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Construction of living-cell tissue engineered &
amniotic membrane for ocular surface disease
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Abstract

Background Human amniotic membrane (AM) transplantation has been applied to treat ocular surface diseases,
including corneal trauma. The focus of much deliberation is to balance the mechanical strength of the amniotic
membrane, its resistance to biodegradation, and its therapeutic efficacy. It is commonly observed that the crosslinked
human decellularized amniotic membranes lose the functional human amniotic epithelial cells (hAECs), which play a
key role in curing the injured tissues.

Methods and results In this study, we crosslinked human decellularized amniotic membranes (dAM) with genipin
and re-planted the hAECs onto the genipin crosslinked AM. The properties of the AM were evaluated based on optical
clarity, biodegradation, cytotoxicity, and ultrastructure. The crosslinked AM maintained its transparency. The color

of crosslinked AM deepened with increasing concentrations of genipin. And the extracts from low concentrations

of genipin crosslinked AM had no toxic effect on human corneal epithelial cells (HCECs), while high concentrations

of genipin exhibited cytotoxicity. The microscopic observation and H&E staining revealed that 2 mg/mL genipin-
crosslinked dAM (2 mg/mL cl-dAM) was more favorable for the attachment, migration, and proliferation of hAECs.
Moreover, the results of the CCK-8 assay and the transwell assay further indicated that the living hAECs tissue-
engineered amniotic membranes could facilitate the proliferation and migration of human corneal stromal cells
(HCSCs) in vitro.

Conclusions In conclusion, the cl-dAM with living hAECs demonstrates superior biostability and holds significant
promise as a material for ocular surface tissue repair in clinical applications.

Keywords Human amniotic membrane, Human amniotic epithelial cell, Tissue-engineered amniotic membrane,
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Introduction

The ocular surface system, mainly including the conjunc-
tiva and cornea, is functional to guarantee the stability
of the refractive surface of the eye. Any component dys-
function or impairment can lead to whole-system sec-
ondary dysfunction and severe ocular surface disease [1,
2]. Conditions such as chemical and thermal burns, ocu-
lar cicatricial pemphigoid, Stevens-Johnson syndrome,
and other similar diseases pose significant treatment
challenges for ophthalmologists globally. The concept of
ocular surface reconstruction with biomaterial for tissue
engineering has been generally accepted by ophthalmolo-
gists [3].

The amniotic membrane, the innermost layer of the
placenta, has a translucent appearance and is consists
of a monolayer of amniotic epithelial cells, a thick base-
ment membrane, and an avascular stroma [4, 5]. Over the
past two decades, the amniotic membrane has become a
common graft for ocular surface reconstruction due to
its ability to reduce inflammation and scarring, as well
as promote epithelialization. Furthermore, the amni-
otic membrane is widely available and easily obtainable
[6-8]. However, some underlying shortcomings of cur-
rently available amniotic membrane products include the
tendency to curl and tear, difficulties in intraoperative
handling and suturing, and rapid degradation that may
necessitate re-transplantation [9-11]. Treating amniotic
membranes with crosslinking agents can enhance the
mechanical strength and biological stability of the grafts.
Genipin, an agent extracted from Gardenia jasminoides
fruit, is a newly discovered crosslinker [12]. Compared to
crosslinking agents such as formaldehyde and glutaralde-
hyde, genipin offers higher biocompatibility, lower cyto-
toxicity to cells, and improved mechanical strength and
degradation properties for biological materials [13, 14].
Previous research has shown that the genipin-crosslinked
AM has excellent biostability and biocompatibility, mak-
ing it suitable for various tissue engineering applications
[15]. However, the crosslinking process leads to a loss of
function in human amniotic epithelial cells (hAECs).

HAECs originate from the epiblast and possess the
proliferative and differentiation properties of embry-
onic stem cells. The capacity of amniotic epithelial cells
to modulate or even suppress both innate and acquired
immunity makes them a practical resource for inducing
tolerance in both autoimmune and transplantation mod-
els [16]. Intravenous administration of hAECs did not
cause a hemolytic reaction, toxicity, allergic reactions,
or tumorigenicity, indicating their systemic safety [17].
Recently, hAECs have been widely used in regenerative
medicine, including treatment for lung injury [18], liver
injury [19], skin wound healing [20], and ocular surface
restoration [21], due to their anti-inflammatory, anti-
fibrotic, tissue regeneration, and immunomodulatory

Page 2 of 11

properties. In our previous study, hAEC not only facili-
tate re-epithelialization of the cornea after alkali burns
but also reduce scar formation and promote the resto-
ration of corneal tissue transparency [22]. The amniotic
membrane graft that was employed in ocular surface
treatment lack functional hAECs, which to some extent
limits the therapeutic effect of the amniotic membrane.

In this study, we aimed to crosslink human decel-
lularized amniotic membranes (dAM) with genipin to
enhance their mechanical strength, optical clarity, anti-
degradation properties, and reduce cytotoxicity. Then
hAECs were seeded onto genipin crosslinked dAM to
construct a functional living-hAEC tissue-engineered
amniotic membrane, potentially offering a more effective
treatment for ocular surface diseases.

Materials and methods

Human ethics

After written informed consent was obtained from every
placental donor, amniotic membranes were collected
from term healthy placentas of women according to
the guidelines and approval of the the Human Research
Ethics Committee of the School of Medicine at Tongji
University (Approval No. 2021tjdx053). A total of five
placental donors participated in this study.

Decellularization of human amniotic membrane

The amniotic membrane on the surface of the placenta
was stripped aseptically and washed with phosphate-
buffered saline (PBS, B548117, Sangon Biotech, China)
containing 10% penicillin and streptomycin (10378016,
Thermo Fisher Scientific, USA) at least 3 times to remove
blood stains and impurities. The amniotic membrane
was then cut into pieces approximately 5 cm X 5 ¢cm in
size and incubated with 0.25% Trypsin-EDTA (25200072,
Thermo Fisher Scientific, USA) at 37 °C for 15 min. Then
the hAECs were gently scraped from the surface of the
amnion with a cell scraper without destroying the struc-
ture of the underlying amniotic tissue. The decellularized
amniotic membrane (dAM) was then rinsed several times
with PBS to remove residual chemicals. To ensure com-
plete decellularization of dAM, we stained the AM sam-
ples with DAPI for residual cell nucleus inspection. The
dAM was then stored in DMEM medium (D6046, Sigma,
Germany) mixed with glycerol (A100854, Sangon Bio-
tech, China) at a ratio of 1:1 (vol/vol) and stored at -80 °C.

Cell culture

To isolate and culture hAECs, the previous steps are the
same as for dAM preparation. The dissociated hAECs
were collected by centrifugation at 1500 rpm for 10 min
and cultured in DMEM/F12 medium (11330032, Thermo
Fisher Scientific,c USA) containing 10% fetal bovine
serum (FBS, FSP500, ExCell Bio, China), 10 ng/ml human
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recombinant epidermal growth factor (EGF, PHGO311,
Thermo Fisher Scientific, USA), 5 pM SB431542 (301836-
41-9, Selleck, China), and 1% penicillin and streptomycin
at 37 °C with 5% CO,. The culture medium was changed
every two days.

Human corneal epithelial cell (HCEC) and Human
corneal stromal cell (HCSC) (kind gifts from professor
Qingjun Zhou (Shandong Eye Institute, China)) were cul-
tured in DMEM/F12 medium (11330032, Thermo Fisher
Scientific, USA) containing 10% FBS in an incubator at
37 °C with 5% CO,.

Immunofluorescence assay

The expression of proteins in hAECs was detected by
immunofluorescence. The cultured hAECs were seeded
on a 24-well plate and cultured for 24 h. The cells were
fixed with 4% paraformaldehyde (PFA; E672002-0500,
Sangon Biotech, China) for 5 min, then permeabilized
with 0.3% TritonX-100 (A600198, Sangon Biotech,
China) /PBS for 5 min, and blocked with 3% bovine
serum albumin (BSA, A600332, Sangon Biotech, China)
/PBS for 1 h at room temperature (RT). The cells were
stained with primary antibodies (mouse anti-Cytokera-
tin19, mouse anti-E-cadherin, and mouse anti-SSEA4)
at 4 °C overnight and then incubated with Alexa-Fluor
488 conjugated anti-mouse or Alexa-Fluor 555 conju-
gated anti-mouse secondary antibodies for 1 h at RT.
The cell nuclei were stained with DAPI. The images were
captured by a fluorescence microscope (IX73, Olympus,
Japan). Cells not stained with the primary antibody were
considered negative controls.

Genipin crosslinked amniotic membrane

Decellularized amniotic membrane (dAM) was cross-
linked with 2 mg/mL, 4 mg/mL, or 8 mg/mL genipin
(6902-77-8, LinChuan ZhiXin Biotechnology, China) in
PBS solution. In brief, dAM was immersed in different
genipin solutions (2 mg/mL, 4 mg/mL, or 8 mg/mL) for
24 h at 37 °C. After 24 h, the genipin-crosslinked dAM
was rinsed with PBS and stored in DMEM medium
mixed with glycerol at a ratio of 1:1 (vol/vol) at -80 °C.
Before use, all crosslinked materials should be thoroughly
rinsed with PBS to eliminate any residual crosslinking
agent.

Five different groups were involved in this study:
native amniotic membrane (nAM), decellularized amni-
otic membrane (dAM), 2 mg/mL genipin-crosslinked
decellularized amniotic membrane (2 mg/mL cl-dAM),
4 mg/mL genipin-crosslinked decellularized amniotic
membrane (4 mg/mL cl-dAM), and 8 mg/mL genipin-
crosslinked decellularized amniotic membrane (8 mg/
mL cl-dAM). The 2 mg/mL cl-dAM, 4 mg/mL cl-dAM,
and 8 mg/mL cl-dAM were respectively referred to as the
genipin low, genipin medium, and genipin high groups.
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Measurement of optical clarity

The amniotic membrane of each group was laid flat on a
cell culture dish, and then the dish was placed on a piece
of paper with a square pattern to observe the clarity of
the amniotic membrane of each group separately. The
general appearance of the AM was captured with a digital
camera (Olympus, Japan).

In vitro biodegradation experiment

The biostability of amniotic membrane before and after
crosslinking with genipin was examined using an in vitro
enzymatic degradation assay [23]. Collagenase type I
(17018029, Thermo Fisher Scientific, USA) was applied to
examine the anti-biodegradation abilities of the amniotic
membrane in all groups. All the amniotic membranes
(n=3) were cut into 1 cm X 1 cm pieces and then incu-
bated with 2 mL of 0.1 mg/mL of collagenase I at 37 °C.
The degradations of the AM were observed at 0, 24, and
120 h with a microscope (SZX10, Olympus, Japan).

Surface morphology and ultrastructure analysis

The surface morphology and ultrastructure of nAM,
dAM, and cl-dAM were characterized with a S-3400 N
scanning electron microscope (SEM) (HITACHI, Japan).
The samples of each group were initially fixed with
2.5% glutaraldehyde solution overnight at 4 °C and then
washed three times with ddH,O and frozen overnight at
-20 °C. The samples were dried in a freeze dryer (ALPHA
1-2 LD plus, Christ, Germany) for 3 h and then sputter-
coated with gold, followed by SEM observation.

Cytotoxicity assessment of genipin crosslinked amniotic
membranes

The CCK-8 assay was performed to assess the cytotox-
icity of the extracts of genipin-crosslinked amniotic
membranes on cells. Cut each group of amniotic mem-
brane into 3 cm X 3 cm pieces and place them flat in
6-cm cell culture dishes. Add 3 mL of culture medium
DMEM/E-12 containing 1% penicillin and streptomycin
to each group and extract them for 48 h at 37 °C as the
extraction solution.

The cultured cells were seeded on a 96-well plate at a
density of 5x10 cells per well and cultured for 24 h.
The culture medium was replaced by DMEM/E-12
medium containing 1% FBS only as a control, and the
same medium contained amniotic membrane extracts
from each group. After cells were incubated with or
without amniotic membrane extracts for 24 h and 72 h,
the medium was aspirated, and then freshly prepared
CCK-8 (TargetMol, USA) culture medium was added to
each well according to the manufacturer’s instructions.
Cell viability was measured as the absorbance at 450 nm
with a microplate reader (iMark™ Microplate Absorbance
Reader, BioRad, USA) as in our previous report [24].
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Re-plant hAECs on the genipin-crosslinked amniotic
membrane

The dAM (control group) or 2 mg/mL cl-dAM was
trimmed into a 25 mm diameter circle and then placed
into 24-well culture plates. hAECs at passage 2 were
seeded at a density of 5x10° cells (200 uL cell suspen-
sion) per well onto the dAM or 2 mg/mL cl-dAM and
cultured in hAECs medium in an incubator at 37 °C with
5% CO2.

After 12 h of incubation, 500 pL of hAECs medium
was added, and the incubation was continued for another
24 h before changing the culture medium. Then the
cultural medium changed every day. The attachment,
proliferation, and migration of hAECs on the amniotic
membrane were monitored by microscopy (CKX41,
Olympus, Japan).

Hematoxylin and eosin (H&E) staining

After 4 days of culture, cl-dAM with living-hAECs was
collected for H&E staining. Amniotic membrane samples
were fixed with 4% paraformaldehyde (PFA, E672002-
0500, Sangen Biotech, China) for 24 h and then embed-
ded in paraffin and cut into 3-um-thick sections. As
previously described, hematoxylin and eosin (H&E)
staining was used to analyze the morphology of the
amniotic membrane [25].

Transwell migration assay

Polycarbonate transwell inserts of 8 pm pore diameter
(3422, Corning Incorporated, USA) were used to deter-
mine the vertical migration of HCSCs. In a 24-well cul-
ture plate, 500 pL of DMEM/F-12 medium without FBS
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was added to the lower chamber. Then the cI-dAM or the
hAECs-cl-dAM was placed into the 24-well culture plate.
Cultured HCSCs were resuspended in serum-free cell
culture media, and 200 pL of cell solution (5x10* cells)
was seeded into the upper transwell insert membrane.
Cells were incubated for 24 h and stained with 0.5% crys-
tal violet (Yeasen, China). Images of migrating cells in the
lower compartment of the inserts were visualized and
photographed by microscopy (CKX41, Olympus, Japan).

Statistical analysis

For all quantitative data, the mean®+SEM was expressed.
The data were evaluated and presented with GraphPad
Prism 9.5 (GraphPad Software, USA). The statistical com-
parison was evaluated with one-way ANOVA. P<0.05
was deemed statistically significant. In the graphs, aster-
isks are displayed to indicate the statistical significance of
the values. *: P<0.05; **: P<0.01; ***: P<0.001.

Results

Decellularization of human amniotic membrane

Neatly arranged amniotic epithelial cells were visibly
observed in the superficial layer of the native amniotic
membrane (nAM) (Fig. 1A). The collagen fiber structures
could be seen when the amniotic epithelial cells were
completely removed with the above mentioned proto-
col (Fig. 1B). The DAPI stained nuclei showed that nAM
contained a high number of hAECs (Fig. 1C). Conversely,
the complete decellularization of the amniotic membrane
was verified by the non-availability of the DAPI-stained
nucleus on the decellularized amniotic membrane (dAM)

Fig. 1 Decellularization of amniotic membrane and isolation of hAECs. (A) hAEC morphology on native amniotic membrane (nAM). (B) The appearance
of the amniotic membrane (AM) following the removal of hAECs. (C) The cell nuclei of hAECs were stained with DAPI. (D) The cell nucleus-stained dAM
showed complete removal of hAECs. (A-D) Scale bar: 100 um. (E) Cell morphology of hAECs cultured in AEC culture medium at passage 2. Scale bar:
200 um. (F) Immunofluorescence staining revealed the specific markers CK19, E-cadherin, and SSEA-4 in cultured hAECs. Scale bar: 100 um. Abbrevia-
tions: hAECs: human Amniotic Epithelial Cells; nAM: native amniotic membrane; dAM: decellularized amniotic membrane
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(Fig. 1D). These results showed the successful prepara-
tion of a completely decellularized amniotic membrane.

Isolation and identification of hAECs

In this study, human amniotic epithelial cells (hAECs)
isolated from the human amniotic membrane can be
cultured to a confluent and tightly connected mono-
layer cell with hAEC medium (Fig. 1E). The cultured
hAECs expressed hAEC-specific markers, including
CK19, E-cadherin, and SSEA-4 (Fig. 1F), as determined
by the immunofluorescence assay. With morphology and
protein identification, hAECs were isolated and stably
expanded in vitro.

Application of genipin to crosslink decellularized amniotic
membrane

Freshly separated nAM and dAM show white lamellae
against a black background (Fig. 2A). The genipin-cross-
linked amniotic membrane had a light blue appearance.
And its color gradually deepens as the concentration of
genipin increases (Fig. 2B).

However, crosslinking with genipin had no significant
effect on the transparency of the amniotic membranes.
As shown in Fig. 2C-D, the optical clarity of the amni-
otic membrane in the 2 mg/mL cl-dAM, 4 mg/mL cl-
dAM, and 8 mg/mL cl-dAM was between the nAM and
dAM. In addition, among the genipin-crosslinked amni-
otic membranes, the 8 mg/mL cl-dAM showed a slightly
lower clarity as a result of a higher blue tint compared to
the 2 mg/mL cl-dAM. Thus, dAM crosslinked with 2 mg/
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mL genipin did not affect the transparency of the amni-
otic membrane.

Crosslinked dAM can resist biodegradation
Anti-biodegradation is an important consideration for
the transplantation and application of amniotic mem-
brane on the ocular surface. We further observe and
record the physical appearance of the amniotic mem-
brane prior to immersion in 0.1 mg/mL of collagenase I
at 37 °C. The dAM was wholly degraded after 24 h. Only a
small amount of debris was seen in the nAM after 5 days
of collagenase digestion. The 2 mg/mL cl-dAM, 4 mg/mL
cl-dAM, and 8 mg/mL cl-dAM still maintained a physi-
cally intact structure. No significant difference was seen
in the 2 mg/mL cl-dAM compared with the 4 mg/mL
cl-dAM and 8 mg/mL cl-dAM (Fig. 3A). Since the decel-
lularization process damages the amniotic membrane to
some extent, dAM was rapidly degraded, while genipin
effectively increased the biostability of dAM. It is evident
that crosslinked dAM with 2 mg/mL genipin can be suf-
ficiently resistant to biodegradation.

Furthermore, we performed the CCK-8 assay to deter-
mine the cytotoxicity of genipin-crosslinked dAM in
vitro using HCEC. Compared with the control group, the
extracts from the nAM, dAM, and 2 mg/mL cl-dAM pro-
moted HCECs proliferation but did not appear to cause
cytotoxicity. The extracts from the 4 mg/mL cl-dAM had
neither toxic nor proliferative effects, while the extracts
from the 8 mg/mL cl-dAM showed cytotoxicity effects
(Fig. 3B). These results show that 2 mg/mL cl-dAM and

A B 2mg/mL 4mg/mL 8mg/mL
nAM dAM cl-dAM cl-dAM cl-dAM
— g 3 —— \\\

\\ o
2mg/mL 4mg/mL 8mg/mL
C D cldam cl-dAM cl-dAM

s &

fak -

Fig. 2 Appearance and optical clarity of amniotic membrane. (A) Appearance of native and decellularized amniotic membrane. (B) Appearance of
genipin-crosslinked amniotic membrane. (C-D) Comparison of optical clarity of different amniotic membrane groups. Abbreviations: nAM: native amni-
otic membrane; dAM: decellularized amniotic membrane; cl-dAM: genipin-crosslinked decellularized amniotic membrane
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2mg/ml cl- dAM 4mg/ml cl- dAM 8mg/ml cl- dAM

nAM dAM 2mg/ml cl-dAM 4mg/ml cl-dAM 8mg/ml cl-dAM

Fig. 3 The characteristics study of genipin crosslinked amniotic membrane. (A) The anti-biodegradation ability of the amniotic membrane with or
without crosslinking was determined by digestion with type | collagenase. (B) The CCK-8 assay detected the cytotoxic effects of the extracts of genipin
crosslinked amniotic membranes on HCECs for 24 h and 72 h. (C) The amniotic membranes were analyzed by SEM (1000 x and 10,000 x magnification) to
analyze the changes in ultrastructure. Data are presented as mean=+SEM (n=3). *: P<0.05; **: P<0.01; ***: P<0.001. Abbreviations: nAM: native amniotic
membrane; dAM: decellularized amniotic membrane; cl-dAM: genipin-crosslinked decellularized amniotic membrane
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4 mg/mL cl-dAM are the safe concentrations to crosslink
the amniotic membrane, and 2 mg/mL cl-dAM is better.

Surface ultrastructure of amniotic membrane

Next, we performed SEM to analyze the surface mor-
phology and ultrastructure of AM. At 1000 X magnifica-
tion, the surface of nAM was covered by tightly arranged
amniotic epithelial cells so that the morphology and
arrangement of the underlying AM fibers could not be
observed. After complete decellularization of hAECs,
it was observed that the surface of the amniotic mem-
brane was rough and fibrillar, and the fibers were inter-
connected to form pores of different sizes. However,
the surface of genipin-crosslinked amniotic membrane
(cl-dAM) was smoother compared to dAM (Fig. 3C). At
10,000 x magnification, we can observe a thickening of
the fibers and an increase in the space between the fibers
in the cl-dAM compared to dAM.

Construct of living cell tissue-engineered amniotic
membrane

hAECs are reported to secrete growth factors and exo-
somes to promote tissue repair. Re-planting the func-
tional hAECs onto the genipin-crosslinked amniotic
membrane can improve the clinical outcome of the tis-
sue-engineered amniotic membrane. After hAECs were
cultured for 24 h, attached cells were observed on the
dAM and 2 mg/mL cl-dAM, with more attached cells on
the 2 mg/mL cl-dAM (Fig. 4A). Continuously maintain-
ing for another 72 h, the attached hAECs could prolifer-
ate and spread on the amniotic membrane. hAECs grown
on 2 mg/mL cl-dAM were more neatly arranged, with
clearer cell borders and fewer vacuolated cells compared
to the dAM group. We further employ H&E staining of
the amniotic membrane to demonstrate the attachment
and proliferation of hAECs on dAM and 2 mg/mL cl-
dAM (Fig. 4B and E). This result indicated that hAECs
were able to re-plant onto the dAM, and crosslink-
ing the dAM with 2 mg/mL genipin solution facilitated
the proliferation and spread of hAECs on the amniotic
membrane.

The facilitation effect of tissue-engineered amniotic
membrane on HCSCs

In most cases, the proliferation and migration of cor-
neal epithelial cells are prominent, but how to promote
the proliferation and migration of corneal stromal cells
is not yet clear. We further determined the effect of the
living hAEC tissue-engineered amniotic membrane on
the function of HCSCs. The CCK-8 assay and transwell
assay revealed that the living hAEC tissue-engineered
amniotic membrane significantly promoted the prolifera-
tion and migration of HCSCs. First, we culture cl-dAM
and hAECs-dAM extracts with HCSCs. The extracts of
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hAECs-cl-dAM significantly promote cell proliferation
with the CCK-8 assay (P<0.01) (Fig. 5A). Studies have
shown that CSCs begin to migrate to the damaged area
within 24 h, accompanied by cell morphology changes
[26]. We placed the cl-dAM or hAECs-cl-dAM in the
bottom and the HCSCs in the upper compartment of
the transwell insert as shown in Fig. 5B. After treating
HCSCs with living-hAECs tissue-engineered amniotic
membrane for 24 h, more crystal violet-stained cells were
visualized on the lower surface of the transwell insert
(Fig. 5C). The migrated cell numbers were subject to sta-
tistical analysis, and the results were statistically signifi-
cant (Fig. 5D). These results further indicated that living
hAECs crosslinked AM could facilitate the migration of
HCSC:s in vitro, which is very significant for accelerating
tissue repair after ocular surface injury.

Discussion

The human amniotic membrane (AM) contains various
types of collagen and is recognized as an exceptional col-
lagen-based biomaterials [27]. Collagen-based implants
are frequently crosslinked to enhance their strength and
elasticity, as well as to resist their premature degradation
in the host system [28]. Our findings demonstrated that
the dAM crosslinked with genipin was more resistant
to enzymatic biodegradation than the nAM and dAM.
Previous studies have shown both genipin and genipin
crosslinked scaffolds can promote cell proliferation and
differentiation [29, 30]. But there is a dose-dependent
crosslinking effect and cytotoxicity of genipin [31, 32].
Genipin is known to react spontaneously with amino
acids or proteins, resulting in the formation of blue pig-
ments, and it is frequently employed in the food industry
to manufacture food dyes [32]. The genipin crosslinked
AM displayed a light blue appearance, and its color deep-
ened with increasing concentrations of genipin. In addi-
tion, the microscopic observation and H&E staining
results showed that, compared with the decellularized
amniotic membrane, the 2 mg/mL cl-dAM was more
favorable for attachment, migration, and proliferation
of hAECs. We considered the optimal genipin concen-
tration (2 mg/mL) was suitable for the construction of
living-hAECs tissue-engineered AM with better opti-
cal clarity, anti-biodegradation properties, and lower
cytotoxicity.

In this study, extracts from both native AM and liv-
ing-hAECs tissue-engineered AM significantly promote
the proliferation of target cells, including HCECs and
HCSCs. Additionally, the hAECs were enabled to attach,
migrate, and proliferate on 2 mg/mL cl-dAM very well.
The paracrine effects of hAECs have been reported to
contain growth factors, inflammatory regulators, and
exosomes to intervene in the excessive epithelial-mes-
enchymal transition and regenerate the injured tissues
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Fig. 4 Re-plant crosslinked amniotic membrane with living hAECs. (A) hAECs attachment and proliferation on the dAM and the 2 mg/mL cl-dAM. (B-E)
H&E staining of amniotic membrane sections from nAM(B), dAM(C), hAECs-containing dAM(D), and hAECs-containing 2 mg/mL cl-dAM (). Scale bar:
200 um. Abbreviations: nAM: native amniotic membrane; dAM: decellularized amniotic membrane; cl-dAM: genipin-crosslinked decellularized amniotic

membrane
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Fig. 5 The facilitation effect of tissue-engineered amniotic membrane on the migration of HCSCs. (A) Cell viability of HCSCs co-cultured with cl-dAM or
hAECs-cl-dAM extracts. (B) HCSC migration pattern diagram using cl-dAM or hAECs-cl-dAM co-culture. (C) Representative images of migrated cells with
crystal violet staining in the transwell assay for 24 h. Scale bar: 200 um. (D) Histogram representation of the number of migrated cells in the transwell assay.

Data are presented as mean +SEM (n=3). ***: P<0.001

[33, 34]. Corneal stromal cells (CSCs) are considered
the primary cell type for repairing tissue in the process
of corneal wound healing. Cell migration of the remain-
ing stroma contributes to corneal stromal reformation
through secreting growth factors and extracellular matrix
[35]. Our results showed that living hAECs crosslinked-
AM could facilitate the migration of HCSCs in vitro.
Therefore, re-planting the hAECs onto the crosslinked
AM could enhance the outcome of the application of
crosslinked AM.

The theoretical advantages of using living hAECs cross-
linked-AM in tissue engineering and regenerative medi-
cine are multifaceted. On one hand, the benefits stem
from the enhanced biocompatibility, structural integrity,
and mechanical properties imparted by genipin cross-
linking. On the other hand, the presence of hAECs can

promote tissue regeneration and repair because of the
well-known regenerative properties of these cells.

To summarize, we propose that hAECs be re-planted
onto tissue-engineering biomaterials to improve clinical
outcomes. The integration of functional stem cells and
biomaterials is widely accepted. Although we modified
the crosslinked AM, the re-planted hAECs are also suit-
able for other biomaterials. Future studies will be focused
on assessing the capability of living-hAECs tissue-engi-
neered AM to repair ocular surface lesions in animal
models.

Conclusion

Compared to nAM and dAM, 2 mg/mL cl-dAM demon-
strates superior biostability and biocompatibility. With
the attachment, proliferation, and migration of hAECs on
2 mg/mL cl-dAM, living-hAECs tissue-engineered AM
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was successfully constructed. This living-hAECs tissue-
engineered amniotic membrane presents a promising
candidate for tissue repair, including the ocular surface.

Abbreviations
AM amniotic membrane

nAM native amniotic membrane

dAM decellularized amniotic membrane

cl-dAM  genipin-crosslinked decellularized amniotic membrane
hAEC human amniotic epithelial cell

hCEC human corneal epithelial cell

hCsC human corneal stromal cell

PBS phosphate-buffered saline

PFA paraformaldehyde

SEM scanning electron microscope
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