold was obtained aer the
GelMA and dHAP were mixed and cross-linked with a visible
light, dental curing device. The GelMA solution owed freely
before photo-cross-linking and transformed into a solid
substance aer cross-linking with dHAP. The 3D bulk structure
of the GelMA–dHAP scaffold was shown to be highly porous
(Fig. 3) by SEM. The pores are nearly round, with thin walls and
uniform size. The average pore diameter is about 10.16 � 2.77
mm. Such a pore size and the porosity are very suitable for tissue
engineering applications.31 The tilt view SEM image of GelMA–
dHAP conrmed coating of GelMA by dHAP.
omparison of the maximum load value for dHAM, GelMA, and GelMA–

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03009c


Fig. 6 Cytotoxicity: compared with the negative control group (a: P <
0.05) and GelMA–dHAP showed no cytotoxicity.
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FTIR

The conformational transitions of GelMA, dHAM and GelMA–
dHAP were conrmed by FTIR spectroscopy. The infrared
spectra are depicted in Fig. 4. Compared with GelMA and
dHAM, no signicant absorption peaks for new groups
appeared in the GelMA–dHAM infrared spectra.
Biomechanical behavior

In tensile testing, GelMA–dHAP showed signicantly improved
mechanical properties at maximum load value when compared
with dHAM samples (Fig. 5). The composite scaffolds were
stable until a tensile load of 1.04 � 0.03 MPa. The biome-
chanical testing in this study showed that GelMA–dHAP could
signicantly improve its mechanical properties which may
Fig. 7 Evaluation of the angiogenic properties of GelMA–dHAP in the ch
images of the control, GelMA and GelMA–dHAP groups taken on day 8 o
control, GelMA and GelMA–dHAP group calculated from stereoscopy im
each group demonstrating almost no inflammation in the CAM of the Gel
infiltration of inflammatory cells around the blood vessels, was observed
The solid triangles indicate the presence of inflammatory cells in the b
infiltration in blood vessels or less inflammatory cells.

This journal is © The Royal Society of Chemistry 2019
make it an excellent 3D substitute for oral mucosa tissue engi-
neering applications.

Cytotoxicity assessment

The cytotoxicity of GelMA–dHAP on HFF was evaluated
according to the ISO10993-5 standard. Earlier relevant obser-
vations have shown that neither dHAM nor GelMA affected the
cell viability.13,21 Here, no cytotoxicity of GelMA–dHAP on the
growth of HFF was detected (Fig. 6).

The angiogenic potential of GelMA–dHAP

Macroscopic observation showed that the number of neo-
vascularizations was signicantly increased on CAM for the
GelMA–dHAP group, and the blood vessels were arranged as
spokes, while the control group and GelMA group showed less
vascular growth on CAM (Fig. 7A). The angiogenesis area was
quantied by ImagePro Plus 6.0. The results showed that the
angiogenesis area of the control group, GelMA group and
GelMA–dHAP group were 23.33 � 1.59 mm2, 22.95 � 1.82 mm2

and 33 � 0.81 mm2, respectively (Fig. 7B). Compared with the
control group and GelMA group, the angiogenesis area of the
GelMA–dHAP group was signicantly increased (P < 0.05). H&E
staining of the GelMA–dHAP group showed that there was
almost no inammation in the CAM, whereas the control group
and GelMA group showed mild inammatory reaction with
inammatory cell inltration around the blood vessels (Fig. 7C).

In vivo oral mucosa repair

No signicant post-operative wound infection or positive allergy
reaction were found in any of the groups. H&E staining showed
ick chorioallantoic membrane (CAM) assay. (A) Micrograph stereoscopy
f embryonic development. (B) The change in total angiogenesis area of
ages (*P < 0.05). Scale bars: 0.5 mm. (C) Representative images from

MA–dHAP group, whereas a mild inflammatory response, together with
consistently in the control group and GelMA group. Scale bars: 100 mm.
lood vessels, and the hollow triangles indicate no inflammatory cell
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Fig. 8 Histology of oral mucosa healing. H&E staining photographs of oral mucosa wound on days 3, 5, 7, and 14. The oral mucosal defects were
covered with oiled gauze in group A; GelMA in group B; and GelMA–dHAP in group C.
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that 3, 5,7 and 14 days aer the operation, new granulation
tissue was found to be rich in capillaries, inammatory cells
and broblasts at the margin of the GelMA–dHAP operation
area. The GelMA group showed a small amount of newborn
epidermal cells covering the wound surface, with uneven
thickness and cell swelling. In the control group, there were
a large number of inammatory cells and broblasts in the new
granulation tissue, but few in the new epidermis. At 14 days
aer surgery, epithelial nappes were found in the operation area
of the GelMA–dHAP group, while the epithelial cell layers were
gradually increased in the GelMA group, with more broblasts
and inammatory cells. The number of inammatory cells was
relatively high in the control group, collagen bers were disor-
dered, and epithelium formation was poor (Fig. 8).
Discussion

Although HAM has good regeneration ability, its high storage
cost and relatively weak mechanical strength greatly limits the
application of fresh and dehydrated HAM.9 Tissue engineering
scaffolds must provide sufficient biomechanical properties for
better application in the regeneration of defect tissue. HAM and
dHAM are difficult to gra due to their poor mechanical prop-
erties. To solve this problem, researchers are trying to nd a way
to improve the biomechanical behavior of HAM without
affecting its characteristics, such as cell adhesion and non-
cytotoxicity. M. Gholipourmalekabadi et al.11 developed
a three dimensional silk broin/amniotic membrane wound
dressing with excellent chemical and mechanical properties
for biological applications. In addition, the biomechanical
properties of HAM were improved by cross-linking carbodii-
mine and glutaraldehyde. However, the negative effects of these
18350 | RSC Adv., 2019, 9, 18344–18352
drugs on the structure, molecular stability and cellular
compatibility of HAM have been conrmed previously.35,36

In the present study, we synthesized and characterized
a novel photo-cross-linking composite scaffold of GelMA–dHAP
which has been designed as a dHAM substitute for oral mucosa
repair. The composite scaffold combined the advantages of
dHAM and GelMA. The photo-cross-linking between the GelMA
and the dHAP generated a 3D porous structure that, not only
drastically improved the biomechanical properties of dHAM,
but also retained the bioactivity of dHAM. Due to dHAM being
rich in proteoglycan and various growth factors, and to avoid
DNA damage from ultraviolet light, the main ndings of this
study are that one can readily combine dHAP with GelMA to
synthesize a 3D bulk scaffold using only 20 s of visible light
cross-linking. The GelMA–dHAP is non-cytotoxic and promotes
angiogenesis, which in turn promotes the repair of oral mucosal
defects.

The microenvironment of the extracellular matrix plays an
important role in cell morphology, adhesion, expansion and
differentiation. Similar to the effects promoted by different
biochemical cues, many biomimetic scaffolds have been
developed with specic physical properties and topographic
cues to inuence the behavior of cells. Previous studies have
shown that GelMA is a biocompatible material, which can be
cross-linked in vitro to form a physical barrier.21,22 At present,
previous studies have conrmed that amniotic membrane
apoptosis does not affect the composition of the amniotic
extracellular matrix.37 It is well known that amniotic epithelial
cells and stromal cells have immunogenicity, so gra rejection
restricts the use of HAM as an allogra. It has also been
demonstrated that dHAM has many favorable characteristics,
such as antibacterial properties, low antigenicity, ready avail-
ability and positive effects on cell proliferation and
This journal is © The Royal Society of Chemistry 2019
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adhesion.13,37 The GelMA–dHAP scaffold serves as a dynamic
environment extracellular matrix, and its 3D porous structure is
easy to manipulate, which is of great signicance for future
scaffold handling in the laboratory and in the clinic.
Conclusion

The wide use of HAM for wound care has been shown to be safe
and effective, yet it is not fully satisfactory for oral mucosa
defect repair. This is because of its fast rate of biodegradation
and low non-optimal biomechanics. In this study, we developed
and fully characterized a 3D porous oral mucosa substitute
scaffold made from dHAP and GelMA. The GelMA–dHAP scaf-
fold shows improved mechanical properties when compared
with dHAM alone. In in vivo animal experiments, the composite
scaffold can promote repair of oral mucosal defects within two
weeks. However, this approach to achieving a functional three-
dimensional porous scaffold is still worthy of further study with
respect to the sterilization of GelMA–dHAP, autologous or
donor cell research, biodegradability and swelling capacity
studies. In addition, before moving from laboratory to clinical
applications, it is also necessary to make sure that the scaffold
can be translated into a suitable product in order to test it in
humans. The present study has established the initial founda-
tion for a novel and practical approach in the area of oral
mucosa substitute research. We conclude that the GelMA–dHAP
assessed in this study appears to be very promising when
combined with seed cells as an approach to providing a well-
vascularized 3D porous scaffold to improve the engrament
of tissue-engineered oral mucosa.
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